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Thoracic shot - 
short term paralysis

• immediate effect

• last 2~3 minutes

• central cholinergic synaptic 
block

existence of a pre-synaptic component. In the sensory to
GI system of the cockroach, both the pre- and postsyn-
aptic neurons depolarize with the application of nicotinic
agonists while muscarinic agonists and antagonists have
no effect on presynaptic terminals or postsynaptic giant
interneurons (Blagburn and Sattelle 1987). Thus, the
block of carbachol-evoked potentials by the venom
indicates a postsynaptic block of nicotinic receptors ra-
ther than a block of muscarinic receptors. Finally,
injection of a nicotinic antagonist in the front thoracic
ganglion induced paralysis of the front legs, causing the
cockroach to assume a ‘‘head down’’ posture for 2–
3 min, similar to the effects of the sting in the thorax. We
conclude that the transient paralytic effect of the thoracic
sting can be mainly accounted for by the presence of a
venom component that induces a postsynaptic block of
central cholinergic synaptic transmission.

Most solitary Sphecid wasps prey on large orthop-
teroids equipped with various defense mechanisms (such

as kicks, leaps and bites). In all known cases, the first
sting is directed at ganglia involved in locomotion and
defense, thereby disarming the prey by inducing
2–60 min of complete paralysis (Steiner 1986). Thus, we
suggest that A. compressa stings the cockroach directly
into the first thoracic ganglion to flaccidly paralyze the
front legs, thereby facilitating the more difficult and
precise head-sting into the SEG and the brain.

Wasp venom contains dopamine, which induces
prolonged grooming behavior in the cockroach

Cockroaches stung by the wasp into the head ganglia
groom almost continuously during the 30 min following
the recovery from the transient paralysis of the front legs
(Fig. 4A). This effect occurs only when venom is injected
into the head, and cannot be accounted for by the stress
of the attack, by contact with the wasp, by mechanical

Fig. 3A–C The transient
paralysis of the front legs. A A
typical upright posture of the
cockroach before the thoracic
sting (left). A few seconds after
the sting, the cockroach’s front
legs are flaccidly paralyzed and
it cannot support its own
weight (right). B The axons of
giant interneurons (GIs) are
recruited with an electrical
stimulus (arrow) applied to the
nerve cord via an electrode and
their propagation through
abdominal ganglion A3 is
monitored with another
electrode on the nerve cord
(diagram). The average traces of
15 evoked compound action
potentials from a typical
experiment are represented.
Venom injected into abdominal
ganglion A3 does not prevent
the propagation of action
potentials through this
ganglion. C Two consecutive
postsynaptic potentials (PSPs)
are evoked 20 ms apart (top
trace). The first PSP is evoked
by mechanical stimulation of
cercal sensory receptors (arrow,
see diagram). The second and
slower PSP is evoked by direct
application of the nicotinic
agonist carbachol. Both PSPs,
recorded in the GI soma, are
abolished within seconds of the
injection of venom into
ganglion A6 (middle trace) and
then both PSPs gradually
recover (bottom trace) (modified
from Haspel and Libersat 2003)

501

Liberset. J Comp Physiol A (2003)

4



Head shot
• requires active search  

• accurate injection to SEG, and SupEG.
(Sub-  and  Supra-Esophageal Ganglia)

larva then pupates inside the cockroach’s abdomen and hatches a
month later as an adult, ready to continue its life cycle [11].

To render the cockroach hypokinetic, the wasp stings it twice,
first in the thorax and then in the head [14]. The thoracic sting is
brief and transiently paralyses the cockroach’s front legs [15,16] to
facilitate the second and more precise sting into the head. The
head sting is longer in duration and is responsible for the later
behavioral alterations observed in stung cockroaches, i.e.,
excessive grooming, long-term hypokinesia and changes in the
cockroach’s metabolism designed to preserve nutrients for the
developing larva [11]. To investigate where in the cockroach head
does the wasp inject its venom, Haspel et al. [17] injected wasps
with radiolabeled amino acids and traced the radioactive venom
using autoradiography. In cockroaches stung in the head by such
‘hot’ wasps, venom was traced by and large inside the cockroach’s
cerebral ganglia, namely the supra-esophageal ganglion (SupEG)
and sub-esophageal ganglion (SEG). Furthermore, Gal et al. [18]
demonstrated that the wasp actively searches for, at least, the
SupEG inside the cockroach’s head capsule during the head sting.
These findings suggest that the behavioral changes observed in
stung cockroaches result from the neurotoxic effects of the venom
on the SupEG, the SEG, or both. However, the role of each
ganglion in inducing these behavioral changes is still unclear.

In insects, the cerebral ganglia are known to comprise the
‘higher-order’ neuronal centers implicated in modulating the
thoracic Central Pattern Generators responsible for the spatio-
temporal pattern of locomotion [19–25]. We have recently
demonstrated that in stung hypokinetic cockroaches, the thoracic
Central Pattern Generators are not directly affected by injected
wasp venom. Rather, it is the drive to initiate and maintain
walking-related behaviors that is selectively depressed in stung
cockroaches, with minimal or no interference to other behaviors
[10]. Since the SEG has been suggested to tonically up-regulate
walking-related behaviors, while the SupEG appears to be
generally inhibitory [24], we hypothesized in the present study
that the SEG is the primary neuronal substrate responsible for the
neuro-chemical manipulation of the cockroach’s drive to initiate
walking. To test this hypothesis directly, we have employed
behavioral, neuro-pharmacological and electrophysiological tools
to investigate whether specific modulation of neuronal activity in
the SEG can account for the hypokinetic state of stung
cockroaches.

Results

The wasp actively targets the cockroach’s SEG during the
head sting

If the cockroach’s SEG plays a crucial role in the venom-
induced hypokinesia, then one would expect the wasp to actively
target not only the SupEG [18] but also the SEG during the head
sting. To test this hypothesis, we quantified the stinging behavior
of wasps to which three groups of cockroaches were presented
(n = 8 cockroaches in each group; Fig. 1A): (1) SEG-ablated
cockroaches, namely cockroaches from which the SEG had been
surgically removed prior to the sting; (2) Neck-connectives (NC)-
cut cockroaches, in which the neck connectives between the thorax
and the SEG were cut prior to the sting. These cockroaches,
similar to SEG-ablated cockroaches, had no descending cerebral
inputs reaching thoracic motor centers. Unlike SEG-ablated
cockroaches, however, no neuronal tissue was physically removed
from the head cavity of NC-cut cockroaches. Finally, as a control,
wasps were also presented with (3) sham-operated cockroaches.

The duration of the first sting into the thorax was not
significantly different for any group of cockroaches (SEG-ablated:

1566 sec; NC-cut: 1563 sec; sham-operated: 1665 sec), demon-
strating that cerebral lesions did not interfere with the wasp’s
motivation to sting or with its initial stinging behavior. Indeed,
following the typical thoracic sting, the wasp readily pulled out its
stinger and aimed it at the cockroach’s head. The duration of the
head sting, in marked contrast with the thoracic sting, was
significantly longer when the wasps stung SEG-ablated cock-
roaches (196688 sec, p,0.001), as compared with NC-cut or
sham-operated cockroaches (3968 sec and 39612 sec, respec-
tively) (Fig. 1B). There was no significant difference between
stinging durations of NC-cut and sham-operated cockroaches
(p = 0.941), showing that elimination of descending cerebral inputs
to the thorax is not sufficient, by itself, to increase the head sting
duration. Given these initial observations, A. compressa appears to

Figure 1. Effect of lesions in the cockroach CNS on the wasp’s
stinging duration. A. Left: A Jewel Wasp stinging a cockroach in the
head. Right: Schematic lateral view of the cockroach head cavity (CNS is
in yellow) and the wasp’s stinger (St), shown as a scanning electron
micrograph superimposed and drawn to scale, penetrating through the
head cuticle to reach the cerebral ganglia (supra-esophageal ganglion,
SupEG, and sub-esophageal ganglion, SEG). Locations of experimental
CNS lesions are marked with scissors: In SEG-ablated cockroaches, the
connectives rostral and caudal to the SEG were severed and the
ganglion physically removed from the head cavity. In neck connectives-
cut cockroaches, by contrast, only the neck connectives (NC) caudal to
the SEG were severed, with the ganglion itself left intact. Es: esophagus.
Ant: antenna. Scale bar: 0.5 mm. Modified from [17]. B. Wasp stinging
behavior after specific experimental lesions of the cockroach’s cerebral
CNS. Cerebral lesions do not affect the duration of the first sting
directed at the thorax (black bars). In contrast, physically removing the
SEG from the cockroach head cavity prior to the sting (SEG ablated), but
not cutting the cockroach neck connectives (NC-cut), significantly
increases the duration of the second sting directed at the head (red
bars). ***p,0.001, as compared with sham-operated and NC-cut
cockroaches.
doi:10.1371/journal.pone.0010019.g001
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preparation, the venom blocked the wind-evoked re-
sponses of the GIs for 2–3 min (Haspel and Libersat
2003). However, the venom did not block the propaga-
tion of action potentials in the GIs (Fig. 3B), which
indicates that it interferes with cholinergic synaptic
transmission. To characterize the effect of the venom on
cholinergic synaptic transmission, we recorded intracel-

lularly from a GI soma while alternately inducing an
excitatory postsynaptic potential (PSP) by mechanical
stimulation of the cercal receptors and by direct ionto-
phoresis of a nicotinic agonist, carbachol. The injection
of venom abolished both the sensory and agonist evoked
PSPs suggesting that the venom-blocking effect has a
postsynaptic component (Fig. 3C), but not ruling out the

Fig. 2A–E Localization of the site of injection of the venom. A In
cockroaches stung by radiolabeled wasps (black bars, n=16), most
of the radioactive signal is detected in the first thoracic ganglion
(T1). The remaining radioactivity is detected in the second (T2) and
third (T3) thoracic ganglia and in the surrounding, non-neuronal,
tissue. In cockroaches injected with radioactive amino acids (grey
bars, n=15), most of the radioactivity is detected in the
surrounding tissue while the rest of the radioactivity is detected
in the thoracic ganglia. A significant difference (**P<0.01) in
radioactivity levels is found between stung and injected cock-
roaches only in T1 and in the surrounding tissue. B In stung
cockroaches (black bars, n=16), the levels of radiolabeled venom
are significantly higher in the head ganglia (brain and sub-
esophageal ganglion, SEG) than in non-neuronal head tissue.
When radioactive amino acids are manually injected into the head
capsule of other cockroaches (grey bars, n=15), the levels of
radiolabeled venom are significantly higher in non-neuronal head

tissue than in the head ganglia. Furthermore, significantly different
(**P<0.01) levels of radioactivity are measured in stung and
injected cockroaches in each of the sampled tissues. The
measurements are represented as the percentile fraction of the
total CPM (counts per minute) of a specimen. C Two sections of
brain of a representative preparation of a cockroach, stung by a
radiolabeled wasp. Radiolabeled venom is located posterior to the
central complex and around the mushroom bodies of the brain.
Scale bars: 0.25 mm. D Three sections of a representative SEG
preparation of a cockroach, stung by a radiolabeled wasp.
Radiolabeled venom, indicated as black stain, is located inside
the SEG ganglion. E A micrograph of the stinger (st) is shown over
a schematic lateral view of a cockroach head drawn to scale. The
wasp stinger is long enough (2.5±0.2 mm; n=5) to reach both the
SEG and the brain, which lies 1–2 mm deep in the head capsule
(modified from Haspel et al. 2003)
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Head shot - 
Excessive Grooming

• Lasts 30 minutes

• Increased threshold for escape 
behavior

• Induced by dopamine

irritation, or by venom injection into a location other
than the head (Fig. 4B; Weisel-Eichler et al. 1999). Thus,
it appears that venom injection in the head activates a
neural network responsible for grooming. The sting-
evoked grooming, which is a complex behavior involving
coordinated movements of different appendages, exhibits
all the components of normal grooming behavior (Wei-
sel-Eichler et al. 1999).

Our studies are consistent with the hypothesis that a
monoamine (or its agonist) in the venom is the factor
causing excessive grooming. For instance, reserpine
injection into the SEG, which causes massive release of
the monoamines, dopamine (DA), octopamine and
serotonin, induces prolonged grooming (Weisel-Eichler
and Libersat 2002). The SEG contains a large number of
dopaminergic neurons, which branch extensively in
the ganglion (Fig. 4C). Direct injection of a dopamine

agonist into the SEG induces prolonged grooming
(Weisel-Eichler et al. 1999). Flupenthixol, which has been
found to act as an antagonist at dopamine receptors in
the cockroach brain (Notman and Downer 1987; Orr et
al. 1992), greatly reduces venom-induced grooming when
injected into the cockroach’s hemolymph prior to the
wasp sting (Fig. 4D; Weisel-Eichler et al. 1999). In con-
trast, mianserin and phentolamine, which have been
found to be effective octopamine receptor antagonists in
locust brain and cockroach nerve cord (Roeder 1992; Orr
et al. 1992), do not reduce venom-induced grooming at
all (Fig. 4D; Weisel-Eichler et al. 1999). In fact, the
venom contains a substance, which we identified by Gaz
chromatography-mass spectrometry as being a dopa-
mine-like substance (Fig. 4F; Weisel-Eichler et al. 1999)
and by HPLC-electrochemical detection as dopamine
(J. Moore and M.E. Adams, personal communication).

Fig. 4A–E Venom-induced
grooming in cockroaches. A A
stung cockroach performing
two frequent components of
grooming behavior: grooming
an antenna (left photograph)
and grooming a foreleg (middle
and right photographs) with the
mouthparts. B Cockroaches
that received a full stinging
sequence by the wasp groom for
23.0±2.3 min during the
30 min following the sting. This
grooming time is significantly
longer (P<0.001) than that
observed in cockroaches that
were stung only in the thorax
followed by a puncture of the
SEG with a pin (7.8±5.4 min).
CDorsal and lateral views of an
SEG stained with tyrosine
hydroxylase antibody reveals a
group of dopaminergic
neurons, some of which have
axons branching extensively in
the SEG while other send their
axons to the brain or the
thorax. D Cockroaches that
received flupenthixol, a
dopamine (DA) receptor
antagonist before a sting groom
significantly less (P<0.001)
than cockroaches receiving
saline before a sting. Mianserin,
an octopamine antagonist, does
not reduce venom-induced
grooming. E Mass spectrogram
of the large venom peak eluted
at 12.68 min during gas
chromatography (not shown);
this spectrum is comparable to
the mass spectrograms (inset) of
DA. x-Axes indicate mass/
charge (modified from Weisel-
Eichler et al. 1999)
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Head shot - 
Hypokinesia

the abdominal ascending and/or brain descending in-
terneurons to thoracic interneurons, or (2) the synaptic
drive from specific thoracic interneurons to specific leg
motoneurons (Fig. 5A). To investigate these alterna-
tives, we recorded the response of thoracic interneurons
to the input from GIs. Our results show that the thoracic

interneurons receive a comparable synaptic drive from
the giant interneurons in control and stung animals
(Libersat et al. 1999). However, unlike normal cock-
roaches, which use both fast and slow motoneurons for
producing rapid escape movements, stung animals acti-
vate only slow motoneurons and do not produce rapid
movements (Fig. 5B; Fouad et al. 1996; Libersat et al.
1999). However, we show that in stung animals a fast
motoneuron (Df) can still be recruited with a bath
application of pilocarpine, a muscarinic agonist (Liber-
sat et al. 1999). In insects, several muscles are bifunc-
tional and are activated during walking and flight
(Ramirez and Pearson 1988). We took advantage of this
feature to test whether another fast motoneuron inner-
vating such a bifunctional muscle could be recruited by
thoracic flight interneurons. We show that, in stung
animals, this fast motoneuron, which is not recruited for
escape, can still be recruited in a rhythmic pattern during
flight (Fig. 5C). This suggests that the descending con-
trol of the head ganglia on the thoracic escape circuitry
is exerted on the premotor thoracic interneurons to
motoneurons connections.

It is not yet clear what effects the wasp venom
injected in the head ganglia may have on the thoracic
portion of the neuronal circuitry controlling the
initiation of escape behavior. It is certainly parsimoni-
ous to focus the venom indirect effect on the premotor
thoracic circuitry rather than on sensory elements such
as the GIs. First, the wasp approaches the cockroach

Fig. 5A–C Model of wasp venom-induced, long-term hypokinesia.
A Schematic drawing of the cockroach’s nervous system and escape
neuronal circuit. Sensory mechanoreceptors of the cerci (1) recruit
ascending GIs (2); these giant interneurons together with brain
descending interneurons (3) converge onto the thoracic interneu-
rons (4a). The thoracic interneurons excite via local interneurons
(4b) or directly the leg motoneurons (5) involved in fast leg
movements. Neurons (6) in the head ganglia provide descending
permissive input to neuromodulatory neurons (M) located in the
thoracic ganglia. These modulate the synapses between the thoracic
interneurons and specific motoneurons. The venom represses the
activity of head ganglia neurons thereby removing the descending
excitatory drive to the neuromodulatory neurons. B Comparisons
of the effect of the wasp’s head sting onto a fast (large unit) and
slow (small unit) motoneuron recorded with EMG electrodes
implanted in a bifunctional muscle that spans the coxa and inserts
into the thorax in stung and control animals. A wind stimulus is
delivered to the cerci when the tethered cockroach is standing still
on a slippery platform. In controls, the stimulus elicits an escape
response with rapid leg movements. Both the fast and the slow
motoneurons are recruited. In stung animals, the same wind
stimulus elicits a burst in the slow but no response of the fast
motoneuron. C The same cockroach is lifted up from the slippery
platform in front of a wind stream and starts flying upon the release
of leg contact with the substrate. During flight, the fast motoneu-
ron is recruited in both control and stung animals (modified from
Libersat et al. 1999)
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• Decreased motivation for 
locomotive behavior 

• Other behaviors (grooming, 
righting, or flying) are little 
affected.

• Lasts 2~5 weeks

of the control group. Thus, to summarize, it appears that
venom injection into the cerebral ganglia affects the drive for
both initiation and maintenance of walking.

Wasp Venom Does Not Affect Pattern Generator Properties
The motor pattern observed during active swimming in stung
cockroaches was comparable to that presented by control
individuals, as revealed by EMG electrodes implanted in the
coxal depressor muscles of the legs. First, stung cockroaches
(n = 4) presented a normal gait during active swimming
(Figure 2B), namely the ‘‘alternating-tripod’’ gait that is also
observed in untreated cockroaches during walking [13, 14].
Furthermore, and similar to control individuals, fast coxal de-
pressor potentials (Df) were sometimes recruited during active
swimming bursts in stung cockroaches (data not shown). This
phenomenon was never observed in stung cockroaches
standing on a solid surface. Thus, under potentially fatal envi-
ronmental conditions, stung cockroaches are able to express
a normal walking-like motor pattern for short periods.

Next, to characterize the intrinsic properties and activity of
the thoracic pattern generator in control and stung cock-
roaches, we focused on the occurrence of Ds potentials in
the metathoracic leg (Figure 3). The motor neurons producing
these potentials are active during the retraction (stance) phase
of swimming or walking to provide forward propulsion. An in-
trinsic property of the walking pattern generator in Periplaneta
is that with increasing cycle period, the average Ds discharge
rate decreases while the stance duration increases [15–17].
We began our investigation by validating that in untreated
cockroaches (n = 5), swimming and walking are similar at the
level of the pattern generator output, with correlation between
cycle period, average Ds discharge rate, and duration of the
stance phase all being comparable for swimming and walking
(p < 0.001; Figure S2). These results support previous findings
[13, 14] suggesting that walking and swimming in Periplaneta
are highly similar behaviors and that swimming may be

Figure 2. Stung Cockroaches Are Less Active in
the Forced Swimming Test but Show Normal
Motor Pattern during Active Swimming

(A) Motion traces of one control (left) and one
stung (right) cockroach in the forced swimming
test. Arrows represent the position at the begin-
ning of the trial, asterisks represent the position
at the end of the trial, bold segments represent
periods of inactivity. Trial duration is 1 min.
(B) Simultaneous EMG recordings from the coxal
depressor muscles of the right mesothoracic (R2)
and left and right metathoracic legs (L3 and R3,
respectively) during active swimming by a stung
cockroach. The rhythmic Ds potentials signify
a normal swimming pattern. A phase histogram
(right) of the slow coxal depressor bursts during
active swimming by stung cockroaches demon-
strates that ‘‘alternating-tripod’’ interleg coordi-
nation is maintained. Values above the dashed
lines represent the mean phases of the right me-
sothoracic and metathoracic legs in the cycle of
the left metathoracic leg (R2/L3 and R3/L3 phase,
respectively).

considered as ‘‘walking on water.’’
Thus, investigating changes in swim-
ming patterns can provide insight into
the walking deficits of stung cock-
roaches.

The characteristic correlation between cycle period, Ds dis-
charge rate, and stance duration persisted in stung individuals
during active swimming and was similar to the correlation
noted with control individuals (n = 4 and n = 5, respectively;
p < 0.001) (Figure 3). However, the average Ds discharge rates
within the stance phase were significantly lower, and the
stance duration significantly longer throughout the range of
cycle periods in stung insects, as compared with the control
group (p < 0.001) (Figure 3). These differences imply a decrease
in the excitation level of the pattern generator responsible for
swimming. Because swimming and walking appear to be gov-
erned by the same pattern generator, it is reasonable to as-
sume that walking deficits in stung cockroaches are also the
result of decreased excitability in thoracic circuits. Such a de-
crease in excitability could be due to a decrease in the activity
of thoracic dorsal unpaired median (DUM) neurons [18], a pop-
ulation of excitatory octopamine-releasing neurons known to
affect the walking [19] and escape pattern generators [20].

Wasp Venom Has Little Effect on Other
Locomotory Behaviors
Finally, we considered whether the wasp’s venom specifically
affects walking, or motor behavior in general. We assumed
that if the venom specifically affects the drive to walk, rather
than the overall arousal state, then the execution and mainte-
nance of behavioral patterns other than walking should not be
significantly affected. We investigated this claim by testing
two distinct motor behaviors: righting, which involves motor
structures similar to walking, and flying, which involves differ-
ent motor structures (Figure 4). Stung cockroaches did not
show any deficiency in righting behavior, with all cockroaches
being able to turn themselves upright in less than 3 s (n = 15;
data not shown). By placing cockroaches on their dorsal sides
on a smooth surface, we were able to record ongoing muscle
potentials from the mesothoracic leg during righting attempts.
Here again, and similarly to what was observed in control

Wasp Manipulates Cockroach Drive for Walking
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Head shot - 
Hypokinesia

• Mediated by decreased 
activity in SEG

• Injecting the venom or 
sodium channel blocker in 
SEG reproduces the deficit. 
(not in SupEG)

• Locomotion is restored by 
injecting octopamine in 
SupEG 
(and suppressed by 
octopamine antagonist. 
hmm...)

Method: Procaine was freshly prepared and dissolved to a 
concentration of 500 mg/ml. Venom was freshly milked from 10 
wasps as described previously [].

Figure 5. Evoked neural activity in the SEG of control and stung cockroaches. A. Extracellular bipolar microelectrode recordings of evoked
activity in the core of the SEG in one non-stung (‘control’) and one stung cockroach (left: wind stimulus to the cerci; right: tactile stimulus to the
antenna; arrows: stimulus onset). B. Peri-stimulus time histograms for wind (left) and tactile (right) stimuli. Each data point represents the mean (6
SEM) number of spikes within a 20 ms time bin. The response to stimuli is decreased in stung cockroaches, especially during the first 200 ms after
stimulus onset (represented by a bar above the histograms). C. The number of spikes during the first 200 ms immediately after the stimulus onset.
Stung cockroaches show decreased responses to wind and tactile stimuli. **p,0.05. D. The latency between stimulus onset and maximal spiking
response is similar in stung and control cockroaches.
doi:10.1371/journal.pone.0010019.g005

Venom Decreases Motivation
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4413Octopamine rescues stung cockroaches from hypokinesia

receptor antagonist epinastine led to a significant reduction in
spontaneous walking (Fig.·3; control/epinastine – before
treatment, 18.0±6.9%; after treatment, 9.1±7.1%; P<0.05;
paired t-test). In contrast, the DA receptor antagonist
flupenthixol injected into the hemolymph of control
cockroaches had no significant effect on spontaneous walking
(control/flupenthixol – before treatment, 27.38±8.94%; after
treatment, 21.62±11.33%; P=0.19; paired t-test).
Effect of systemic injection of AKH-I on spontaneous walking

We demonstrated that an OA receptor agonist injected into the
hemolymph of stung cockroaches induces walking to a level
comparable to controls. AKH-I modulates the activity of
octopaminergic neurons and is known to stimulate locomotor
activity in cockroaches (Baumann and Penzlin, 1984; Wicher et

al., 2006). Here we investigated whether or not the presumed
reduced levels of OA in stung animals are related to a reduction
in AKH-I levels. AKH-I (2·!mol·l–1) injected into the
hemolymph had a pronounced effect on spontaneous walking of
controls (Fig.·4; control/AKH-I – before treatment, 10.7±9.9%;
after treatment, 29.0±12.1%, N=11; P<0.001; paired t-test,
Wilcoxon signed rank test). In contrast, no significant effect on
spontaneous walking was observed in stung cockroaches
(stung/AKH-I – before and after: 0±0%, N=10). Increasing the
concentration did not initiate walking in stung individuals (data
not shown). Stung cockroaches injected with CDM and control
cockroaches injected with AKH-I did not differ in the percentage
time spent walking (stung/CDM, 33.74±15.07%; control/AKH-I,
29.0±12.1%; t-test; P=0.22).

To test whether AKH-I elevates spontaneous walking in
controls via the octopaminergic system, we injected control
individuals with a mixture of AKH-I and the OA receptor
antagonist epinastine. Epinastine blocked the effect of AKH-I
on spontaneous walking (Fig.·5; control/AKH-I, 29.0%±12.1,
N=11; control/epinastine/AKH-I, 8.9%±11.1, N=7; P<0.01;
one-way ANOVA, Bonferroni t-test). Epinastine (no AKH-I)-
injected controls walked significantly less than AKH-I injected
controls (control/epinastine, 9.1±7.0%, N=10; P<0.001;
Bonferroni t-test). The two experimental groups, epinastine with
AKH-I and epinastine alone, were not significantly different
from each other (P=1; Bonferroni t-test). When comparing
spontaneous walking before and after treatment, epinastine
significantly reduced the percentage time that control
cockroaches spent walking (control/epinastine – before
treatment, 18.0%±6.9; after treatment, 9.1%±7.0, N=10;
P<0.05; paired t-test). In contrast, epinastine injected together
with AKH-I did not affect the percentage time controls spent
walking (control/epinastine/AKH-I – before, 15.0±11.4%; after,
8.9±11.1%, N=7; P=0.36; paired t-test).

Effect of systemic injection of DA receptor agonists on
spontaneous walking

There is considerable evidence that DA is also a potent
modulator of walking in insects. Thus, we tested the effect of
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Fig.·1. Hemolymph-injection of an octopamine receptor agonist
(CDM) significantly increases spontaneous walking over a 10·min
period in stung cockroaches compared to both saline-injected stung and
control cockroaches (***P<0.001 and *P<0.05, respectively). Pairwise
comparisons of saline-injected individuals shows that stung
cockroaches walk significantly less than control cockroaches
(*P<0.05).
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Fig.·2. Time course of the effect of chlordimeform (CDM) in stung
cockroaches. The effect of the hemolymph injection of CDM is
maximal 2·h after injection (***P<0.001, **P<0.01) and returns to
baseline after 4.5·h. Significance levels are calculated with respect to
time zero.
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Fig.·3. The octopamine antagonist epinastine significantly reduces the
level of spontaneous walking of control individuals (*P<0.05). In
contrast, the dopamine antagonist flupenthixol has no significant effect
on spontaneous walking (P=0.19).
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Conclusion

• SEG seems to be the neural substrate for 
motivating specific motor behaviors

Happy 
Ending
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Coming up next...
• more zombies...
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