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Summary. In tethered, minimally dissected grasshoppers 
stridulation was elicited by DC brain stimulation. In- 
tracellular recording, stimulation and staining of inter- 
neurons in the metathoracic ganglion complex were per- 
formed simultaneously with measurements of hindleg 
movements. The functional significance of interneurons 
for generation of the stridulation rhythm and bilateral 
coordination of the hindlegs was tested and quantitative- 
ly analysed. Interneurons involved in stridulation were 
found in the metathoracic and abdominal neuromeres. 
Typically they included arborizations in a dorsal neu- 
ropil parallel to the long axis of the ganglion. Inter- 
neuron T3-LI-3 started and drove the ipsilateral rhythm 
generator. The stridulation rhythm was reset by inter- 
neuron A1-AC-1. It was stopped if interneuron 
T3-AC-1 was stimulated. Bilateral coordination of strid- 
ulation movements was based on excitatory and inhibi- 
tory pathways between the hemiganglionic networks. 
Switching in the coordination of hindleg movement pat- 
terns was induced by changes in the discharge rate of the 
bilateral arborizing interneuron T3-LC-4. The 
hemiganglionic interneurons T3-LI-3 and T3-LI-1 in- 
fluenced coordination via the activity level within the 
networks. 

Key words: Grasshoppers - Stridulation - Intracellular 
stimulation - Rhythm generation - Pattern coordination 

known about how these parameters of behaviour are 
controlled by the nervous system. 

The rhythm-producing network for stridulation is 
organized in two hemiganglionic rhythm generators 
which are located in the metathoracic ganglion complex 
(Hedwig 1986a; Ronacher 1989, 1991). A neurophysiolo- 
gical analysis of the neuronal network underlying stridu- 
lation was begun by electrical stimulation of certain brain 
areas (Huber 1959) which elicited stridulation in tethered 
grasshoppers. Combining brain stimulation and in- 
tracellular recordings (Hedwig 1986a, b) characterized 
plurisegrnental interneurons which showed activity clear- 
ly correlated with the stridulation motor pattern. Thus, 
an intracellular approach to the neuronal network under- 
lying stridulation in grasshoppers was possible. 

In a dorsally dissected preparation, from which the 
hindlegs had been removed, the structure and the activity 
pattern of thoracic stridulation interneurons were de- 
scribed (Gramoll and Eisner 1987; Gramoll 1988). Now, 
in a new approach, intracellular recording and stimula- 
tion of stridulation neurons have been combined with the 
registration of stridulation leg movements. The objective 
of the experiments was to examine the effect of modulat- 
ing the discharge rates of single interneurons for rhythm 
generation and the coordination of motor patterns. An 
accompanying paper will describe neurons which are 
involved in the shaping of the stridulation leg movements 
(Hedwig 1992). 

Introduction 

Acridid grasshoppers of the subfamily Gomphocerinae 
have developed a highly elaborate stridulation behaviour 
(Faber 1953; Jacobs 1953). Species-specific sound signals 
are produced by rhythmical hindleg movements causing 
cuticular pegs on the femur to strike a cuticular rim of 
the elytra. In Omocestus viridulus stridulation is charac- 
terized by the repetition rate, the movement form and the 
coordination of the hindlegs which perform two different 
movement patterns (Eisner 1974). However, little is 

Materials and methods 

Animals. Males of the grasshopper Omocestus viridulus L. (Acridi- 
dae, Gomphocerinae) were collected during summer in the sur- 
roundings of G6ttingen (Germany) and Pontresina (Switzerland) 
and were kept in the laboratory. All experiments were performed 
at 27-30 ~ 

Preparation. The grasshoppers were glued ventral side up into a 
U-shaped holder. The head, pronotum and prothoracic tergites 
were rigidly connected with wax. The front and middle legs were 
restrained but the hindlegs, which perform the stridulation move- 
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Fig. 1. A Preparation for intracellular recording and stimulation in 
stridulating grasshoppers. Front and middle legs have been omitted 
in the drawing. Both hindlegs were free to perform stridulatory 
movements. B Stridulation sequence of 10 s duration elicited by 
brain stimulation. The middle part of the sequence has been omit- 
ted. Brain stimulus (BS), hindleg (HL) 

ments, remained completely free to move (Fig. 1A). The inverted 
body position also occurs under natural conditions. 

Leo movements. In O. viridulus stridulation movements of the hind- 
legs consist of relatively simple up- and downstrokes. Depending on 
temperature one cycle lasts 60-70 ms. Several hundred cycles are 
continuously linked together and form a stridulation sequence. 
During stridulation one hindleg produces a large-amplitude move- 
ment (pattern 1) and the other a small-amplitude movement (pat- 
tern 2), and both legs move with a specific coordination (Elsner 
1974). The leg performing pattern 1 reaches the upper reversal point 
of its movement distinctly before the contralateral leg. The interval 
between the upper reversal points of patterns 1 and 2 will be referred 
to as the relative latency. The relative latency is usually stable 
during sequences but may sometimes change within a sequence. The 
stridulation movements were recorded with two optoelectronic 
cameras (von Helversen and Elsner 1977). 

Brain stimulation. Details of the brain stimulation technique have 
been described by Hedwig (1986a). Negative currents of 10-30 gA 
were delivered by a constant current source (WPI Stimulus Isolation 
Unit Model 305-2). Usually, DC pulses of 10 s duration were given 
(WPI Anapulse Stimulator Model 302-T). Stridulation started with 
the onset of the brain stimulus and ceased at its end (Fig. 1B). 
Behaviour could be elicited reliably at the ventral side of the 
protocerebrum in 99% of the animals. Leg movements occurred 
with the same accuracy as in natural stridulating grasshoppers 
(Eisner 1974; Hedwig 1986a). However, the repetition rate was 
reduced to 7-11 C �9 s-  1 and in rare cases the generation of the 
movement patterns could be modified (Fig. 3A). In some experi- 
ments the brain stimulus was set to be just suprathreshold to evoke 
low-amplitude stridulation, since certain effects of single cell stimu- 
lation on the motor output were not obvious during full intensity 
stridulation. 

Intracellular recordin9 and stimulation. Intracellular neuropil re- 
cordings were obtained from 243 animals from which parts of the 
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Fig. 2. A Structure of the interneuron T3-LI-3 (dorsal view). EPSPs 
and spikes were recorded in the main branch of the neuron and only 
spikes in the lateral axonal branch. B Interneuron activity at the 
beginning and end of a stridulation sequence. Onset and offset of 
brain stimulation indicated by an asterisk. C Phase-corrected 
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averages of the ipsilateral hindleg movement (iHLt=m]), the instanta- 
neous spike frequency (Ntnp/,]) and the membrane potential (Ntmv]) 
of T3-LI-3. Averages are based on 95 cycles (C) and 748 action 
potentials (AP) 
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Fig. 3A, B. Intracellular stimulation of T3 LI-3 during spon- 
taneous stridulation increased the repetition rate of stridulation and 
induced movement pattern 1 in the ipsilateral hindleg: A Specimen 
record, arrows indicate the change in relative latency of the hindleg 
movements. Stimulus (Stim), neuron activity (N) and movement of 
the ipsilateral and contralateral hindleg (iHL, cHL); B Averages of 
the motor effects with the intracellularly applied current (Stimt.A]), 
the instantaneous spike frequency of the neuron (NtApm), the repeti- 
tion rate of stridulation (Stridtcm), the amplitude of the ipsilateral 
hindleg m o v e m e n t  (Ampl[mmO and the relative latency of the 
hindlegs (iHL~cHLtm O. A total of  91 stimuli (Stim), 8311 action 
potentials (AP) and 970 cycles (C) were evaluated. A and B are 
aligned to the same time scale 

meso- and metathoracic sternites had been removed. A silver ring 
supported the metathoracic ganglion and also served as a reference 
electrode. The central aperture of the ring allowed recordings to be 
obtained in the most dorsal region of the ganglion without breaking 
the electrode. To establish stable recording conditions an additional 
small ring was gently pressed on top of the ganglion (Wolf and 
Pearson 1987). Drops of saline (Robertson and Pearson 1982) 
prevented the recording site from drying. Thin-walled microelec- 
trodes filled with a solution of 5% lucifer yellow CH in distilled 
water (resistances between 40 and 60 Mf~) were used for intracel- 
lular recordings. 

After penetration of candidate interneurons stridulation was 
repeatedly elicited. The neuron's activity was first recorded during 
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Fig. 4. A Intracellular depolarization of T3-LI-3 after a stridulation 
sequence elicited rhythmic membrane potential oscillations and 
stridulation movements. The end of the brain stimulus is indicated 
by an asterisk. B Simultaneous brain stimulation and intracellular 
depolarization of T3-LI-3.  The brain stimulus was set to be just 
subthreshold for stridulation. Depolarization of  T3-LI-3 elicited 
rhythmic membrane potential oscillations and stridulation move- 
ments. To obtain a distinct change in the discharge rate T3-LI-3 
was continuously hyperpolarized with - 1 . 5  nA and repeatedly 
depolarized with + 3 nA pulses of 600 ms duration 

stridulation, then the cell was depolarized during rest and after- 
wards during stridulation. To obtain a maximum change in dis- 
charge rate some neurons were constantly hyperpolarized via the 
amplifier and then depolarized for 400-600 ms with an additional 
current source (WPI Stimulus Isolation Unit Model 305-2) con- 
nected to the amplifier. The diameters of primary neurites of the 
interneurons were typically about 4 pm. Penetrations of such neu- 
rites had to be stable for at least 5-10 min to perform all the 
required tests. 

Staining and reconstruction. Neurons were stained with lucifer yel- 
low CH by application of hyperpolarizing currents of - 1 to - 3 nA 
for 2-5 min. After staining, the meso- and metathoracic ganglia 
were dissected out and processed by standard histological tech- 
niques. The whole mounts were viewed, drawn and photographed 
with a Leitz epifluorescence microscope. In the description of struc- 
tures and physiological effect the terms ipsilateral and contralateral 
refer to the soma position of neurons. 

Data analysis. All data were recorded on magnetic tape and sub- 
sequently digitized (sampling rate 10 kHz per channel, amplitude 
resolution 12 bit). A specially developed software (Hedwig and 
Knepper 1991) was used to display, plot and evaluate the record- 
ings. 

Diagrams refer to the movement of the ipsilateral hindleg. For 
phase-corrected averaging all cycles were normalized to the mean 
cycle duration and then averaged. The evaluation of membrane 
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Fig. 5. A Structure of the interneuron A1-AC-1. Soma position is 
ventral. B Interneuron activity at the beginning and end of a stridu- 
lation sequence. Onset and offset of brain stimulation are marked 
by an asterisk. C Phase-corrected averages of the ipsilateral hindleg 
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movement (iHLt~,m]) , the instantaneous spike frequency (N[Ap/s ] )  and 
membrane potential (Nmv]) ofA 1-AC-1. Averages are based on 115 
cycles (C) and 828 action potentials (AP) 

potentials was done after cutting off spikes at their base with a 
software filter function. The instantaneous repetition rate of events, 
i.e. spikes and leg oscillations, could be calculated. The coordina- 
tion of the hindlegs was described by the relative latency between 
the upper reversal points of their movements. Positive intervals 
indicate a lead of the leg ipsilateral to the soma of the recorded 
neuron. For determination of the movement amplitude the connect- 
ing lines were calculated between all upper reversal points and 
between all lower reversal points of the leg movement, respectively. 
The amplitude of stridulation was obtained by subtraction of the 
lower polygon from the upper polygon. All parameters were ex- 
pressed as monotonic functions and could be averaged simul- 
taneously with the time functions of the recordings. Data for phase 
response diagrams were obtained directly from the computer screen. 
Calculation of the diagrams was performed with a commercial 
program (Quattro Pro, Borland GmbH). 

For nomenclature of neurons the system described by Hedwig 
(1986a) was used. It was supplemented with "L" as an abbreviation 
for local intraganglionic interneurons. 

Resul t s  

W h e n  there  were long pauses  be tween the s t r idu la t ion  
sequences,  the  sp ike  ac t iv i ty  o f  the  desc r ibed  inter-  
neurons  was very  low. Howeve r ,  their  ac t iv i ty  cou ld  be 
increased  i f  subsequen t  sequences were el ici ted a t  shor t  
intervals .  The  efficacy o f  in t race l lu la r  s t imula t ion  de- 
pended  on  the in tens i ty  o f  s t r idu la t ion .  Genera l ly ,  effects 

Fig. 6. A Intracellular stimulation of A1-AC-1 with a current pulse 
(3 nA, 105 ms) elicited a high-frequency burst in the interneuron 
and reset the stridulation rhythm. B Phase response diagram cal- 
culated for 22 current pulses delivered at different phases of the 
stridulation cycle 
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Fig. 7. A Structure of the interneuron T3-AC-1. Soma position is 
ventral. Only small branches occur in the dorsal neuropil, parallel 
to the long axis of the ganglion. B Interneuron activity at the 
beginning and end of a stridulation sequence. Onset and offset of 
brain stimulation are marked by an asterisk. C Phase-corrected 
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averages of the ipsilateral hindleg movement (iHL[~]), the instan- 
taneous spike frequency (NtAp/,]) and the membrane potential 
(Nt=v]). Averages are based on 73 cycles (C) and 660 action poten- 
tials ( AP) 

were small during intense stridulation and significant 
during stridulation with low amplitude and reduced re- 
petition rate. The effects observed were always qualita- 
tively consistent in different preparations. 

The impact of neurons on the generation of the stridu- 
lation rhythm and coordination of movement patterns is 
described below. 

Influence of interneuron T3-LI-3 on rhythm 9eneration 
and coordination 

This interneuron has been described as type 3 by Gramoll 
and Eisner (1987). Data are based on 32 recordings. 
Multiple fills show that in each hemiganglion there are 
at least three identical siblings of T3-LI-3. The main 
process runs close below the dorsal surface in line with 
the medial edge of the connectives and had numerous 
smooth, fine arborizations (Fig. 2A). Anteriorly one pro- 

Fig. 8A, B. Intracellular stimulation of T3-AC-1 stopped stridula- 
tion for the duration of the stimulus: A Specimen record. The 
interneuron was hyperpolarized by -1 .5  nA and repeatedly de- 
polarized with pulses of + 2.5 nA of either 470 ms or 290 ms 
duration; B To combine both stimuli durations in one diagram, 
averaging was performed independently for the beginning and the 
end of intracellular stimulation. Averages of the motor effects with 
the intracellularly applied current (Stimt~A]), the instantaneous spike 
frequency of the interneuron (NtAp/,]), the repetition rate of stridula- 
tion (Stridtc/s]), the amplitude of the ipsilateral movement 
(Arnpl[m,~]) and the relative latency of the hindlegs (iHL~cHLtms]) 
are given 
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Fig. 9. A Structure of the interneuron 
T3-LC-4. Soma position is ventral. All ip- 
silateral arborizations have a smooth ap- 
pearance and contralateral branches have a 
varicose structure. EPSPs and spikes were 
recorded from ipsilateral branches, whereas 
only spikes were obtained from contralateral 
arborizations. B Interneuron activity at the 
beginning and end of a stridulation 
sequence. Onset and offset of brain stimula- 
tion are marked by an asterisk. C Activity 
of T3-LC~ during a spontaneous change in 
coordination. Arrows indicate changes in the 
relative latency of the hindlegs. D Phase- 
corrected averages of the ipsilateral hindleg 
movement (ittLp,=l), the instantaneous spike 
frequency (N[AP/s]) and membrane potential 
(Nmv) during pattern 1 and pattern 2 

minent branch with varicose arborizations loops laterally 
and more ventrally. In the main branch of  the neuron 
synaptic potentials and spikes were obtained, whereas 
only spikes were recorded in the lateral branch (Fig. 2A), 
indicating the dendritic and axonal regions of  T3-LI-3 .  

During stridulation rhythmic membrane potential os- 
cillations were seen in T3-LI -3  in phase with the stridula- 
tion cycle (Fig. 2B, C). The interneuron was depolarized 
in downstroke phase and hyperpolarized in the upstroke 
phase. A mean of  7.9-t-0.6 AP was elicited during each 
cycle. On average, the instantaneous frequency was high- 
est (178 AP �9 s -1) just after the upper reversal point of  
the leg movement. 

In a spontaneously stridulating grasshopper a distinct 
increase in spike activity of T3-LI -3  was obtained by 
depolarization with +2.5  nA after tonic hyperpolariza- 
tion with - 2  nA (Fig. 3A). The instantaneous spike rate 
of  the neuron was almost zero during hyperpolarization 

and reached 305 AP �9 s-  1 at the beginning of  depolariza- 
tion; thereafter, it decreased to about  150 AP �9 s-1. Be- 
fore stimulation the contralateral leg produced pattern 1. 
It led the ipsilateral leg by 19 ms although it performed 
a smaller movement amplitude (Fig. 3B). Stimulation of  
T3-LI -3  had considerable effects on stridulation. The 
repetition rate increased from 6.8 to 9 C �9 s-1 at the end 
of the stimulus. Within the first 150 ms the cycle duration 
decreased from 147 to 120 ms. Thus, the interneuron 
accelerated the stridulation rhythm. The movement am- 
plitude of  both hindlegs initially was slightly decreased 
but then enhanced. Ipsilaterally it increased by 60%, 
from 2.7 to 4.3 mm. The relative latency of  the leg 
movements changed by about  23 ms, with the ipsilateral 
leg now leading the contralateral leg by 4 ms. These 
effects on relative latency and amplitude indicate that the 
enhanced activity in T3-LI -3  induced movement pattern 
1 in the ipsilateral leg. The effects on the repetition rate 
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and amplitude gradually increased during the stimulus. 
The change in coordination was completed within one 
stridulation cycle and remained almost constant for the 
whole stimulus (Fig. 3B). After stimulation the effects 
gradually decreased. 

T3-LI -3  sometimes started stridulation if high fre- 
quency discharges were elicited at microelectrode 
penetration. In resting grasshoppers intracellular stimu- 
lation of  single T3-LI -3  neurons generally had no effect. 
However, under certain conditions intracellular stimula- 
tion initiated stridulation. The behaviour started again 
with a smaller movement amplitude if the neuron was 
depolarized just after a stridulation sequence (Fig. 4A). 
Also, the brain stimulus could be set to a subthreshold 
level so that stridulation was not started. I f  the spike rate 
of  the interneuron was then increased to 150 AP �9 s-  1 by 
intracellular current injection stridulation was repeatedly 
initiated for the duration of  the current pulse. During 
stimulation the ipsilateral leg always performed pattern 
1; it moved with a greater amplitude and led the con- 
tralateral leg. However, stimulation of  T3-LI -3  also 
elicited small contralateral leg movements which always 
resembled pattern 2. In both situations (Fig. 4A, B) the 
activity of  T3-LI -3  changed from a tonic discharge pat- 
tern to rhythmic membrane potential oscillations in 
phase with stridulation. 

The data demonstrate that T3 -LI -3  interneurons can 
initiate and drive stridulation activity. Therefore, they 
are clearly associated with the rhythm-generating net- 
work. It was not possible to reset stridulation with short 
depolarizations of  a single T3-LI -3  interneuron. Subse- 
quent recordings of  different T3-LI -3  neurons in one 
hemiganglion always revealed similar discharge activity 
of  the interneurons and did not indicate a functional 
difference between the siblings. 
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Reset of  the stridulation rhythm by interneuron 
A1-AC-1 

The soma of  this interneuron has a ventral position in the 
first abdominal neuromere (Fig. 5A). The primary neu- 
rite projects to the dorsal neuropil where the neuron 
forms three areas of  arborization. At the ipsilateral side 
of  the soma smooth as well as varicose branches occur 
along the long axis of  the ganglion. Predominantly vari- 
cose arborizations project laterally. At the contralateral 
side the ascending axon has varicose arborizations paral- 
lel to the long axis of  the ganglion. 

Only one recording was made: the ipsilateral hindleg 
exhibited pattern 2. During stridulation A1-AC- I  was 
excited in upstroke phase (Fig. 5B, C). In each cycle 
7.2_+0.9 APs were elicited with an average highest in- 
stantaneous frequency of  136 A P - s  1 during the up- 
stroke. 

Intracellular stimulation of  A1 AC-1 indicated a re- 
set of  the stridulation rhythm (Fig. 6A, B). The phase- 
response diagram shows that stimuli which were de- 
livered during the downstroke (phase values 0-0.3) con- 
siderably shortened the cycle, whereas stimuli at other 
phases had no significant effect on the rhythm. Corre- 

-200 0 200 400 600 t[ms) 
Fig. 10A, B. Intracellular stimulation of T3-LC-4 during ipsilateral 
stridulation of pattern 2 caused a switching in the coordination of 
the movement patterns: A Specimen record, the change in relative 
latency is indicated by arrows. Stimulus (Stim), neuron activity (N) 
and movement of the ipsilateral and the contralateral hindleg (iHL, 
cHL); B Averages of the motor effects with the intracellularly 
applied c u r r e n t  (Slim[hAl), the instantaneous spike frequency of the 
interneuron (N[nAa/sl), the repetition rate of stridulation (Strid[c/s]), 
the amplitude of the ipsilateral hindleg movement (Ampl iHL[m=]), 
the amplitude of the contralateral hindleg movement (Ampl 
cHL[mm] ) and the relative latency of the hindlegs (iHL~cHLI=s]). 
A and B are aligned to the same time scale 

sponding with the bilateral structure of  the interneuron 
the motor  effects were expressed in both hindlegs simul- 
taneously. 

Termination of  stridulation by interneuron T3-AC-1 

The structure of  this interneuron is characterized by a 
ventral posterior soma location in the metathoracic neu- 
romere and a contralateral ascending axon (Fig. 7A). It 
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has ipsilateral and contralateral small branches in the 
dorsal neuropil along the long axis of the ganglion. Most 
other arborizations project ipsilaterally to the lateral 
dorsal neuropil. 

The neuron was recorded once with movement pat- 
tern 2 stridulated by the ipsilateral hindleg. The mem- 
brane potential of T3-AC-1 oscillated in phase with 
stridulation (Fig. 7B, C). The neuron was inhibited at the 
lower reversal point of the movement. It received an 
excitatory input which evoked a mean of 9.1 +0.8 APs 
during the upstroke. The mean maximum spike rate 
reached 160 AP.  s -1 during the upward movement. 
There were almost no spikes during the downstroke. The 
activity peak of T3-AC-1 coincided with the inhibition 
of T3-LI-3. 

Depolarization enhanced spike activity in T3-AC-1 
from 68 to 143 AP.  s-1 (Fig. 8A, B). The obvious effect 
of T3-AC-1 on stridulation was a reduction in repetition 
rate and amplitude of stridulation. During intense stridu- 
lation only the amplitude was decreased and the repeti- 
tion rate was not influenced (data not shown). At weak 
stridulation the neuron completely stopped the leg move- 
ments during stimulation. The relative latency of the 
hindlegs was not influenced. Rhythm generation re- 
covered almost instantaneously at the end of the stimu- 
lus. An immediate onset of stridulation of this sort never 
occurs at the beginning of any sequence and may in this 
case have been due to the brain stimulus which was 
continuously driving the cephalic descending activity. 
Since, in these experiments, stridulation was always elic- 
ited by brain stimulation, no data are available on the 
discharge activity of T3-AC-1 at the end of normal 
sequences. 

Switchin9 of motor patterns by interneuron T3-LC-4 

The soma position of this neuron is at the ventral surface 
in the posterior region of the metathoracic neuromere 
(Fig. 9A). The arborizations extend almost over the en- 
tire ganglion complex but could be absent in A3. The 
ipsilateral arborizations have a predominantly smooth 
appearance, whereas the contralateral ones have a vari- 
cose structure. Correspondingly, in the ipsilateral 
branches EPSPs and spikes were recorded and in the 
contralateral branches only spikes. Thus, in T3-LC-4 
input and output regions may be assigned to one 
hemiganglion, respectively; this is necessary in order to 
convey information for bilateral coordination. Double 
stainings demonstrated that at least two T3-LC-4 inter- 
neurons originated in each hemiganglion. The inter- 
neuron was described as type 4 by Gramoll and Eisner 
(1987). Data are derived from 21 recordings. 

The activity pattern of T3-LC-4 was clearly cor- 
related with the movement pattern of the ipsilateral hind- 
leg (Fig. 9B-D). During pattern 1 the neuron showed 
membrane potential oscillations with a broad depolariza- 
tion during the upstroke and a prominent inhibition 
before the upper reversal point. T 3 - L C ~  generated 
8.5 _ 0.7 APs in each cycle and reached a mean maximum 
spike rate of 153 AP �9 s-1 during the upward movement 
(Fig. 9B, D). A spontaneous change in coordination of 
the movement patterns is shown in Fig. 9C. Simul- 
taneously with the change in relative latency, the activity 
of the interneuron decreased. During pattern 2 the av- 
erage maximum excitation occurred at the beginning of 
the upward movement, and an inhibition for half of the 
cycle duration followed. The neuron generated only 
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1.4___ 1.6 APs per cycle and reached a mean maximum 
spike rate of 20 AP-  s-1 (Fig. 9D). This is an extreme 
example; the movement patterns were not always so 
drastically reflected in the activity of T3-LC-4.  However, 
during pattern 1 at least twice as many APs were 
generated as during pattern 2. 

If  the activity pattern of T3-LC-4 plays an important 
causal role in coordination, intracellular depolarization 
should change the movement patterns of the legs. Since 
depolarization enhances spike activity a change in coor- 
dination could only be expected if the ipsilateral hindleg 
was performing pattern 2. T3-LC-4 was stimulated with 
pulses of + 3.5 nA, while the ipsilateral hindleg perfor- 
med pattern 2 during weak stridulation (Fig. 10A, B). 
During stimulation the interneuron remained rhythmi- 
cally active with a spike rate of about 200 AP �9 s-1. The 
enhanced activity had no effect on the repetition rate of 
stridulation. However, the amplitude of the ipsilateral 
and contralateral movements and their relative coordina- 
tion were distinctly influenced. During stimulation after 
about 50 ms the relative latency of the movements 
changed from about - 10 ms to 3 ms and the contrala- 
teral amplitude was reduced. Furthermore, the ipsilateral 
amplitude gradually increased. These specific changes 
indicate a switch in the coordination of the movement 
patterns. The only difference from a spontaneous change 
of the movement patterns was the relatively slow increase 
of the ipsilateral movement amplitude. Stimulation of 
T3-LC-4 during pattern 1 decreased the contralateral 
movement amplitude but did not modulate the move- 
ment patterns (Hedwig et al. 1990). 

Effects o f  interneuron T3-LI-1 on coordination 
of  movement patterns 

Interneurons like T3-LI-1 (Fig. 11A) have been called 
Type 1 interneurons (Gramoll and Eisner 1987). How- 
ever, variability in axon structure indicates that they may 
not be a uniform group. Recordings shown (Figs. 11-13) 
are from T3-LI-1 neurons with a circular axon structure 
within the lateral neuropil. The axon first projects pos- 
teriorly, branching close to the offspring of Nv 5. In a 
more ventral lateral position it then runs anteriorly again 
and ends below the neuropil region where it started. Data 
are derived from eight recordings. 

Interneuron T3-LI-1 had a peculiar discharge pat- 
tern. During the middle of the upstroke it exhibited a 
short burst of activity with an average of 6.4 + 0.7 APs 
during the upstroke and a mean maximum instantaneous 
spike frequency of 439 AP .  s -1 (Fig. 11B, C). This was 
the highest spike rate so far encountered among stridula- 
tion neurons. The underlying synaptic potential was a 
brief rapid depolarization which was shut off by a hyper- 
polarization. The spike pattern of T3-LI-1 changed with 
the movement pattern. During pattern 1, but not during 
pattern 2, the neuron was depolarized again after the 
inhibition and single spikes were elicited (Fig. 11 B, upper 
and lower records). 

Intracellular stimulation of  T3-LI-1 with + 4  nA 
during pattern 1 elicited discharge rates of 400-500 
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Fig. 12A, B. Intracellular stimulation of T3-LI-1 during ipsilateral 
stridulation of pattern 1 modulated the amplitude and coordination 
of stridulation: A Specimen record, arrows indicate the change in 
relative latency of the leg movements; B Averages of the motor 
effects with the intracellularly applied current (Stimt,A]), the instan- 
taneous spike frequency of the interneuron (N[Ap/~]), the repetition 
rate of stridulation (Stridtc/,]), the amplitude of the ipsilateral hind- 
leg (Ampl iHLtn]), the amplitude of the contralateral hindleg (Ampl 
cHLtn]) and the relative latency of the hindlegs (iHL-->cHLt,,s]). 
A and B are aligned to the same time scale 

AP �9 s-1 (Fig. 12A, B). The repetition rate of stridulation 
did not change and was only transiently influenced at the 
beginning of  stimulation. However, this may be an effect 
of the decreased movement amplitude in the ipsilateral 
hindleg, which made the determination of the upper 
reversal point less exact. During stimulation the ip- 
silateral movement amplitude gradually decreased by 
18% and the contralateral amplitude increased by 50%. 
About 150 ms after onset of current injection the relative 
latency of the legs changed by about 14 ms, from the 
ipsilateral leg leading to the contralateral leg leading. 
After stimulation the effects on amplitude and relative 
latency gradually decreased again. Obviously stimulation 
of T3-LI-1 elicited a change from pattern 1 to pattern 2. 
However, this change had a delay which was almost 
100 ms greater than the changes in coordination caused 
by T3-LI-3 and T3-LC-4.  So far there are no corre- 
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Fig. 13. Tonic intracellular stimulation of T3-LI-1 with + 2.5 nA 
in resting grasshoppers elicited rhythmic high-frequency bursts in 
T3-LI-1 which were accompanied by leg oscillations 

sponding data on the effects of T3-LI-1 on the per- 
formance of pattern 2. 

Interestingly, stimulation in resting grasshoppers also 
caused rhythmic activity in T3-LI-1. It elicited bursts of 
400--450 AP" s- 1 which were very similar to those during 
stridulation (Fig. 13). The interneuron activity was ac- 
companied by rhythmic movements of the ipsilateral leg 
which corresponded 1 : 1 to the bursts of the interneuron. 
However, their form differed from that of normal stridu- 
lation movements. There were no movements of the 
contralateral leg. 

Discussion 

Intracellular stimulation of interneurons elicited changes 
in rhythm generation and bilateral coordination in strid- 
ulating O. viridulus. The repetition rate and the relative 
latency are two important parameters which characterize 
stridulation behaviour. 

On the sionificance of  sinole cell stimulation 

The efficacy of intracellular stimulation was high if strid- 
ulation was performed with low amplitude and reduced 
repetition rate (Figs. 3, 8, 10). A similar observation was 
described by Pearson et al. (1985) for the stimulation of 
flight-initiating interneurons and may not be surprising. 
During intense behaviour the level of excitation within 
the network is high and therefore probably less disturbed 
by changes in single cell activity. The existence of stri- 
dulation interneurons with two or three siblings further 
indicates parallel processing of information. Under these 
circumstances the significance of single neurons can 
probably only be demonstrated if the activity in the 
parallel neurons is not maximal. 

On the control of the stridulation rhythm 

Intracellular stimulation of single neurons can initiate 
flight in the locust (Pearson et al. 1985), swimming in the 
leech (Weeks and Kristan 1978; Weeks 1982; Nusbaum 

and Kristan 1986) and in Tritonia (Getting 1977) and 
feeding behaviour in Heliosoma (Granzow and Kater 
1977), Lymnaea (Rose and Benjamin 1981; Elliot and 
Benjamin 1985) and Pleurobranchaea (Gillette et al. 
1978). Unlike the flight-initiating interneuron 404 (Pear- 
son et al. 1985) which is tonically active, all other inter- 
neurons initiating motor activity exhibit a rhythmic mod- 
ulation of their activity pattern due to feedback from the 
rhythm-generating network. Some of these interneurons, 
such as the SO neuron in Lymnaea (Rose and Benjamin 
1981) and the neurons 204 and 205 in the leech (Weeks 
1982), can additionally alter the cycle duration of the 
motor rhythm. Activity in T3-LI-3 elicited stridulation 
and increased its repetition rate. Therefore, it function- 
ally corresponds to the interneurons mentioned above. 
However, there was no direct relation between the spike 
rate of the interneuron and the cycle time of the leg 
movement as described in the leech and Lymnaea. In 
O. viridulus the stridulation rate continued to increase 
slowly, even though the spike rate of the stimulated 
interneuron T3-LI-3 was decreasing due to adaptation 
to the injected current (Fig. 3). Thus, the decrement in 
cycle length is not a linear function of the instantaneous 
frequency of the interneuron. 

Stimulation of single T3-LI-3 neurons (Fig. 4) can 
initiate stridulation, but inhibition of the interneuron 
does not stop the behaviour (Fig. 3). Thus, the activity 
of single T3-LI 3 neurons is not necessary for main- 
tenance of stridulation. Since T3-LI-3 neurons initiate 
stridulation and drive the rhythm generator they have to 
be considered as a part of the rhythm-generating net- 
work. 

So far the only interneuron found to reset the stridula- 
tion rhythm is A1-AC-1. This interneuron receives its 
maximum depolarization during the upstroke when 
T3-LI-3 is inhibited (Fig. 5). Therefore, the two inter- 
neurons may influence the rhythm-generating network in 
different ways. The structure and soma position of inter- 
neuron A1-AC-1 emphasizes the importance of the 
abdominal neuromeres for stridulation. 

Interneuron T3-LI-1, which elicited rhythmic leg 
movements in resting grasshoppers (Fig. 13), may also be 
of importance for rhythm generation. The bursting activ- 
ity of the interneuron occurred even without muscle 
activity (Gramoll 1988) and resembled that during strid- 
ulation. Thus, T3-LI-1 is obviously involved in a local 
circuit which has the ability to generate rhythmic activity. 
This circuit may be an elementary part of the stridulation 
rhythm-generating network. 

During stridulation T3-LI-3 received inhibition after 
every burst of activity (Fig. 2). This inhibition may be an 
elementary process in the stridulation network and deter- 
mine the cycle duration. Interestingly, interneuron 
T3-AC-1, which stopped stridulation, exhibited maxi- 
mum activity in phase with the inhibition of T3-LI-3 (cf. 
Figs. 2C, 7C). It may therefore be a source for inhibition 
of T3-LI-3 and in this way also terminate the behaviour. 
An inhibitory function of the interneuron is supported by 
its ventral medial soma position. In the locust flight 
system such a soma position correlates highly with an 
inhibitory output (Pearson and Robertson 1987). 
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Bilateral coordination o f  stridulation movements 

During stridulation the hindlegs of  O. viridulus produce 
different movement patterns. Bilateral coordination of  
the movements may change between sequences and occa- 
sionally within a sequence (Eisner 1974). After hemisec- 
tions of  the metathoracic ganglion complex coordination 
of  the movements is lost in Chorthippus biouttulus and 
C. dorsatus (Ronacher 1989, 1991). Therefore, coordina- 
tion must be based on connections between the 
hemiganglionic networks. 

The results indicate excitatory and inhibitory interac- 
tions between the hemiganglionic networks. Intracellular 
stimulation of  T3-LI -3  in resting grasshoppers not only 
elicited ipsilateral leg movements but also started less 
intense stridulation on the contralateral side (Fig. 4). 
This activation of  the contralateral network must be due 
to an excitatory coupling between the hemiganglionic 
rhythm generators. Interneurons like A1-AC-1 with bi- 
lateral arborizations and bilateral effects on the stridula- 
tion rhythm may mediate such excitation. 

I f  T3 -LI -3  was stimulated during ipsilateral produc- 
tion of  pattern 2, this led to an increased activation of  the 
ipsilateral network. As a consequence pattern 1 was 
produced ipsilaterally and the contralateral side changed 
from pattern 1 to pattern 2 (Fig. 3). The hemiganglionic 
network, which was more active due to intracellular 
stimulation of  T3-LI -3 ,  obviously dominated the con- 
tralateral network. Therefore, inhibitory connections 
between the hemiganglionic rhythm generators are re- 
quired. Since T3-LI -3  interneurons exhibit only ip- 
silateral arborizations other interneurons must provide 
this connection. 

T 3 - L C - 4  interneurons have separate input and out- 
put  regions in both hemiganglia and a discharge activity 
which correlated highly with the movement patterns 
(Fig. 9). Therefore, they are well suited for coordinating 
functions. If  the neuron was stimulated during pattern 2 
it caused a complete change in coordination of  the move- 
ment patterns (Fig. 10). Depolarization of  the neuron 
during pattern 1 reduced the contralateral movement 
amplitude (Hedwig et al. 1990). Thus, T 3 - L C - 4  inter- 
neurons probably form inhibitory connections between 
the hemiganglionic networks. Such mutual inhibition, if 
not tempered by adaptation, leads to unilateral domi- 
nance. Increased activity in the pattern 2-producing net- 
work, such as obtained during stimulation of  T3-LI -3  
(Fig. 3), would increase the inhibition of  the contralateral 
network via T 3 - L C ~  interneurons. This in turn would 
also reduce the contralateral inhibition and as a conse- 
quence pattern coordination would change. Correspond- 
ingly, a reduction of  activity in the pattern 1 producing 
network also would result in a change of  coordination. 
This may have happened during stimulation of  T3-LI  1 
which changed pattern 2 to pattern 1 (Fig. 12). T3-LI-1  
obviously first reduced the activity within the hemigan- 
glion since the ipsilateral movement amplitude de- 
creased. As a consequence a new state of  coordination 
then resulted. 

The significance of  bilateral neurons such as T3 LC~4 
for coordination of  the movement patterns is emphazised 

by mediosagittal incisions which transsect all anterior 
commissures of  the metathoracic neuromere, including 
the axon of  T3-LC-4 .  They lead to synchronous leg 
movements in O. viridulus (N. Eisner and B. Ronacher 
personal communication). Since corresponding incisions 
in Chorthippus dorsatus (Ronacher 1991) have no effect, 
species-specific differences in the organization of  the 
neuronal pathways for coordination are indicated. 

Interneurons which function in bilateral synchroniza- 
tion of  hemiganglionic pattern generators in the crus- 
tacean swimmeret system have been described by Paul 
and Mulloney (1985). These interneurons influence the 
swimmeret rhythm on both sides and therefore may have 
similar properties to the interneuron A1-AC-1.  A 
switching of  motor  programs can be induced by single- 
cell stimulation in the swimmeret system of  the crayfish 
(Heitler 1985) and in the ventilatory system of  the crab 
(DiCaprio 1990). In O. viridulus changes in bilateral 
coordination can be induced by at least three different 
interneurons. The movement patterns of  the legs seem to 
be determined by the different activity levels in the 
hemiganglionic rhythm generators which are connected 
via a mutual inhibitory pathway. 

The interneurons described here modulated rhythm 
generation and coordination of  stridulation. The follow- 
ing paper will describe interneurons which form the strid- 
ulation movement without modulating these parameters 
(Hedwig 1992). 
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