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Summary. The central nervous control of  singing 
behavior in male crickets (TeleogrylIus eommodus) 
has been investigated using electromyograms 
(EMG) and intracellular recording techniques. A 
preparation is described in which the species-spe- 
cific stridulatory behavior can be elicited with the 
normal chirp and trill pattern. Stridulation was in- 
duced routinely in intact crickets as well as in crick- 
ets prepared for intracellular analysis (Fig. 1). 

1. EMG recordings were taken from opener 
muscle 99 (subalar) and closer muscle 90 (remotor 
coxae) of intact singing animals. The intervals be- 
tween bursts in both opener and closer muscles 
vary with cycle duration (opener to opener) and 
maintain their phase constancy. During the chirp 
the closer muscle activity (burst duration, number 
of spikes per burst) increases considerably as com- 
pared with the trill, but opener muscle activity re- 
mains unchanged (Fig. 2). 

2. The preparation necessary for the intracellu- 
lar analysis of  motor patterns involved deafferen- 
tation of the thoracic ganglia, in which the stridula- 
tory pattern generator resides. This resulted in an 
increase of the period duration in chirp and trill 
by about 20% (Fig. 3). Otherwise, only minor 
changes in the motor pattern were noted after deaf- 
ferentation except for a marked increase in opener 
burst duration (Fig. 3), which did not affect the 
phase relationship described for the intact prepara- 
tion. 

3. The investigation of synaptic input to identi- 
fied motoneurons 99 (opener) and 90 (closer) re- 
vealed differences in the burst patterns in these 
neurons during the chirp as compared with the 
trill, but also some common synaptic components 
(Figs. 6 and 7). This suggests that some interneur- 
ons are activated during the chirp and trill, whereas 
others are only activated during the chirp. 

Abbreviations: EMG electromyogram; M N  m o t o n e u r o n  

Introduction 

The stridulatory behavior of male crickets is well 
suited to investigation of neuronal organization, 
because it is expressed in a stereotyped manner, 
the nervous system is readily accessible, and the 
behavior itself is well understood. The mechanical 
properties of the wings and their role in sound 
generation have been described (Koch et al. 1988), 
and the activity of specific muscles has been corre- 
lated with wing movement during sound produc- 
tion (Bentley and Kutsch 1966; Kutsch 1969; 
Bentley 1971). Sensory feedback from wing hinge 
and wing surface receptors is important for effi- 
cient sound production (Elliott 1983; Elliott and 
Koch 1983; Sch/iffner and Koch 1987), although 
pattern generation itself appears to be independent 
of this feedback (Kutsch and Huber 1970; M6ss 
1971; Schfiffner and Koch 1987). Electrical stimu- 
lation of selected parts of the central nervous sys- 
tem such as the brain (Huber 1960), the cervical 
connectives (Otto 1971) and single fibres within 
these connectives (Bentley 1977) showed that the 
neural circuitry generating the song pattern is lo- 
cated in the thoracic nervous system (Kutsch and 
Otto 1972), whereas the brain orchestrates the dif- 
ferent song patterns (Huber 1960; Otto 1971; 
Bentley 1977). Bentley (1969) has described the ac- 
tivity of motoneurons and interneurons with the 
meso- and metathoracic ganglia during stridula- 
tion in Gryllus campestris. 

Muscular and motoneuronal activity during 
cricket stridulation poses several questions relevant 
to the understanding of  motor pattern generation. 
Different species of crickets have evolved different 
calling songs, in order to attract only conspecific 
females. What are the properties of the song pat- 
tern generator in each case and what are the physi- 
ological factors responsible for the species-specific 
differences in the song? Some species of the same 
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genus (Teleogryllus) produce calling songs which 
contain two different rhythms (Bentley 1971). Are 
two pattern generators used during the expression 
of one behavior? 

The first step in an attempt to answer these 
questions involves a description of the muscular 
and motoneuronal activity during stridulation. 
The cricket Teleogryllus commodus was chosen for 
two reasons: firstly, the T. commodus calling song 
contains two rhythms: the chirp and the trill. Dur- 
ing the latter the syllables are produced at double 
the repetition rate of those in the chirp (Bentley 
1971). Secondly, most studies on muscular and mo- 
toneuronal activity during cricket stridulation have 
focussed on G. campestris, which has a distinctly 
different stridulatory pattern from T. commodus. 
Thus a comparison between the neuronal control 
of  the calling songs of the two species might reveal 
common principles in the neuromuscular control 
of  muscular and motoneuronal activity during 
cricket stridulation. 

In order to induce stridulation routinely in in- 
tact as well as in dissected animals, a method re- 
cently developed to elicit stridulation in grasshop- 
pers (Hedwig 1986) was modified for the cricket. 
This technique involved applying DC-current to 
the brain and proved to be superior in reliability 
to the focal lesions and pulsed trains of electrical 
stimuli used previously in eliciting stridulation in 
male crickets (brain stimulation: Huber 1960; con- 
nective stimulation: Otto 1971; Bentley 1977). In 
this paper the pattern of discharge of opener and 
closer muscles during stridulation in T. commodus 
is first described quantitatively, and this is followed 
by a description of the intracellular activity of 
some of the motoneurons active during stridula- 
tion. Motoneurons innervating opener muscle 99 
(subalar) and closer muscle 90 (remotor coxae) 
were chosen for investigation because their activity 
has been used previously to describe the stridula- 
tory motor pattern in G. campestris. The investiga- 
tion of synaptic input to closer and opener moto- 
neurons in this present study indicated that some 
premotor interneurons were activated during the 
chirp and the trill, whereas others were active only 
during the chirp. 

Materials and methods 

Animals. Experiments were performed on adult male crickets, 
Teleogryllus commodus (Walker), from 1 to 5 weeks post-ecdy- 
sis. Crickets were either caught in the field near Canberra,  Aus- 
tralia, or taken from a breeding colony not more than two 
generations old, originating from the same area. 

Elieiting stridulation. All legs were removed and the crickets 
were restrained, dorsal side up, by pinning the head capsule 

onto a plasticine cushion supported by foam. The anterior head 
capsule, including the antennae, the clypeus, and the labrum, 
was removed to expose the brain (Fig. 1 B, C). These were the 
only dissections on the otherwise intact animal. A suction elec- 
trode, consisting of a plastic tube mounted onto the front of 
a shortened syringe needle and filled with saline, was applied 
to the ventral part  of the brain, just anterior to the circumoeso- 
phageal connectives (Fig. 1 B). The inner diameter of the suc- 
tion electrode was approximately 0.5 mm. Electrodes of smaller 
diameter elicited stridulation less readily. The indifferent elec- 
trode was placed approximately 0.5 mm posterior to the suction 
electrode. 

To elicit stridulation a negative DC current of 2 0 ~ 0  pA 
(generated from an 18 V battery) was applied to the brain. 
As soon as current was applied the animal showed an increase 
in ventilatory and other motor  activity and often struggled. 
Within I 5 min the animals usually began to stridulate, some- 
times continually for up to 3 h. At least a short period of singing 
was induced in every cricket stimulated in this way. The current 
passed evoked a range of motor  patterns (respiratory activity, 
flight, vigorous leg movements) and it was then necessary to 
adjust the current appropriately to maintain stridulation. Occa- 
sionally this involved reversing the polarity of the current. De- 
pending upon electrode position and the current applied, the 
3 song patterns which T. commodus males normally produce 
(i.e. calling song, aggressive song, and courtship song) could 
all be induced. This study concentrates exclusively on the calling 
song pattern. All experiments were performed at room tempera- 
ture (23 + 1 ~ C). 

Electromyograms. Once the cricket stridulated continually, elec- 
trodes (50 pm silver wire, insulated except at the tip) were in- 
serted into the posterior mesothoracic subalar muscle 99 
(opener) and the remotor coxae muscle 90 (closer). Recordings 
from these electrodes were then amplified, displayed on an oscil- 
loscope, and stored on magnetic tape for later analysis. Record- 
ings of stridulatory sounds were made with a microphone 
placed just above the animal and then preamplified with a Sony 
recorder (WM-D6). The position of the E M G  wires was con- 
firmed by dissection following each experiment. The E M G  re- 
cordings were analyzed using a PDP-11 computer after first 
passing them through a trigger circuit. 

Preparation for intracellular recordings. Stridulation was in- 
duced as described above and maintained throughout  the dis- 
section procedure. The wings and the posterior part  of the pro- 
notum were removed. The abdomen and thorax were opened 
via a dorsal midline incision. The meso- and metathoracic gan- 
glia were exposed by removing the gut and overlying tissue 
(Fig. 1C; see also Robertson 1987), and then stabilized on a 
Nichrome platform. Particular care was taken not to damage 
or stretch the abdominal connectives, since eliciting stridulation 
then proved much more difficult and often impossible. All sen- 
sory and motor  nerves to the thoracic ganglia were cut so as 
to reduce body movements and to obtain a preparation in which 
the thoracic nervous system generating the motor  pattern was 
as completely deafferented as possible. This operation had some 
effect on the E M G  and central neuronal recordings, most likely 
due to removal of sensory feedback from proprioceptors in 
the wingstumps and on the wing surface. Sensory input from 
the cerci (Dambach et al. 1983) was probably also lacking under 
these circumstances, because no wing movement or muscular 
contractions were present. 

To monitor  ongoing stridulation, usually nerve 3A3 in the 
mesothoracic ganglion (which innervates the anterior closer 
muscle 89 (Fig. 1 C)) was lifted onto a 75 I~m silver wire hook 
electrode and insulated from body fluids with a mixture of 
vaseline and mineral oil. Sometimes nerve 3A was used as a 
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monitor and those recordings then contained background activ- 
ity of motoneurons innervating muscles other than muscle 89 
as seen in some of the recordings (see Kutsch and Huber 1970 
for details of innervation and the nomenclature used in this 
study). The preparation was continuously flooded with TES- 
buffered saline (in mM: NaCI 128, KCI ~, CaClz 2, NaHCO3 
2, TES 4). 

Glass capillary micropipettes pulled to a resistance of 
40-60 Mr2 (when filled with I M potassium acetate) were back- 
filled with a 3% solution of Lucifer Yellow in 0.5 M lithium 
chloride for intracellular staining. Motoneurons 90 and 99 were 
penetrated in their neuropilar segments and intracellular activi- 
ty was recorded using standard techniques and stored on mag- 
netic tape. Recorded motoneurons were then stained by apply- 
ing constant hyperpolarizing current (5 J0 nA) for 5-15 rain. 
The ganglion was dissected from the preparation, fixed in 3% 
phosphate buffered (pH=7.2)  formaldehyde, dehydrated, 
cleared, and viewed and drawn as a wholemount under a fluo- 
rescence microscope. The intracellular recordings presented in 
this study are representative of those obtained for each moto- 
neuron type in more than 20 preparations. 

Results 

Eticiting stridulation with electrical DC-stimulation 
of  the brain 

Stridulation in T. commodus consists of a repetition 
of phrases (Fig. 1A), each phrase usually com- 
mencing with a short chirp (4-6 syllables at about 
20 Hz) and ending with one to three trills (10 to 
30 syllables at about 35 Hz). Stridulation was most 

successfully induced by locating the suction elec- 
trode on the ventral side of the brain just anterior 
to the circumoesophageal connectives (Fig. 1 B), 
and then applying constant, negative DC-current 
(Fig. 1 C). The stridulatory behavior evoked ap- 
peared normal in that the forewings were raised 
to the normal angle, and each syllable in the typical 
calling song was produced by closing movements 
of the forewings. The stridulatory pattern evoked 
by electrical stimulation clearly shows the same 
phrase structure as above, but the chirp was often 
extended (>  10 syllables) and the trill drastically 
shortened (Fig. 2A). Male crickets produce such 
a song pattern normally during a warm-up period 
before a continuous song can be observed. Some- 
times the stridulation elicited was indistinguishable 
from normal stridulation in having short chirps 
and long trills. There appeared to be no significant 
difference between the period of sound pulses in 
normal and electrically induced stridulation (chirp: 
51.1_+3.3 ms and 51.8_+4.3 ms respectively; trill: 
31.4+_ 1.1 ms and 29.9+_ 1.2 ms respectively; f iom 
5 animals in each group). 

Neuromuscular activity during stridulation 

EMG recordings in intact singing crickets were 
taken from muscle 99 (opener) and muscle 90 
(closer) together with sound recordings. The sound 
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Fig. 1A-C. Cricket song structure 
and the experimental arrangement for 
electrophysiological stimulation and 
recording. A Calling song of an 
unrestrained voluntarily singing 
cricket. The two different rhythms 
(chirp, trill) are indicated and 
together they form a phrase which is 
continuously repeated. 
B The ventral surface of  the brain as 
seen from the animal's anterior. The 
placement and the size of the inner 
diameter of the current delivering 
suction electrode is indicated by the 
shaded area. 
C Stridulation in intact (not shown) 
and dissected cricket males was 
induced by passing a negative DC 
current ( ~  20-40 gA) and 
intracellular recordings from 
motoneurons during stridulation were 
made from the mesothoracic 
ganglion. A hook electrode placed 
under nerve 3 A, which innervates 
closer muscle 89 was used as a 
monitor for ongoing stridulation. The 
motoneuronal recording, from a 
motoneuron 89, shows an electrically 
induced chirp/trill pattern. 
Calibration: Vertical 20 mV; 
horizontal 100 ms 
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Fig. 2A-D. Electromyogram analysis of 
the stridulatory pattern produced by an 
intact singing cricket male. 
A Sound pattern of the 7". cornmodus 
calling song and the underlying activity 
of closer muscle 90 (upper trace) and 
opener muscle 99 (lower trace) induced 
by electrical stimulation. Onty the closing 
wing stroke produces a sound pulse. 
Stridulation begins with an opener burst 
and ends with a closer burst. 
B Indication of the parameters analysed 
from EMG recordings. Period is 
measured from opener to opener burst. 
The intervals were measured from the 
beginning of a burst to the beginning of 
the antagonistic burst. O, Opener; C, 
Closer. 
C Both intervals (O-C, C-O) vary with 
changing period durations. Arrow 
indicates period durations occurring at 
the transition from chirp to trill. 
D Opener burst duration changes only 
little with varying periods, whereas closer 
burst duration increases during the chirp 

pulses reflect the initially increasing excitation seen 
in closer bursts during the chirp (Fig. 2A). In order 
to characterize the pattern of activity in these mus- 
cles during stridulation the intervals between the 
opener burst and the closer burst and vice versa 
were measured as indicated in Fig. 2 B. Both inter- 
vals vary with period duration (Fig. 2C). The 
opener to closer interval is always the shorter inter- 
val and thus the period is unevenly divided. Both 
intervals occur at approximately constant phases 
within the stridulatory cycle (opener to closer: 
0.37_0.06; closer to opener: 0.63_+0.08). A 
phrase always starts with an opener burst and ends 
with a closer burst (Fig. 2A). Measuring the burst 
durations reveals that the opener burst is very 
short (often consisting of only a single spike) in 
trill and chirp (Fig. 2A, D). By contrast the closer 
burst duration increases strongly in the chirp at 
longer periods (Fig. 2 B, D). This increase in burst 
duration during the chirp is similar to the one ob- 
served for the closer to opener interval (Fig. 3 C), 
which results in an approximately constant interval 
from the end of the closer burst to the beginning 
of the opener burst (18.7 + 3.9 ms). 

Dissection of the cricket for intracellular analy- 
sis resulted in removal of peripheral feedback from 
thoracic proprioceptors and the cerci to the pattern 
generator. In order to assess the impact of this 
deafferentation on the motor output, the period, 
interval, and burst durations of activity in opener 
and closer muscles were determined. Intracellular 

recordings of opener mot �9  99 were com- 
pared with extracellular recordings from the mot �9  
neurons innervating closer muscle 89 (Fig. 3 A), be- 
cause the timing of excitatory input to closer mus- 
cles 89 (recorded extracellularly) and 90 (recorded 
intracellularly; Fig. 3 B) is identical. The data from 
these recordings can then be directly compared 
with the recordings from muscles 90 and 99 in in- 
tact animals (Fig. 2). After deafferentation, the pe- 
riod shifts towards longer durations during chirp 
and trill (by ca. 20%), as compared with EMG 
recordings from intact animals (Fig. 3 C). The in- 
tervals still vary with the changes in period dura- 
tion, the opener to closer interval remaining the 
shorter interval (Fig. 3 D). Again both intervals oc- 
cur at approximately constant phases within the 
cycle (opener to closer: 0.37+_0.09; closer to 
opener: 0.63 4-0.11). The closer burst duration also 
shows little change upon deafferentation, but 
opener bursts increase dramatically during a chirp 
(cf. Figs. 2 B, 3 A), something not observed in in- 
tact animals (Fig. 2A, D). Measuring the interval 
from the end of the opener burst to the beginning 
of the closer burst revealed constant values (OL-C : 
8.2+2.2 ms) independent of variations in period 
(Fig. 3 E), and irrespective of whether OL-C occurs 
during the chirp or the trill. The transition phase 
from chirp to trill was also compared in intact and 
deafferented animals. Measuring the periods just 
prior to and after the chirp/trill transition shows 
that there is a fast, but not instantaneous, shift 
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Fig. 3A-E. Stridulation after 
deafferentation of the thoracic nerve 
cord. A Measurements were taken 
from recordings from nerve 3 A which 
innervates closer muscle 89 and 
intracellular recordings from opener 
MN 99. 
B Closer MN 90 and closer muscle 89 
are activated simultaneously thus 
allowing a comparison with data 
from intact animals (see Fig. 2). 
Calibration for A, B : Vertical 15 mV, 
horizontal 25 ms. 
C Deafferentation causes an increase 
in period duration by ca. 20% (upper 
histogram: intact; lower histogram: 
deafferented). 
D Both intervals vary with period. 
E Measuring from the last spike of 
the opener burst to the beginning of 
the closer burst (OL-C) reveals 
intervals of constant value 
irrespective of period. Arrow 
indicates period durations occurring 
at the transition from chirp to trill 

in repetition rate (Fig. 4). Although the durations 
of cycle periods in intact and deafferented animals 
differ (Fig. 3 C) the pattern of change occurring 
at the chirp/trill transition is very similar in both 
conditions (Fig. 4). Extrapolating the chirp period 
revealed no apparent  phase preference for the com- 
mencement of trill bursts in neither intact nor deaf- 
ferented animals (not shown). 

Structure of  motoneurons 

Only the pattern of synaptic input to motoneurons  
innervating the opener muscle 99 and its direct an- 
tagonist, closer muscle 90, has been investigated 
in this study. The structure of  these motoneurons  
has been described previously for G. campestris 
(Elliott 1983) and Teleogryllus oceanicus (Wang 
and Robertson 1989) and as their structures are 
very similar, will only briefly be outlined for T. 
commodus (Fig. 5). 

The celt bodies of  the two motoneurons  inner- 
vating muscle 99 (MN 99) lie ventrally at the poste- 
rior edge of the ganglion (Fig. 5A). The two neu- 
rons are very similar in structure, and as there are 
no consistent distinguishing features they are here 
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Fig. 4. Changes in period observed during transitions between 
chirp and trill in intact and deafferented animals. In order to 
align the transition from chirp to trill in intact and deafferented 
preparations the period measured from the last chirp burst was 
given the value zero in time. The transition from chirp to trill 
is fast but not instantaneous. In intact singing males as well 
as in dissected animals the last chirp interval is shorter than 
the previous ones and the first trill interval is longer than the 
following ones. Data from 5 animals in each group 
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MN 90 MN 90 
Fig. 5A-C. Drawings showing the 
morphology of mesothoracic MNs 90 
and 99 as seen in wholemount 
following intracellular staining with 
Lucifer Yellow. 
A Subalar muscle 99 is innervated by 
2 MNs, which appeared 
morphologically indistinguishable. 
Nerve roots N3, N4, and N5 are 
indicated. 
B, C Remotor coxae muscle 90 is 
innervated by 5 MNs, 4 with a 
posterior (B), one with a more 
anterior cell body (C). Scale: 200 pm 
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Fig. 6A-C. Intracellular recordings from opener motoneuron 
99 during electrically induced stridulatory activity. 
A Complete stridulatory phrase, The extracellular recording 
of nerve 3 A monitors activity of closer muscle 89 (see Fig. 1 C). 
The chirp shows a typical fast depolarization which supports 
a variable number of spikes. 
B Expanded section of a chirp/trill transition in a different 
preparation. During the transition the late depolarization disap- 
pears first (see first trill burst (a)), before the excitation generat- 
ing the first spike in this example disappears (see second trill 
burst (b)). 
C Aligning several chirp bursts above a trill burst taken from 
the recording in A (the numbers indicate the respective bursts) 
shows the additional synaptic input which distinguishes chirp 
from trill bursts. Calibration: Vertical A, C 20 mV; B 10 mV; 
horizontal A 200 ms; B 65 ms; C 40 ms 

discussed as a single motoneuron. M N  99 has ex- 
tensive arborizations into the posterior half of the 
ganglion and there are also strong branches in the 
anterior area of  the ganglion. The axon leaves the 
mesothoracic ganglion via nerve 4D to innervate 
muscle 99. 

Muscle 90 (closer) is innervated by 5 motoneu- 
rons which can be grouped into two types (Fig. 5 B, 
C; Elliott 1983; Wang and Robertson J989). One 
type appears to be indistinguishable on purely 
morphological grounds from M N  99 described 
above (Fig. 5 B). The other type (Fig. 5 C) has an 
anterolaterally located cell body and dorsal arbori- 
zations which overlap with the branches of  the 
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Fig. 7A-E. Activity of closer 
motoneuron 90 recorded 
intracellularly during electrically 
induced stridulatory activity. 
A, B Sequence of a complete 
stridulatory phrase. The extracellular 
recording of nerve 3 A monitors 
closer activity of muscle 89 (see 
Fig. 1 C). Note the variation in 
stridulatory pattern and amplitude of 
synaptic events between these two 
examples. 
C Enlarged chirp and trill bursts 
illustrate the synaptic input (from B). 
D Superimposing chirp and trill 
sections illustrates the common 
pattern of synaptic input to this MN 
during chirp and trill. 
E Excitation in closer MNs is not 
necessary for switching from chirp to 
trill. Calibration: Vertical A, B, C 
10 mV; D, E 15 mV; horizontal A, E 
100 ms; B 200 ms; C 20 ms; D 25 ms 

other type of M N  90. There are also ventral ramifi- 
cations. The axons of all motoneurons  90 leave 
the ganglion via nerve 4D. During stridulation no 
consistent difference in synaptic input to these two 
types of MN 90 was noted. 

Patterns o f  synaptic input to motoneurons 
during stridulation 

To record the activity of identified motoneurons  
99 (opener) and 90 (closer), stridulation was first 
induced electrically in an intact animal. Once stri- 
dulation continued regularly the animal was dis- 
sected as described above (Fig. 1 C). The intracellu- 
larly recorded activity in motoneurons  reflects the 
chirp/trill sequences typical of electrically induced 
singing (Figs. 1 C, 2A). A continuous stridulatory 
motor  pattern with brief chirps and long trills oc- 
curred only rarely. 

The pattern of synaptic input to opener and 
closer motoneurons  was examined to determine 
whether motoneurons  receive different input dur- 
ing the chirp and trill, or whether the pattern of 
synaptic input during a chirp merely represents a 
slowed version of that occurring during the trill. 

(Fig. 6A, B) show a broad depolarization during 
the chirp (10-20 ms) and a rather short (2-8 ms) 
depolarization during the trill. 

A typical chirp burst in opener motoneurons  
(Fig. 6 B, C) consists of a strong, rapid depolariza- 
tion generating 2, or sometimes 3, spikes (intra- 
burst frequency: ca. 200 Hz) superimposed on a 
broader excitation which both precedes and fol- 
lows this fast depolarization, and generates a vari- 
able number  of spikes (Fig. 6A, B). At the onset 
of closer activity the repolarization almost returns 
to the resting potential. During a trill, a rapid, 
strong depolarization occurs, followed by a fast 
repolarization (Fig. 6C) which results in short 
opener bursts. 

Although chirp and trill bursts of opener moto-  
neuron 99 reveal quite different time courses of 
excitation, the fast depolarization may be due to 
a synaptic input present during both chirp and trill. 
This is indicated in Fig. 6C where several chirp 
bursts have been aligned above a trill burst. The 
chirp bursts just prior to the chirp/trill transition 
also show a decrease in the broad excitation leav- 
ing only the central depolarization to form the trill 
burst (Fig. 6 B). 

Opener motoneurons. The opening movement  of 
the wings is soundless (Fig. 2A, B). The recordings 
of intracellular activity of opener motoneurons  

Closer motoneurons. Only the closing wing stroke 
generates the sound pulses in an intact animal 
(Fig. 2A, B). During the chirp the syllables initially 
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show a progressive increase in amplitude and dura- 
tion (Fig. 2A). Intracellular recordings made dur- 
ing a chirp (Fig. 7 A, B) reveal inhibitory and excit- 
atory input to closer motoneurons. The synaptic 
input to MN 90 during a chirp (Fig. 7A, C) con- 
sists of a repetition of an IPSP followed by a strong 
excitation. The excitatory input shows a progres- 
sive increase and results in an increasing number 
of up to 6 spikes (intra-burst discharge frequency: 
ca. 200 Hz). By contrast, during the trill part of 
the song (Fig. 7A, B, C), burst durations are short- 
er and show a weaker excitation following the ini- 
tial fast depolarization (amplitude: chirp: 22 mV; 
trill: 16mV; duration: chirp: 30 ms; trill: 16 ms 
in the example shown (Fig. 6 D)). This corresponds 
to the softer syllables generated during a trill. The 
IPSPs are also apparent in the trill and are of simi- 
lar amplitude to that recorded during the chirp 
(chirp: 6.9 mV; trill: 6.1 mV from Fig. 7A). The 
stridulatory pattern as well as the amplitude of 
the synaptic components may vary somewhat be- 
tween recordings in different preparations (cf. 
Figs. 7A and 7 B). 

Superficially the synaptic input to the closer 
motoneurons appears to be entirely different dur- 
ing the chirp and trill (Fig. 7A, B). However, a 
comparison of the excitation generating the first 
spike in each type of burst shows the rising phases 
to have very similar slopes in the chirp and trill 
bursts (Fig. 7C). Superimposing several chirp 
bursts shows the constancy of the synaptic input 
generating the rising slope of the burst (Fig. 7 D). 
The same can be seen for trill bursts, although 
only a single spike may result. Superimposing the 
chirp and trill bursts reveals little variability in the 
rising slope of all bursts. This indicates that it is 
mostly the additional excitatory component which 
distinguishes the chirp and the trill (apart from 
their different periods) in closer motoneuron activ- 
ity. 

The additional excitation accounts for the in- 
creasing number of spikes observed in the response 
of MN 90 as the chirp progresses, because the du- 
ration of the excitation increases. Note that the 
excitation of closer motoneurons is not a necessary 
condition for the switching between chirp and trill, 
since switching occasionally occurred without any 
strong excitation in the motoneurons (Fig. 7 E) and 
the burst periods under these circumstances were 
normal. 

In conclusion, one aspect of the synaptic input 
to MN 90 appears to be common to the chirp and 
the trill. An IPSP is followed by a fast depolariza- 
tion which generates one spike during both the 
chirp and trill. This initial depolarization is quickly 

followed by an even stronger excitation during the 
chirp but not during the trill (Fig. 7 D). 

Discussion 

Electromyograms and the effects of  deafferentation 

The calling song of T. commodus contains two 
rhythms with different periods: the chirp, during 
which pulse duration and amplitude initially in- 
crease, and the trill, which is softer and shows a 
more constant pulse duration and amplitude 
(Figs. IA, 2A; Bentley 1971). The EMG patterns 
recorded in intact singing T. cornmodus (Fig. 2) 
show that the opener to closer and the closer to 
opener intervals both vary with changes in period 
and each interval maintains a characteristic phase 
during the chirp and the trill. The opener to closer 
interval is always shorter in duration than the 
closer to opener interval (Fig. 2C). These results 
are consistent with the studies on G. campestris 
stridulation (Bentley and Kutsch 1966; Kutsch 
1969), although the calling song pattern of this 
species is entirely different. 

Stridulation in G. campestris has also been in- 
vestigated with regard to the role of peripheral 
feedback in modifying the central motor output 
(Kutsch and Huber 1970; M6ss 1971; Elliott and 
Koch 1983; Sch/iffner and Koch 1987). All studies 
reported only minor changes in the motor pattern 
after deafferentation. This is also the case for T. 
commodus stridulation (Fig. 3). Although deaffer- 
entation slowed the motor pattern expression by 
about 20% (Fig. 3C) and increased opener burst 
duration (cf. Figs. 2 B, 3 A), the general character- 
istics of the pattern, such as variation of intervals 
(Figs. 2C and 3 D) and the chirp/trill transition, 
hardly changed (Fig. 4). Deafferentation also re- 
vealed a strong coupling of the closer burst to the 
opener burst (Fig. 3 E). These results support Bent- 
ley's (1969) report of a slower rhythm in deaffer- 
ented preparations and the appearance of time 
locking which he termed 'opener-closer burst 
couplets '. The observation of minor effects of deaf- 
ferentation on the stridulatory behavior contrasts 
with the findings of investigations on other insect 
motor patterns (locust flight: Pearson and Wolf 
1987; stick insect walking: B/issler 1983; cock- 
roach walking: Delcomyn 1984; cockroach venti- 
lation: Farley and Case 1968) where peripheral 
feedback was shown to significantly modify the 
centrally generated motor pattern. 

Synaptic input to motoneurons 

Bentley (1969) presented intracellular recordings 
from opener and closer motoneurons during stri- 
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dula t ion  in G. campestris. In  general  his recordings 
(obta ined  f r o m  second basa la r  (opener)  and  pro-  
m o t o r  coxae  (closer) m o t o n e u r o n s )  reveal  similar 
synapt ic  events  occurr ing dur ing s t r idula t ion as 
those repor ted  here for  subalar  (opener)  and  remo-  
tor  coxae (closer) m o t o n e u r o n s  in T. commodus, 
a l though  the s t r idula tory  pa t t e rn  of  G. campestris 
does not  conta in  the two different  rhy thms  seen 
in T. commodus (Fig. 1A). The  invest igat ion o f  
pa t te rns  o f  synapt ic  input  to opener  and  closer 
m o t o n e u r o n s  revealed tha t  (1) the same m o t o n e u -  
rons  show different burs t  pa t te rns  dur ing the chirp 
and the trill; and (2) there nevertheless appea r  to 
be synapt ic  c o m p o n e n t s  which occur  dur ing b o t h  
the chirp and  the trill. F o r  opener  m o t o n e u r o n s  
this synapt ic  c o m p o n e n t  is a shor t  but  fast  depolar-  
izat ion (Fig. 6), for  closer m o t o n e u r o n s  it is an  
IPSP  fol lowed by  an  exci tat ion (Fig. 7). These 
c o m p o n e n t s  can also be observed  when the stridu- 
la tory  pa t t e rn  becomes  i r regular  and  they appea r  
as ' s ingle even t s '  dur ing the recordings.  Thus  it 
seems they mos t  likely or iginate  f rom in terneurons  
which are ac t ivated dur ing  the chirp and  the trill. 

However ,  the chirp r h y t h m  is no t  s imply a 
slowed version o f  the trill. The  m a j o r  changes oc- 
curr ing dur ing the expression o f  the chirp r h y t h m  
consist  o f  an accurate ly  t imed addi t ional  exci ta t ion 
fol lowing the initial act ion potent ia l  in the closer 
m o t o n e u r o n  burs t  (Fig. 7 D). This addi t ional  exci- 
ta t ion  is the basis for  the chirp syllables which have  
a different  ampl i tude  and  dura t ion  f r o m  those in 
the trill (Figs. 1 A, 2 A). This exci tat ion m a y  reflect 
the activity of  an in te rneuron  which accumula tes  
excitation, poss ibly  only at low repet i t ion rates. 
This p r o p o s e d  in te rneuron  is m o s t  likely pa r t  o f  
the closer p r e m o t o r  pa thway ,  ra ther  than  the oscil- 
la tor  mos t ly  because these effects are only observed  
in closer mo toneu rons .  The  source  o f  exci ta t ion 
to this in te rneuron  could or iginate  f rom the oscilla- 
tor, or  even f r o m  the closer m o t o n e u r o n s  them-  
selves. The  neurona l  mechan i sm responsible  for  
switching the m o t o r  ou tpu t  f rom chirp to trill is 
independent  f r o m  accumula t ing  exci tat ion fed 
back  f r o m  m o t o n e u r o n s  (Fig. 7 E) or  f r o m  per iph-  
eral receptors  (Fig. 4). The  occurrence  o f  two such 
different  repet i t ion rates in the T. commodus calling 
song pa t t e rn  raises the quest ion of  h o w  m a n y  oscil- 
la tors  generate  the s t r idula tory  m o t o r  pat tern .  
Such oscil lators are likely to conta in  dr iver  inter-  
neurons  (which de te rmine  the f requency  of  the os- 
cillator), reset t ing in terneurons ,  and  p r e m o t o r  in- 
te rneurons  ( t r ans forming  the f requency o f  the os- 
ci l lator into the synapt ic  pa t t e rn  shaping the m o t o -  
neurona l  discharge;  see Gri l Iner  1977 for this con- 
cept). Conclusive evidence, however ,  a b o u t  the na-  

ture of  the central  oscillations can only come  with  
recordings f rom identified driver,  resetting, and  
p r e m o t o r  in terneurons ,  p rov ided  tha t  they exist as 
such entities (Selverston 1980). 

Acknowledgements. I thank Drs GS Boyan and EE Ball for 
their invaluable support during all stages of this study and 
Dr DN Reye for many helpful discussions during the course 
of this work. I also thank them and Drs D Osorio, B Ronacher, 
and A Stumpner for critically commenting on the manuscript. 
The research presented here was performed in the laboratory 
of Dr EE Ball in partial fulfillment of the requirements for 
the PhD degree. 

References 

B/issler U (1983) Neural basis of elementary behavior in stick 
insects. Springer, Berlin Heidelberg New York 

Bentley DR (1969) Intracellular activity in cricket neurons dur- 
ing generation of song patterns. Z Vergl Physiol 62:267-283 

Bentley DR (1971) Genetic control of an insect neuronal net- 
work. Science 174:1139-1141 

Bentley DR (1977) Control of cricket song patterns by descend- 
ing interneurons. J Comp Physiol 116:19-38 

Bentley DR, Kutsch W (1966) The neuromuscular mechanism 
of stridulation in crickets (Orthoptera: Gryllidae). J Exp 
Biol 45:151-164 

Dambach M, Rausche HG, Wendler G (1983) Proprioceptive 
feedback influences the calling song of the field cricket. Na- 
turwissenschaften 70:417-418 

Delcomyn F (1984) Walking and running. In: Kerkut GA, Gil- 
bert LI (eds) Nervous system: Structure and motor function 
(Comprehensive insect physiology, biochemistry, and phar- 
macology, vol 5) Pergamon, Oxford, pp 439466 

Elliott CJH (1983) Wing hair plates in crickets: Physiological 
characteristics and connections with stridulatory motor neu- 
rons. J Exp Biol 107:2147 

Elliott CJH, Koch UT (1983) Sensory feedback stabilizing reli- 
able stridulation in the field cricket Gryllus campestris L. 
Anim Behav 31:887-901 

Farley RD, Case JF (1968) Sensory modulation of ventilative 
pacemaker output in the cockroach, Periplaneta americana. 
J Insect Physiol 14:591-601 

Grillner S (1977) On the neural control of movement - a com- 
parison of different basic rhythmic behaviors. In: Stent GS 
(ed) Function and formation of neural systems. Dahlem 
Konferenzen, Berlin, pp 197 224 

Hedwig B (1986) On the role in stridulation of plurisegmental 
interneurons of the acridid grasshopper Omocestus viridulus 
L. I. Anatomy and physiology of descending cephalothor- 
acic interneurons. J Comp Physiol A 158:413-427 

Huber F (1960) Untersuchungen tiber die Funktion des Zentral- 
nervensystems und insbesondere des Gehirnes bei der Fort- 
bewegung und der Lauterzeugung der Grillen. Z Vergl Phys- 
iol 44: 60-132 

Koch UT, Elliott CJH, Sch/iffner KH, Kleindienst HU (1988) 
The mechanics of stridulation of the cricket Gryllus campes- 
tris. J Comp Physiol A 162:213 223 

Kutsch W (1969) Neuromuskul/ire Aktivit/it bei verscbiedenen 
Verhaltensweisen von drei Grillenarten. Z Vergl PhysioI 
63:335-378 

Kutsch W, Huber F (1970) Zentrale versus periphere Kontrolle 
des Gesanges von Grillen (Gryllus campestris). Z Vergl Phys- 
iol 67:140-159 

Kutsch W, Otto D (1972) Evidence for spontaneous song pro- 
duction independent of head ganglia in Gryllus campestris 
L. J Comp Physiol 81:115-119 



846 R.M. Hennig: Muscular and motoneuronal activity during cricket stridulation 

M6ss D (1971) Sinnesorgane im Bereich des Flfigels der FeId- 
grille (Gryllus campestris L.) und ihre Bedeutung ffir die 
Kontrolle der Singbewegung und die Einstellung der Flfigel- 
lage. Z Vergl Physiol 73 : 53-83 

Otto D (1971) Untersuchungen zur zentralnerv6sen Kontrolle 
der Lauterzeugung von Grillen. Z Vergl Physio174:227-271 

Pearson KG, Wolf H (1987) Comparison of motor patterns 
in the intact and deafferented flight system of the locust. 
I. Electromyographic analysis. J Comp Physiol A 
160: 259-268 

Robertson RM (1987) Interneurons in the flight system of the 
cricket Teleogryllus oceanicus. J Comp Physiol A 
160:431 445 

Sch~iffner KH, Koch UT (1987) Effects of wing campaniform 
sensilta lesions on stridulation in crickets. J Exp Biol 
129 : 25-40 

Selverston AI (1980) Are central pattern generators understand- 
able? Behav Brain Sci 3:535-571 

Wang S, Robertson RM (1989) Morphological study of flight 
motor neurons in the cricket. J Comp Neurol 279:272-280 


