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Escape behavior in the cockroach: Distributed neural processing 
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Summary. Escape reactions are often considered to be among the simplest behaviors. The nerve circuits guiding these 
reactions are also generally thought to be simple. For  instance, in several species a single interneuron is sufficient to trigger 
normal escape. The evasive response of the cockroach, however, appears to be more complex both behaviorally and 
physiologically. In this review, several complications of the behavior are pointed out, based on a recent computer-graphic 
analysis of the leg movements. Next described is the cooperative role of several interneurons - not just one - in evoking an 
escape turn away from the stimulus. A model of this multicellular code for stimulus direction is then presented that correctly 
predicts the turning behavior under many different experimental conditions. Finally, an overall scheme of the information 
processing for escape behavior is presented. 
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Introduction 

One of the major reasons for selecting an invertebrate animal 
for neuroethological study is the possibility of working at the 
level of individually identified neurons. Among the behav- 
iors whose controlling neurons are easiest to identify are 
escape reactions. Here the rapid conduction of impulses that 
is essential for quick evasion from a predator is produced by 
axons of especially large diameter. The 'giant neurons' sport- 
ing such axons have well repaid investigation in crayfish 21, 
earthworms 17, crickets 2 o, 23, cockroaches 3 and other inver- 
tebrates. One of the few vertebrate systems in which individ- 
ual interneurons have been identified and studied is also an 
escape system, that of teleost fish is. 
It is generally accepted that escape behaviors are simple and 
highly stereotyped, at least with regard to the initial move- 
ments is, 39. It is also held that neuronal circuits for escape 
are quite simple. For  example, rather than the numerous 
small interneurons that characterize many other types of 
circuit, there is often a limited number of giant interneurons. 
Some of these are even able, individually, to trigger a normal 
escape movement, as in crayfish 21, teleost fish is and flying 
crickets 26. Moreover, a given 'lateral giant interneuron' of 
the crayfish not only triggers escape, but also carries out by 
itself three other behavioral functions: 1) making the deci- 
sion whether or not to escape from a given stimulus zT, 2) 
silencing competing behaviors by sending inhibitory signals 
to their control circuits 4~ and 3) serving as the focus for 
certain modulatory influences on the escape behavior 19.4o. 
Through recent studies of the cockroach escape system a 
different, more complex, picture is beginning to emerge. The 
behavior involves aspects of information processing not pre- 
viously known for this system, some of which are described 
below. Also, though there are giant interneurons, there are 
many of them, and responsibility is widely shared among 
them. In this review I address primarily these selected aspects 
of the escape system, focussing substantially on our own 
work, much of which is still in progress. An excellent com- 
prehensive review 30, and two more general reviews 2, 3 have 
appeared in recent years. 

The behavior 

The escape response of the cockroach to an approaching 
predator is usually a turn in the opposite direction followed 
by a run 7, 8. The major or only sensory cue used by the 
cockroach to detect the predator 's  approach and determine 
its direction is the wind gust that precedes the predator 's  
moving body 8 
Recent computer-graphical analysis of high speed films 5 
(J. M. Camhi and A. Levy, unpublished observations), to- 
gether with earlier analyses 7, 13 reveal the details of move- 
ment during the turn. For  instance, a wind puff from the left 
front elicits a sharp right turn that consists, at least initially, 
of a pivot about the most posterior point on the body. Later, 
forward translatory movement is added to the pivot, fol- 
lowed by purely foward movement (fig. 1). The pivot to the 
right begins with the left hind leg in a swing phase (leg lifted 
off the ground and brought forward), in roughly half the 
trials, and in a stance phase (leg remaining on the ground) in 
the other half of the trials. The remaining legs virtually al- 
ways begin the turn with a stance phase. The stance phase of 
the right hind leg is particularly prolonged, often outlasting 

Ant IO 15 

Wl ND 

Cerci 
Figure 1. Turning response of a cockroach away from a wind puff. The 
body's silhouette is shown at successive 4-ms intervals, as drawn from 
cine frames. The body's position prior to the response (0), and on frames 
5, 10 and 15 is indicated by the numbers. The initial pivot about the cerci 
is typical. 
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Figure 2. Leg movements relative to the body during pivots to the fight 
in response to wind puffs from the left front. (Left pivots showed mirror- 
image movements.) Movements shown are only from each leg's first 
stance phase. Since a leg's tarsus is fixed on the ground during these 
movements, it causes the body to turn in the direction opposite the 
arrows. Thus, for instance, a leftward movement of a front leg causes the 
front part of the body to move to the right. A Free-ranging animals. For 
each leg, the A-P and M-L components and their vectorial sum are shown 
by separate arrows. The scale shown for the left front leg (1) indicates 
distances moved in each direction, measured in body lengths. The same 

scale applies to all legs. The wide portion of each A-P and M-L arrow 
indicates one standard deviation. Data are from 23 turns of 7 different 
cockroaches. The dashed lines for the left hind leg (3) indicate that only 
thosetrials in which this leg was in a stance phase, and not a swing, are 
included. This was 48 % of the trials. B Animals pinned on a slick surface 
(see text). Same format as in A. The left hind leg (3) is not represented 
since on the slick surface it was not possible to discriminate between this 
leg's stance and swing phases. All movements of other legs are the same 
as in A, except for the lateral movements of the fight hind leg (3). 

two complete cycles of  the other  legs. This overall pattern 
differs from running, in which three legs are in stance and 
three in swing at any moment  16. This latter, running-specific 
pattern is established by roughly the third step of  the turn. 
Figure 2 A shows the movements  relative to the body of  each 
leg's initial stance movement  in a right pivot. Both the mean 
anterior-posterior (A-P) and medial-lateral (M-L) compo-  
nent are shown, together with their vectorial sum. Consider- 
ing first just the M-L  components,  the right front and middle 
legs pull in sharply toward the body, while the right hind leg 
pushes outward. The left front and middle legs push outward 
from the body, while the left hind leg (on those trials when 
it is not  in swing phase) pulls inward. These M-L movements  
alone would be expected to cause a pivot to the right. The 
axis of  this pivot (which is at the posterior end of  the body) 
would be determined by complex leg interactions that have 
not  been analyzed. In addit ion to the M-L movements,  there 
are strong posterior movements  of  all three left legs, and 
anterior movements  of  the right hind leg. 
Of  the various movement  components  shown in figure 2A,  
some may represent mere passive reflections of  a leg's re- 
maining on the ground while the body is pivoting over it. 
That  is, a given component  of  a leg's movement  may not  
represent an active force produced in that direction by that 

leg, but rather the result of  compound  forces exerted on the 
body by other legs. To test which components  of  each leg's 
movement  are active, one can pin the cockroach by its poste- 
rior abdominal  region to an oiled glass plate on which the 
legs slip freely during their stance phase 6. There is sufficient 
friction for the body to be caused to turn slightly, permitt ing 
verification of  an intended pivot  in the proper  direction away 
from the wind. Yet there is sufficient slickness that the legs 
are largely decoupled mechanically from one another. Anal-  
ysis of  leg movements  carried out under these conditions 
show that  all components  represented in figure 2 A are pres- 
ent except for the lateral movements  of  the right hind leg 
(fig. 2 B). Thus, all components  but  this one are active. 
Is the initial movement  that  a leg makes influenced by its 
standing position prior to the escape turn? The question is of  
interest because an affirmative answer would mean that 
some source of  feedback information regarding leg position 
is included in the escape circuitry. Leg proprioceptors  are, in 
fact, known to influence some of  the interneurons thought  to 
participate in escape 24. However,  the overall organization o f  
this proprioceptive influence on the escape system is not  yet 
understood. 
One influence of  leg posit ion can be seen in the left hind leg's 
movements  during right pivots (and vice versa). In the 52 % 
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of  the trials in which this leg began with a swing, the initial 
tarsal location relative to the body was significantly more 
posterior than in the remaining trials, in which this leg began 
with a stance (unpublished observations). Thus some source 
of  feedback information appears to by used in the escape 
circuit. 
Feedback informat ion on a leg's A-P posit ion also appears 
to be involved in another  way. Since the initial body move-  
ment  is a pivot  about  a rear point, with five or  six legs 
standing on the ground, it seems likely that a leg whose 
ground contact  happens to be located close to the pivot  point  
would move less, relative to the body, than one located far 
anterior or  posterior to this point. Figure 3 shows, in fact, 
that  this is the case. Fo r  right turns, the amount  and direc- 
tion of  M-L  movement  depends on a leg's initial A-P loca- 
tion. Thus, for instance, i f  the left middle leg's ground con- 
tact is far anterior it moves strongly outward f rom the body; 
but  if  more posterior,  it moves less or even reverses direction. 
This appears not  to result f rom a structurally-based inability 
of  the leg to move laterally when in a posterior position; the 
hind legs are of  similar structure, and yet the right hind leg 
moves laterally more  strongly when it is posterior than when 
anterior. This same dependence on initial A-P position is 
found also in pinned animals, and thus is a function of  a leg's 
own forces. This implies that  to perform a turn, some central 
command  instructs a leg's motor  circuitry to make not  a 
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Figure 3. The size and direction of a leg's M-L movement during a turn 
is correlated with the leg's A-P position prior to the turn. Data shown are 
for turns to the right, only for those legs whose entire first stance phase 
is normally visible. (The right front and middle legs normally pull under 
the body on a right turn, so the extent of their M-L movements could not 
be measured.) The starting A-P positions for different trials are shown on 
the y axis, the scale extending from roughly - 0.2 to + 1.2, where 0 
represents the A-P level of the cerci, and 1.0 that of the head. The 
direction and length of each horizontal line represents the direction and 
extent of the M-L movement on the different trials (scale below, in body 
lengths). The dashed lines are the first order regression lines, each of 
which shows a statistically significant relationship (p < 0.05). There was 
no significant relationship between a leg's starting A-P position and its 
starting M-L position. 
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Figure 4. Transition from slow walking to turning in response to wind, 
in an animal pinned to a slick surface. The A-P positions of the left and 
fight front legs are shown as functions of time. Time 0 represents the last 
frame before the body's turn began. The animal received a wind puff from 
the left front that evoked a turn to the right. In such right turns, the right 
front leg makes a small posterior movement (fig. 2). However, the stimu- 
lus came during an anterior (swing) movement of this leg. The leg imme- 
diately reversed its direction (arrow) and carried out the expected poste- 
rior movement. (On the 4th frame after the arrow, this leg disappeared 
under the body owing to its medial movement, so its graph shows a blank 
space.) In all 8 trials showing a similar situation the result was the same. 

fixed pattern of  muscle contractions, but  rather one of  a 
range of  patterns, the specific one being determined by feed- 
back. The source of  feedback could be sensory 42 and/or  
corollary discharge from tonic signals that  determine a leg's 
stance posit ion prior  to the turn. 
Cockroaches respond to wind stimuli by turning, not  only 
when they are standing still, but  also when they are walking 
slowly 6. Does the insect employ its ongoing walking move-  
ments, simply speeded up and with a superimposed turning 
component ,  to carry out  such turns? Or does it revert to the 
special pattern of  leg movements  used to turn from a stand- 
ing start? Analysis shows that  it uses movements  just like 
those shown in figure 2. Moreover ,  in trims where a given leg 
is moving,  just prior to the start of  a wind-evoked turn, 
opposite to the direction in which it would move during the 
turn, it immediately reverses its direction (fig. 4). This im- 
plies that  the escape circuit may  inhibit the circuit controlling 
walking movements.  A similar cancelling of  competing be- 
haviors has been seen in the crayfish escape system, where 
the lateral giant interneuron inhibits several other  circuits 40. 

A sketch of the neural circuit for escape 

Figure 5 shows a highly simplified sketch of  the neural circuit 
for escape, as understood to date. The responsible wind re- 
ceptors are located, exclusively or almost so, on the cerci, 
two posterior abdominal  appendages 7, ~ 3. These are filiform 
cuticular hairs, about  220 on each adult cercus, that  are 
deflected in their sockets by wind. Such deflection activates 
the single sensory neuron at the base of  the hair 25' 36. Each 
sensory cell sends its axon to the last abdominal  ganglion 
where it activates, apparently monosynaptically,  giant and 
other interneurons t. 
There are seven bilateral pairs of  individually identified giant 
in temeurons  (GIs). Each has its cell body in the last abdom- 
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Figure 5. Sketch of the neural circuit for escape in the cockroach. One 
neuron of each major known category is shown; sensory cell, GI, thoracic 
interneuron (represented by the lambda cell) and leg motor neuron. Ante- 
rior to the third thoracic ganglion, the GI axons taper. In this region, the 
lambda cell and others have axons of considerably greater diameter. Not 
shown are the neurons' dendritic trees or axonal branches, such as a 
posterior branch of the lambda cells that runs posteriorly from the third 
thoracic ganglion 31 

inal ganglion and sends its axon anteriorly in the contralater- 
al connective 25'32. The GIs are subdivided, anatomically 
and apparently physiologically, into a ventral group (GIs 
number 1 through 4) and a dorsal group (GIs 5 through 7) 
on each side 2r 25, 32. The axons of the ventral GIs extend to 
the head, but the dorsals are not yet known to extend beyond 
the second thoracic ganglion. Anterior to the third thoracic 
ganglion, the GI axons taper. Thus, whereas the diameters of 
the ventral GIs within the abdominal connectives are 50-  
60 lain, between the first and second thoracic ganglia they are 
only 10-15 ~m 32. 
In the third thoracic ganglion, the giant interneurons 
synapse upon another group of interneurons, some of which 
in turn synapse on motor neurons that control the hind 
legs 31. Each of the eight identified interneurons in the third 
thoracic ganglion also sends an axon anteriorly and/or pos- 
teriorly in the nerve cord. These interneurons appear to be 
subdivided into two groups, one of which is contacted by the 
ventral GIs, and the other by the dorsals. Of those contacted 
by the ventrals, one interneuron of particular interest, the 
lambda ceil, sends anteriorly an axon of 25 t~m diameter. 
Given that this axon would conduct impulses faster in this 
region than would the thinner GI axons, the lambda cell is 
among the potential candidates for distributing the motor 
command among the three thoracic ganglia. Such a distribu- 
tion seems important, since all the legs participate in the turn 
in a temporally well coordinated fashion. It is not yet known 
whether leg motor neurons of the first and second thoracic 
ganglia are activated by the ascending GIs themselves, by 
ascending branches of the third thoracic interneurons such 
as the lambda cell, and/or by interneurons intrinsic to these 
more anterior ganglia. 

A multicellular code for wind direction 

As mentioned in the introduction, in the crayfish, teleost fish 
and flying crickets, an individual interneuron is able to ini- 
tiate normal escape behavior. In fact, in the crayfish a single 
lateral giant interneuron (LGI) is both necessary and suffi- 

27 38 cient for producing escape �9 . 
How does the activity of the cockroach GIs compare with 
the crayfish's command for escape? Greatest attention has 
been focussed on the three pairs of GIs having the greatest 
axonal diameter, left and right GIs 1, 2 and 3, all ventrals. 
Wind puffs delivered to the cerci from either front right or 
front left evoke spike trains in all six of these GIs 37 and in 
most or all of the other GIs and non-giant interneurons that 
have been recorded from. Yet the animal discriminates be- 
haviorally between left front and right front winds, turning 

appropriately away from each direction. Thus, among the 
GIs, there is no exclusively left-activated cell that evokes a 
right turn or vice versa. Rather, some aspect of the relation- 
ship among the spike trains in the different GIs specifies 
wind direction, and thus the required turn direction. 
Related to this, the range of wind angles that activate a given 
GI (i.e., its receptive field) is as broad or broader than that 
of the sensory cells. For instance, the sensory cells all re- 
spond to a range of roughly 180 ~ within the horizontal 
plane 36. By contrast, GIs 1 and 2 respond to the full 360 ~ 37 
This receptive field broadening is the reverse of what woulci 
be expected of a labeled line system in which a given GI 
sharply specifies a given direction. Rather, it is consistent 
with a direction code based upon multicellular processing. 
Considerable effort has been devoted to defining the multi- 
cellular code for wind direction among the GIs. 
Some insight into the problem comes from experiments in- 
volving gross manipulation of the cerci or the giant interneu- 
rons. If the GIs (and other wind-responsive interneurons) of 
one side are silenced by either coveting or ablating the ipsi- 
lateral cercus, o r  cutting an abdominal connective on that 
side, the animal responds to wind from either side by turning 
toward the silenced side 7.12, 3 4  Thus, discrimination of left 
versus right winds appears to involve some form of left-right 
comparison. 
To determine which GIs might be especially important in 
this comparison, selective lesions were produced in one or 
two of the GIs by means of intracellular pronase injection, 
and their influence on the direction of turning was tested a 
few days later 9 (C. Comer, pers. comm.). Figure 6 shows the 
number of turns to the left in response to wind stimuli from 
the left front (that is, wrong turns) in normal animals, and in 
those in which one or two left GIs are missing. Killing GI 3 
had no effect on turn direction, so this cell may play little or 
no role in discriminating left from tight winds. However, 
killing GI 1, or GIs 1 plus 2 produced a significant increase 
in the percent of wrong turns. (Killing GI 3 together with a 
second GI has not yet been tested.) Turning responses to 
wind from the right were unaffected by killing these left 
GIs 9. Thus, GIs 1 and 2 appear to be important in the code 
for wind direction. Nevertheless, these cells do not carry the 
entire code, since kiIIing them produced onty 52% wrong 
turns. By contrast, cutting the left connective, which silences 
impulse traffic in all the left GIs and other left interneu- 
rons 12, or coveting the left cercus, which largely silences the 
left GIs and perhaps other interneurons 7, produced 100 % 
wrong turns in response to left front winds. 
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Figure 6. Effect of killing specific left GIs on the turning direction in 
response to left wind puffs. Killing left GI 1 or I plus 2 led to increases 
in the percent of wrong (left) turns that were statistically significant 
(cross-hatched bars). (Data from 9 and C. Comer, personal communica- 
tion). 
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This apparent role of GIs 1 and 2 but not 3 fits in with their 
directional specificity. Wind puffs from 15 ~ left versus 15 ~ 
right of  center (near the limits of the animal's behavioral 
discrimination) are discriminated about equally well by GIs 
1 and 2, but less so by GI 3, as determined by numbers of 
action potentials or other spike train parameters (J. M. 
Camhi, unpublished observations). This also fits with the 
observation that electrical stimulation of a single GI 1 evokes 
leg motor responses, and that these are enhanced by stimu- 
lating also GI 2, but not G1 3 29. 
When one or two GIs are killed, there is little or no effect on 
the responses to wind of the remaining GIs on the same or 
the opposite side 4. Thus, one can consider the lesion of a GI 
in these experiments as a highly specific removal of the infor- 
mation conveyed to the thoracic ganglia only in the killed 
cell. This permits one to search for a quantitative correspon- 
dence between the physiological and the behavioral deficits, 
as a tool in analyzing the code for wind direction among the 
GIs. 
This search has recently been carried out by developing mod- 
els (J. M. Camhi, unpublished) in which the observed re- 
sponses of the GIs could account quantitatively for the per- 
centages of wrong turns in normal animals and in those with 
specific GIs missing (i.e., data of fig. 6). Models are useful 
here, since the system is too complex to understand on the 
basis of  simple cell-to-cell interactions. 
Insights from studies of auditory systems are helpful in guid- 
ing the design of models in the cockroach escape system. The 
coding of wind direction by the left and right GIs resembles 
the coding of  sound direction by two ears in various ani- 
mals zz. 41. To localize the source of a pure tone, three major 
parameters can be used; binaural differences in time of ar- 
rival, in intensity, and in the phase of  the sound. In the case 
of trains of  action potentials in the left and right GIs in 
response to a left wind puff, the cockroach likewise could use 
bilateral differences in either time of arrival (that is, on which 
side does the first action potential reach the thoracic gan- 
glia?), or intensity (on which side is there a greater number 
of action potentials within a given sample time?). There is no 
counterpart to bilateral phase differences of the sound 
waves, since a wind puff corresponds to only one half cycle 
of near field sound stimulation, and thus phase differences 
reduce to time of arrival differences. 
Accordingly, two general categories of  model have been test- 
ed. One, called the 'first impulse model',  focusses on differ- 
ences in the time of arrival of the first left, vs the first right, 
GI action potential at the third thoracic ganglion. Though 
space does not permit an explanation, it is possible to show 
that this model is incompatible with the timing properties of 
the GIs (J. M. Camhi, unpublished observations). The other 
category of model, called here the 'relative intensity model' ,  
relies upon differences in the number of lefts vs right GI 
action potentials. This model is seen in three variations in 
figure 7. In figure 7 A, it consists of a summation of the 
number of  action potentials during a given sample time in 
the left GIs 1, 2 and 3 by a left summator, SL, a separate 
summation of the homologous right GIs by a fight summa- 
tor SR, and a comparison of these two sums. Signal parame- 
ters other than number of action potentials, such as spike 
frequency, could also be used. 
For  each cell in figure 7 A, the mean number of action poten- 
tials recorded in response to a standard left front wind puff 
is shown (J. M. Camhi, unpublished observations). Since the 
sum for these three left GIs is consistently greater than for 
their right homologs, this comparison of the two sums could 
specify whether the wind was from the left or the right. 
However, by removing from the model, say the left GI 3, the 
right sum now becomes greater than the left. Thus, the model 
predicts that an animal in which the left GI 3 is missing 
would, on most trials, misjudge the direction of a left front 
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wind. But such errors do not occur upon killing GI 3 (fig. 6). 
As mentioned above, there are also other reasons for assum- 
ing that GI 3 does not participate in left-right directional 
specification. This GI was therefore removed from the rela- 
tive intensity model. 
Including in the model just GIs 1 and 2 (fig. 7 B) is still 
problematic. Removing from this reduced model the left GI 
2 again leaves the right side with a greater sum than the left, 
and thus predicts that after killing the left GI 2, the animal 
should turn wrong on most trials in response to a left front 
wind. This same prediction follows from removing the left 
GI 1 rather than GI 2. Neither prediction is upheld by the 
behavioral experiments (fig. 6). 
In the version Of the model shown in figure 7 C, the roles of 
GIs 1 and 2 are shared with other cells. The model does not 
specify the identity of these cells, but rather calls them 'X'. 
They could of course be other GIs. The left and right groups 
X are assumed to have the same degree of  directionality in 
their responses to wind as GIs 1 and 2 have. A computer 
program was used to vary the total number of  action poten- 
tials in the group X and check the resulting behavior of the 
model. It was found that if the X group on either side gives 
about 2.5 times as many action potentials as the ipsilateral 
GIs 1 and 2 together, then the model responds to removal of  
individual or pairs of left GIs 1 or 2 by predicting turn 
directions that match rather closely the animal's actual be- 
havior (fig. 7 D). These numbers -  32 for the left X and 23 for 
the right X, are entered in the model of figure 7 C. Interest- 
ingly, these are roughly equal to the numbers of action po- 
tentials that would be given by all the GIs together except 
GIs 1, 2 and 3, in response to a wind puff from the left 
front 37. 
Several further predictions of the model were then tested. 
None was a critical test, but all provided supportive evidence 
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Figure 7. Relative intensity model for the multicellular GI code of wind 
direction. A, B Two versions of the model that can account for the 
directional responses of an intact animal, but not of one in which partic- 
ular left GIs are missing, as explained in the text. The nmnbers in the 
circles indicate the mean number of action potentials recorded from that 
GI for wind from the left front. C The preferred version of the model. D 
Test of the version shown in part C. Open bars show the predictions of 
the model, and cross-hatched bars show the actual results as in figure 6. 
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Figure 8. Further tests of the relative intensity model of figure 7C. 
A Locations of cell bodies, initial segments, and ascending axons of each 
of the seven left and right GIs in the last abdominal ganglion (based on 
Daley et al. 15). Micro-knife lesions were made along the midline from 
anterior to points a, b, c, d or e. These severed the initial segments of 
specific subsets of bilaterally homologous GIs. Lesions as far as level c or 
d do not cut through any processes of GIs other than numbers 1, 2 or 3, 
nor sensory axon branches, though many unidentified neurons would be 
cut. B Cross section of a nerve cord made 8 days after a lesion to level b 
of part A. Both GIs 1 are missing, though all others are present, as 
expected. Right GI 4 is filled with Lucifer Yellow dye, injected after 
recording from this cell following behavioral tests. Both this cell, and the 
unfilled putative right GI 2 that was recorded gave normal responses to 
wind puffs. C Behavioral results from animals in which bilaterally ho- 
mologous sets of GIs are missing. The nerve cords of all animals were 
examined for the absence of GIs as in part B of this figure, and in most 
preparations one or more intact GIs were recorded from after the behav- 
ioral tests, and shown to give normal responses to wind. All combinations 
of killing symmetrical sets of ventral GIs produced no change in the 
percent of correct turns. Killing all 3 bilateral pairs of GIs 1, 2 and 3 
increased substantially the percent of trials on which there was no re- 
sponse, though it did not affect the directionality of the responses. With 
all the GIs killed there was never a response to wind. Data from 13 
animals. 

for the model  of  figure 7 C. For  instance, the model  suggests 
that killing both the left and the right GIs  1 should leave the 
animal with a substantial number  of  other directional cells 
(X plus GI  2 on each side), perhaps sufficient to specify a 
correct turn. Moreover ,  killing left and right GIs 1 and 3 
should also permit correct turning, since GI  3 is not  even part  
of  the model. In fact, killing all six left and right GIs  I, 2 and 
3 would still leave the group X on each side, and the direc- 
tionality of  this group could be sufficient for correct turning. 
These three tests were carried out. The method of  killing left 
and right sets o f  homologous  GIs  was a micro-knife cut in 

the midline of  the last abdominal  segment, f rom the anterior 
end posteriorly. As figure 8 A shows, whereas a small cut (a) 
should sever no GIs, a slightly longer cut (b) should sever the 
initial segments of  left and fight GIs  l ,  a still larger cut (c) 
should add both GIs  3, a still larger cut (d) should add both 
GIs 2, and cutting fully through the ganglion (e) should sever 
all the GIs. The severing of  GIs 1, or  1 and 3, or 1, 3 and 2 
(in cuts b, c and d respectively) should cause degeneration of  
the axons of  these specific combinat ions of  cells without 
causing degeneration of  other GIs or wind-sensory axons, all 
of  which are located more posteriorly 1 s. Figure 8 B, from a 
preparat ion that  had been cut to level b, shows that such 
lesions do give rise to specific degeneration as expected, 
which usually occurs within 5 - 8  days. Figure 8 C shows that 
the removal of  all three combinations of  GI  pairs mentioned 
above leaves the direction of  escape turns largely unaffected, 
though the percent of  trials with no response increases if  all 
three of  these GI  pairs are killed, and increases further if  all 
the GIs are killed. 
Thus, cells other than the three pairs of  GIs 1, 2 and 3 must  
be providing the directional information in these lesioned 
animals. During the 5 - 8  days between the lesion and the 
behavioral  test, it is possible that functional reorganization 
occurred. However,  this seems unlikely since other  forms of  
plasticity known in the escape behavior  require nearly a 
month  to appear 10.34, 35. Moreover ,  recordings made from 
various non-lesioned cells show that these continue to 
respond to wind puffs in an unaltered manner.  Thus, it is 
likely that the normal  turns seen in these lesioned animals 
come about  by means of  the normal  contribution to direc- 
tional specification by cells other than GIs 1, 2 and 3, rather 
than by some abnormal  contribution recruited as a result of  
the lesion. 
F r o m  the present perspective, what all this indicates is that 
the directional information is even more widely distributed 
than among just the largest set o f  GIs. In fact, a useful 
feature of  the relative intensity model  is that it suggests 
roughly how many additional cells may be invo lved-  namely, 
a number  equal to all the remaining GIs. 

Discussion 

Figure 9 summarizes much of  our current knowledge and 
ideas about  information processing in the cockroach escape 
system. A predator  approaching from the left front activates 
the left cercal hairs, left sensory cells and left GIs  more than 
their right homologs 12.25, 37 (and J. M. Camhi  unpublished 
observations). According to the relative intensity model,  a 
left-right comparison of  the summed number  or  frequency of  
action potentials in certain GIs  o f  the two sides results in a 
command to turn to the fight. This command (carried by as 
yet undetermined neurons) may activate the leg motor  neu- 
rons directly 31, rather than by way of  the central oscillator 
for walking, since the initial movement  of  each leg is so 
different f rom that seen in walking. Each leg's motor  re- 
sponse is determined in part  by feedback information on that  
leg's initial position. Since ongoing stepping movements  are 
cancelled by an escape turn (fig. 4), the central neuronal 
oscillator (CNO) for walking is shown as receiving an inhib- 
itory input from the turn command.  However,  since running 
movements  follow, the central oscillator is shown as being 
turned on by the turn command after a delay (D). A similar 
delayed excitation of  a second stage of  escape in crayfish is 
reported by another  contr ibutor  to this review 28. 
Many of  the functions shown in figure 9 are carried out by 
a multi-cellular array. This begins at the sensory level. 
Roughly 450 sense cells serve as the input to this system, even 
though in the first instar nymph, only 2 such cells are found 
on each cercus, and these are sufficient to evoke a turn as 
accurate as in the adult 13. At  the interneuronal level, several 
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Figure 9. Information processing in the cockroach escape system. A 
predator approaching from the left (box 1) evokes a right pivot (box 10). 
The dashed boxes and arrows indicate functions that have not been fully 
demonstrated. Explanation in text. 

GI s  on  each  side o f  the  nerve  c o r d  a p p e a r  to  t ake  p a r t  in 
speci fy ing  w i n d  d i rec t ion .  
T h e  genera l  i m p r e s s i o n  one  receives is t h a t  in c o c k r o a c h  
escape ,  respons ib i l i ty  for  a given behav io ra l  f u n c t i o n  is h igh-  
ly sha r e d  a m o n g  g r o u p s  o f  neu rons ,  r a t he r  t h a n  be ing  fo- 
cussed  in single cells like the  c rayf i sh  L G I .  I t  r ema ins  poss i -  
b le  t h a t  s ingle L GI - l i ke  cells will be  f o u n d  a m o n g  the  
t ho r a c i c  gangl ia  (box  7 o f  fig. 9). By  r eco rd ings  f r o m  the  
t ho r ac i c  connec t ives  in an ima l s  p i n n e d  to a slick surface ,  it  
shou ld  be  poss ib le  to  clar i fy th is  possibi l i ty .  These  r eco rd ings  
are  cu r r en t ly  in p rogress .  
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Behavioral and neuronal mechanisms of cricket phonotaxis 
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Summary. The auditory communicat ion of  crickets provides a model  system for the analysis of  the neuronal mechanisms 
underlying complex behavior. The song of  male crickets attracts females. The necessary and sufficient parameter  of  the song 
for the female phonotaxis has been determined by a quantified behavioral  analysis. Neuronal  correlates of  this pattern 
recognition exist in the cricket brain and give rise to a hypothesis on the mechanism of  song pattern recognition. Causal 
relationships between the orientation of  a cricket during phonotaxis and the activity of  single identified neurons were found 
by monitor ing and deactivating single neurons during behavior.  The different roles of  various identified neurons for sound 
localization have been tested by this method.  The plasticity of  the auditory system at both the behavioral  and at the neuronal  
level has been studied after amputat ion of  one ear, and a mechanism for sound localization with only one ear is proposed. 
Key words. Insects; crickets; phonotaxis;  auditory neurons; sound localization; song pattern recognition. 

Male crickets attract their females by the calling song. I f  a 
female is sexually responsive and within the acoustic range 
she will approach the male. As Johannes Regen 18 showed, 
the phonotact ive behavior  is elicited only by sound, and 
other cues are not  necessary. I f  the female arrives at the 
singing male, the behavior will continue with antennal con- 
tacts, the male courtship song, copulat ion and male guard- 
ing. Up  to now only the initial steps of  the behavioral  se- 
quence, the singing of  the male and the phonotact ic  response 
of  the female, have been studied in detail. The female faces 
two basic problems in analyzing the communicat ion signal: 
the recognition of  the calling song and the localization of  the 
singing male. Both aspects will be described here from the 
behavioral  and f rom the neurobiological point  of  view. 

Recognition o f  the conspecific song 

The phonotact ic  behavior of  crickets can be studied during 
tethered flight 14 or  during walking by using a walking com- 
pensator zs. In this situation, the animal walks unrestrained 
on a sphere and in response the sphere is moved in the oppo- 
site direction, so that the animal is maintained at a constant 
position. As a result the angle and the velocity of  walking can 
be measured for a long time. The walking compensator  is 

placed in an anechoic chamber in which two loudspeakers 
are placed at different angles. With an attractive auditory 
stimulus the female walks in the direction of  the active loud- 
speaker, meandering around the midline, and immediately 
follows each change of  the sound direction (fig. 1). 
Using this system Thorson et al. 27 tested different sound 
models for their attractiveness in phonotaxis  (fig. 2). A typi- 
cal cricket calling song consists of  a series of  chirps that  are 
divided into single sound groups called syllables with a carri- 
er frequency at about  5 kHz. Each syllable is about  18 ms 
long and is repeated in a chirp 4 -  5 times with an interval of  
about  35 -40  ms. Changing all parameters systematically 
Thorson et al. 27 found that in Gryllus campestris there is no 
tracking of  a burst (an unmodula ted  5 kHz  tone). Increasing 
the number  of  syllables in a chirp up to a continuous trill 
does not  abolish a phonotract ic  response, and the length of  
the syllable and the length of  the pause between syllables can 
be varied over a wide range. The only critical parameter  was 
the syllable repetition interval which was phonotactically 
effective only between about  25 and 55 ms (fig. 5). F rom 
these results they concluded that  the necessary and sufficient 
parameter  for eliciting phonotaxis is the syllable repetition 
interval (SRI). Therefore, the recognition of  the conspecific 
signal can be tested by electrophysiological methods without 
testing all temporal  patterns which are physically possible. 


