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Summary. We are us ing the  medic inal  leech to s tudy the neurona l  basis of  behaviora l  choice. In part icular ,  we are recording 
f rom neurons ,  b o t h  extracellularly and  intracellularly,  in p repara t ions  t ha t  can express three different behaviors:  t h e s h o r t -  
ening reflex, crawling and  swimming.  We have  found  tha t  par t icular  mechanosensory  neurons  can elicit any of  the behaviors ,  
and  tha t  the movemen t s  are p roduced  by jus t  four  sets of  muscles, each control led by a small  n u m b e r  of  m o t o r  neurons .  
Hence,  there mus t  be three different  pa t t e rn -genera t ing  neurona l  circuits, each of  which can  be act ivated by the same set of  
sensory neurons .  We are s tudying how  the choice is made  a m o n g  the three behaviors  by recording,  while one behav io r  is being 
performed,  f rom neurons  k n o w n  to be involved in the ini t ia t ion of  the  o ther  two. We have found  t ha t  an  in te rneuron ,  cell 
204, which  is k n o w n  to ini t iate and  ma in t a in  swimming,  is also active dur ing  shor ten ing  and  crawling. The activity level in 
this i n t e rneuron  can influence whe ther  a mechanosenso ry  st imulus produces  shor ten ing  or swimming.  The  neu rona l  mech-  
anisms by  which this  choice is no rmal ly  effected awaits  fur ther  e lucidat ion of  the circuits t ha t  elicit and  generate  shor ten ing  
and  crawling. 
Key words. Behaviora l  state; c o m m a n d  neuron;  gat ing neuron;  leech; mechanosensory  neuron ;  m o t o r  neuron;  pa t te rn-gen-  
era t ing neuron ;  rhy thmic  m o t o r  pa t te rn ;  shor ten ing  reflex; tr igger neuron .  

Introduction 

I t  is c o m m o n l y  observed tha t  an  individual  an imal  can  re- 
spond  very differently to a well-defined and  control led  stim- 
ulus when  it is presented on  two different  occasions.  This 
variabi l i ty  has  been a t t r ibu ted  to such factors  as the an imal ' s  
mot iva t iona l  state, its ontogenet ic  development ,  or  the envi- 
r o n m e n t a l  context  in which the  st imulus is presented.  F o r  
instance,  a dog ' s  response to a mea ty  bone  m ay  depend  on  
whether  it is hungry  or  sated, whe ther  it is newborn  or ma- 
ture,  and  whe the r  or  no t  there is a receptive ma te  nearby.  A 

variety of  terms have been used to describe these var ia t ions  
in behaviora l  state: " m o o d " ,  " m o t i v a t i o n "  (Eibl-Eibes- 
feldg), "behav io ra l  set"  (Evar ts  et al. 10), or  "d r ive"  (yon 
Hoist27).  Such states are deduced f rom exper iments  moni -  
tor ing an  an imal ' s  response to a par t icular  s t imulus under  
different  condi t ions  ( M c F a r l a n d  & Sibly 2o) or at  different 
t imes (yon Hols t  2 v), or  to s imul taneous  p resen ta t ion  of  two 
different  stimuli  tha t  when  presented individual ly  evoke dif- 
ferent  behaviors  (Davis  5, 7, s). Behaviora l  th reshold  can be 
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measured by finding the lowest stimulus intensity needed to 
elicit a given behavior. If  the test stimuli can elicit more than 
one behavior, as in our studies, a choice among the possible 
behaviors must be made. The behavioral choice can be quan- 
tified as the fraction of trials that elicits each of the possible 
behaviors. Although we will discuss behavioral choice exclu- 
sively, it should be noted that measures of behavioral 
threshold are also measuring a choice - that between a re- 
sponse and a lack of response. 
The neuronal basis of behavioral choice must involve inter- 
actions between the neuronal circuits that produce different 
behaviors. To date, two types of neuronal interactions have 
been described that could mediate these interactions: 
1. Mutual inhibition. In the simplest case, inhibition would 
occur between two distinct circuits, each of which is dedicat- 
ed to one behavior. This interaction would be clearest at the 
level of the "command neuron" for each behavior, i.e., an 
interneuron that triggers or gates a behavior (Kovac & 
Davis 14,1 s). Mutual inhibition could also occur at the level 
of sensory integration, with neurons in the sensory pathways 
leading to the command neurons inhibiting one another 
(Reichert et al. z4). In either case, if one of the mutually 
inhibitory neurons becomes more active than the others, it 
inhibits the others and thereby removes some of the inhibito- 
ry input onto itself. The overall effect of this disinhibition 
would be to ensure that only one of these circuits could be 
active at a time and that it would remain active until either 
the initial driving excitation disappeared or the inhibitory 
interactions fatigued. In such a system, small differences in 
the levels of initial activity in the interacting circuits would 
result in an absolute choice of behavior. This would result 

,from the progressive loss of negative feedback (that is, the 
removal of inhibition onto the more active pathway from the 
less active of the two mutually inhibitory pathways) that 
would drive the system into a meta-stable state. Behavioral 
choice in this type of system would, therefore, depend upon 
the relative strengths of inhibitory interactions. 
2. Differential sensory access to the pattern-generating sys- 
tems. In one example of this mechanism, two pattern-gener- 
ating circuits would share some neurons, with different levels 
of sensory input activating different elements of their com- 
mand and pattern-generating circuits, thereby producing 
two different behaviors (Getting & Dekin 13, and this re- 
view). Behavioral choice in this case would depend upon the 
relative strengths of inputs onto the two parts of  the circuit. 
It should be emphasized that these possibilities are not mutu- 
ally exclusive, nor are they the only ones that could explain 
behavioral choice. It is logically possible, for example, that a 
particular sensory pathway feeds onto several distinct pat- 
tern-generating circuits that have different thresholds, and 
that the higher-threshold circuit inhibits the lower-threshold 
one. In this arrangement, behavioral choice would depend 
upon behavioral thresholds, but would be produced by a 
one-way inhibitory interaction. 
In addition to such neuronal interactions occurring after a 
stimulus is presented, it is clear that behavior elicited by a 
defined stimulus can be modified by influences that vary over 
time, such as learning or reproductive state (Davis et al. 6). 
These influences are thought to affect neuronal properties 
through hormones or other neuromodulatory substances 
(see Selverston, this review). However, to explain how neuro- 
modulators bring about long-term changes, the neuronal 
basis of the individual behaviors must first be known in some 
detail. We have started to approach the issue of behavioral 
choice using the medicinal leech, because its behavior is re- 
markably sophisticated, given the simplicity of its nervous 
system. 

Behavioral choice in the leech 

Leeches produce a variety of behavioral responses to 
mechanosensory stimulation (Kristan et al. 17). Three that 
we have studied are shortening, crawling, and swimming 
(fig. 1). Each of these involves a coordinated movement of 
the 21 essentially identical midbody segments. Movement in 
each segment is caused by contractions of four sets of mus- 
cles. Three sets form the bulk of the body wall; these are: 
1. longitudinal muscles, which are parallel to the long axis; 
2. circular muscles, which ring the long axis; and 3. oblique 
muscles, which make up a thin layer at 45 ~ angles to the first 
two. The fourth set, the dorsoventral muscles, bridge the 
internal space from dorsal to ventral surfaces. Longitudinal 
muscle contractions shorten a segment, circular muscle con- 
tractions reduce its diameter, and dorsoventral muscle con- 
tractions flatten it; these latter muscles are, therefore, also 
called "flatteners". Because the internal space is a closed 
volume, contractions of either the circular or flattener mus- 
cles cause the segment to lengthen. 
The muscles in each segment are controlled by a small num- 
ber of identified motor neurons, whose somata are located in 
the segmental ganglion. Shortening, crawling, and swim- 
ming all draw upon this limited set of motor  neurons and 
require that their activity be coordinated in different ways, 
so the three behaviors are generally incompatible. In fact, 

A 
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B 

Figure 1. Three behaviors being studied in the leech, Hirudo medicinalis. 
The animals used in these experiments measured 4 6 inches when fully 
extended. A The shortening response. A 1 The leech is lying motionless on 
the bottom of a plexiglass chamber; a probe (the back end of a small paint 
brush) is poised just above its dorsal surface, near the posterior end of the 
leech. A2 The leech's response after having been touched with the probe 
on its dorsal surface: the animal is shorter, largely due to a longitudinal 
contraction in several segments around the site of stimulation. A3 Anoth- 
er type of shortening response sometimes obtained, in which there is a 
vigorous shortening of all the segments. B Crawling. Panels 1 6 are 
drawings of successive movements during one step cycle of a leech crawl- 
ing under water along the bottom of a plexiglass chamber. Drawings 2 
and 3 show the extension phase of the step and drawings 4 and 5 show 
the contraction phase. The duration of the step cycle is variable, ranging 
from 3 to more than 20 s. C Swimming. The images from top to bottom 
are successive frames of a film, taken at 40 ms intervals, of a leech 
swimming from right to left. This sequence illustrates one complete cycle 
of the swimming movements. White beads were sewn onto the lateral 
edge of the body to mark the location of segments 1, 5, 10 and 15. The 
period of swim cycles in freely-swimming leeches varies from about 0.4- 
1.5s. 
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Figure2. Semi-intact preparations used to study leech behavior. 
A Shortening response. The nerve cord from segments 3 through 19 was 
exposed. The right portions of segments 10 through 12 were left attached 
to their ganglia by all their nerves, to allow the shortening reflex to be 
monitored. The body wall from the left side of segments 15 and 16 was 
left attached by a single nerve, to allow the activation of mechanosensory 
neurons in a controlled manner. The nerve cord and pieces of body wall 
were pinned to wax in the bottom of a saline-filled chamber, and suction 
electrodes recorded from segmental nerves and stimulated small patches 
of skin in the body wall. Below the picture of the preparation are tracings 
of the impulse activity generated by dorsal longitudinal muscle excitors 
(DE) and ventral longitudinal muscle excitors (VE), obtained from extra- 
cellular recordings that contained the axons of several motor neurons. 
Such responses last 5 10 s. B Crawling. The body wall from segments 10 
through 14 was dissected away, leaving only the nerve cord connecting 
the intact front and back parts of the animal. The denervated, intact ends 
of segments 10 and 14 and the exposed nervous system were pinned to a 
wax platform suspended above a treadmill, which consists of a plastic belt 
wrapped around two plexiglass wheels. In this device, the front sucker is 
free to grasp the treadmill belt whereas the back sucker attaches to a 
stationary extension at the back of the wax platform. The animal begins 
to crawl by extending its front end, grasping the belt with its front sucker, 
then shortens, thus pulling the treadmill backward. The back sucker then 
lifts off its platform and reattaches, whereupon the front sucker releases 
and the front of the animal extends to start another step. Suction elec- 
trodes record the activity of motor neurons from the exposed nerves. The 
activity of dorsal longitudinal muscle excitors (DE), ventral longitudinal 
muscle excitors (VE), and circular muscle excitors (CE) are indicated in 
the traced recordings shown below the picture of the preparation. The 
steps produced by such a preparation are much more variable and last 
longer than those in intact, freely-moving animals, taking from 20 s to 
over a minute to complete. C Swimming. As in the crawling semi-intact 
preparation, five ganglia in the middle of the leech were exposed for 
recording and the animal was pinned to the bottom of a saline-filled 
chamber. The anterior and posterior brains, in the head and tail seg- 
ments, were removed. In addition, a piece of body wall was left attached 
to the middle exposed ganglion, to monitor the dorsal and ventral longi- 
tudinal muscle contractions. The tracings of extracellular recordings be- 
low show the activity of DE, VE and CE motor neurons. The cycle period 
for these impulse bursts was about 1 s. Note the two microelectrodes, 
directed at the middle exposed ganglion, which are used to obtain the 
sorts of intracellular recordings shown in figs 4, 5 and 6. 

they never  occur  s imultaneously;  the system can produce  
only one of  the three behaviors  at  a time. 
The  con t r ibu t ion  made  by par t icu lar  m o t o r  neurons  to each 
of  the behaviors  has  been s tudied in semi- intact  p repa ra t ions  
(fig. 2). Shor ten ing  is p roduced  by the co-act ivat ion of  exci- 
ta tory  m o t o r  neurons  to dorsal  and  ventra l  longi tudina l  
muscles a long the entire body,  while the circular  m o t o r  neu- 
rons  remain  silent (fig. 2A).  (All muscles in the leech are 
innerva ted  by b o t h  exci tatory and  inh ib i to ry  m o t o r  neurons.  
In this discussion, only the  con t r ibu t ion  of  the  exci ta tory 
m o t o r  neurons  will be ment ioned .  F o r  all behaviors ,  the 
activity of  the  inhib i tors  is opposi te  to t ha t  of  the corre- 
spond ing  excitors.) No te  tha t  somet imes the con t rac t ion  is 
localized, wi th  the s t rongest  con t rac t ions  seen near  the site o f  
s t imula t ion  (fig. 1 A2), whereas  o ther  t imes the whole body  
cont rac ts  maximal ly  (fig. 1 A3). In te rmedia te  levels of  short-  
ening can also be observed.  
Crawling consists  of  two dist inct  phases: extension,  wi th  the 
back  sucker  a t t ached  (Fig. 1 B2,3) and  cont rac t ion ,  wi th  the 
f ron t  sucker  a t tached  (Fig. 1 B4,5). The  extension phase  is 
caused by activity in the circular  m o t o r  neurons ,  and  the 

con t rac t ion  phase,  as in the shor ten ing  reflex, results f rom 
co-act ivat ion of  dorsal  and  ventra l  longi tudinal  excitors, al- 
t h o u g h  the  t iming and  s t rength  of  the dorsal  and  vent ra l  
excitor activity is somewha t  different  f rom the  pa t t e rn  tha t  
produces  shor ten ing  behav io r  (fig. 2 B). F r o n t  sucker  a t tach-  
men t  at  the  end  of  an  extension m o v e m e n t  appears  to tr igger 
the de t achmen t  of  the pos ter ior  sucker, followed by a f ront -  
to-back wave of  cont rac t ion;  likewise, pos ter ior  sucker  reat- 
t a chmen t  at  the end of  the con t rac t ion  wave triggers a de- 
t a chmen t  of  the an te r ior  sucker  and  a f ron t - to -back  wave of  
extension (Stern-Tomlinson et al. 26). 
Swimming is character ized by a l te rna t ing  burs ts  of  impulses 
in the  dorsal  and  ventra l  longi tudinal  excitors (Kr i s tan  et  
al. is)  (fig. 2C).  T h r o u g h o u t  the  swim, the circular  m o t o r  
neurons  are silent and  the dorsovent ra l  m o t o r  neurons  are 
active, causing the an imal  to elongate and  flatten. (In fact, 
swimming is the only k n o w n  behav io r  of  the leech t ha t  uses 
the dorsovent ra l  muscles in an  obvious  fashion.)  The  f ront -  
to -back  undu la t ion  t ha t  propels  the leech forward  results as 
the longi tudinal  excitor burs t  pa t t e rn  is repeated slightly lat- 
er in successively more  poster ior  segments.  
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The neuronal circuit for swimming 

As the result of  research in three laboratories over the last 15 
years (Stent et al. 25; Weeks 28, 29; Kris tan & Weeks 19; Brod- 
fuehrer & Friesen 1, 2.3, 4; Nusbaum 11; Nusbaum et al. 22. 
Friesen 11, t2), we now can trace the pathway that controls 
swimming from mechanosensory neurons to motor  neurons 
entirely through monosynaptic  connections among identi- 
fied interneurons (fig. 3). These studies were performed by 
recording from pairs of neurons in semi-intact preparations 
or in isolated nerve cords; both preparations produce essen- 
tially the same rhythmic neuronal  activity (Kristan & Cal- 
abrese t6). All of these neurons can be identified by physio- 
logical and morphological criteria. The circuit is largely 
hierarchical: sensory neurons connect to trigger neurons,  
which activate gating neurons; a constant  level of firing in 
the trigger or gating neurons activate the pattern-generating 
neurons,  which produce oscillatory activity and connect to 
motor  neurons in such a way as to produce the rhythmic 
motor  neuron bursts that constitute the motor  program for 
swimming. (Because of their ability to elicit swimming, the 
trigger and gating interneurons are also referred to as "swim- 
initiating interneurons",  or, more loosely, "command  neu- 
rons".) 
Study of this elaborate network has provided insight into 
how behavioral choice is likely to occur. A critical neuron in 
this circuit is cell 204 (Weeks & Kristan3~ Weeks2S). The 
type of experiments supporting this conclusion are exempli- 
fied in figure 4. Mechanosensory stimulation that elicits 
swimming always activates cell 204 (fig. 4 A), and stimula- 
tion of a single cell 204 in a semi-intact preparat ion or in an 
isolated nerve cord generates the rhythmic swimming activ- 
ity pattern in the whole nervous sysem (fig. 4 B). In  order to 
generate swimming by passing current into one cell 204, the 
cell must  be depolarized more than is seen when swimming 
is elicited by sensory stimulation. The reason seems to be that 
mechanosensory stimulation always activates the cells 204 in 
several segmental ganglia as well as the other identified 
swim-initiating interneurons,  cells 21 and 61. When two of 

these swim-initiators are depolarized simultaneously to fir- 
ing levels similar to those seen in response to mechanosenso- 
ry stimulation, swimming results (Weeks & Kristan 3o; Nus- 
baum & Kristan 23). Thus the identified swim-initiating in- 
terneurons appear to be sufficient to account for the decision 
to swim. 
The close correlation observed between the firing level in cell 
204 and swimming behavior suggested that this neuron 
might be committed to swimming behavior, i.e., that its one 
and only function might be to decide whether or not  the leech 
will swim. It was somewhat of  a surprise, therefore, to find 
that this neuron is also active during other behaviors and 
that it may play a role in their production. 

Cell 204 activity during crawling and shortening 

The activity of cell 204 was recorded during both crawling 
and shortening, in the semi-intact preparations shown in 
figs 2 A  and 2B. In crawling (fig. 5), cell 204 receives neither 
excitatory nor  inhibitory input during the contraction phase. 
In contrast, during the extension phase of crawling, cell 204 
is excited, although not  as strongly as it is during swimming. 
The role played by cell 204 in crawling is not  yet known. It 
may serve to activate the dorsoventral motor  neurons (see 
fig. 3), thereby helping to elongate the body. Alternatively, 
its activity may poise the animal to initiate a swim. Leeches 
do sometimes start swimming in the midst of  a step, and 
whenever they do so, they take off during an extension, the 
phase in which cell 204 is excited. 
During the shortening reflex, cell 204 is also excited, al- 
though not  as strongly as during swimming (fig. 6 A). Again, 
its role is as yet uncertain. It  may contribute to the shorten- 
ing response through its effects on already-identified in- 
terneurons. For  instance, cell 204 is known to excite cell 208, 
which in turn excites dorsal longitudinal muscle excitors in 
posterior segments. Alternatively, the sensory stimulus that 
elicits shortening may activate two different command net- 
works: an as-yet unknown one that elicits shortening, as well 
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Figure 3. The neuronal circuit for leech swimming. The connections 
shown are a simplified summary of the connections found within each 
segmental ganglion and between neurons in different ganglia. Cell num- 
bers are assigned by location within the ganglion, whereas 'T, P, N' refers 
to touch, pressure, and nocioceptive mechanosensory neurons. Dorsal 
longitudinal muscle excitors (DE), ventral excitors (VE), and flattener 
muscle excitors (rE) are sets of identified neurons which innervate dis- 
tinct regions of the continuous sheet of longitudinal muscles and 
dorsoventral (flattener) muscles, respectively. Most of the neurons shown 
are found in bilateral pairs in every ganglion. Some exceptions are: (1) the 
trigger neurons, represented by Trl, which are found in bilateral pairs 
only in the subesophageal ganglion; (2) cell 208, which is present in each 

Motor neurons 

Lk_L_KkJ 

Central Pattern 
Generator 

ganglion as an unpaired medial cell; and (3) cell 204, which is found as 
an unpaired medial cell located only in segmental ganglia 10 through 18. 
The paired interneurons have weak electrical connections between them. 
The connections shown are those made by the sensory neurons and 
interneurons onto interneurons within their own ganglion. They also 
contact neurons in other ganglia. Interganglionic connections are usually 
similar to intraganglionic ones, but in some cases they are different, and 
there are some interganglionic connections that are not found intragan- 
glionically. Interneurons connect with motor neurons within the same 
ganglion and in other ganglia; for simplicity, only the excitatory connec- 
tions onto motor neurons are shown, but many inhibitory connections 
also occur. 
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Figure 4. Evidence that cell 204 is a swim-initiating neuron. A Cell 204 
is active before and during all induced swim episodes. The top trace is an 
intracellular recording from cell 204 in a midbody ganglion, and the 
bottom trace is an extracellular recording showing the bursts of impulses 
produced in a DE motor neuron in an adjacent ganglion during a swim 
episode. During the time indicated by the bar below the bottom trace, the 
segmental nerve was stimulated electrically. We have found that any 

stimulus, electrical or mechanical, that elicits swimming behavior also 
produces a depolarization of cell 204 throughout the swim episode. 
B Stimulation of cell 204 elicits swimming. The recordings are the same 
as in A. Passing depolarizing current into cell 204 produced a swim motor 
pattern, as recorded in the DE, that is indistinguishable from the pattern 
seen when swimming is produced by touching the skin or stimulating a 
nerve electrically. 
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Figure 5. Activity of cell 204 during crawling. The upper trace is an 
intracellular recording from cell 204 during a single step of crawling, 
obtained from a semi-intact preparation, as shown in fig. 2 B. The lower 
trace is a simultaneous extracellular recording from a nerve which con- 
tains axons of both the DE and VE motor neurons, both of which 
contribute to the contraction phase. The cycle has been divided into 
extension and contraction phases, as determined from the behavior of the 
intact front and back portions of the animal. The steps taken by such a 
preparation are highly variable in length and manner of execution, so that 
a detailed description of the motor neuron activity with the behavior 
requires correlating the filmed or videotaped movements with electro- 
physiological recordings. 

as the one tha t  includes cell 204 and  tha t  would elicit swim- 
ming  if  its activity were s t rong enough.  This  lat ter  possibil i ty 
is suggested by the obse rva t ion  tha t  an  increase in one cell 
204's activity, p roduced  by passing depolar iz ing current  into  
its soma,  caused the  p repa ra t i on  to swim ra the r  t han  to 
shor ten  in response to the  same sensory st imulus (fig. 6 C). 

This  low level of  depolar iza t ion  of  cell 204 by itself p roduced  
only a weak burs t  of  m o t o r  neu ron  activity (fig. 6 B). 

Studying the neuronal basis of behavioral choice 

Our  studies do no t  show conclusively the mechan i sms  by 
which leeches choose one behav io r  over  ano the r  in response 
to the same mechanosenso ry  stimulus.  They do, however,  
e l iminate m u t u a l  inh ib i t ion  a m o n g  key c o m m a n d  cells as the 
ma jo r  mechan i sm for  choos ing  a m o n g  swimming,  shor ten-  
ing and  crawling, because cell 204 is no t  inh ib i ted  dur ing  
shor ten ing  or  crawling. In addi t ion ,  the  pa thway  f rom senso- 
ry cells to Tr l  to cell 204 appears  to be act ivated whe ther  or 
no t  swimming is ini t iated (Brodfuehrer  & Friesen 4). There-  
fore, there seems to be little var ia t ion  in at  least one of  the 
sensory pa thways  to the tr igger and  gat ing neurons  for swim- 
ming. 
Several possibilities for the role of  cell 204 in mak ing  the 
choice between behaviors  are now unde r  considera t ion.  
They include: 
1. A one-way inhib i t ion  f rom swim-related in te rneurons  on- 
to o ther  pa t t e rn -genera t ing  circuits. In  such a scheme, swim 
in te rneurons  would inhibi t  the  c o m m a n d  neurons  or pat-  
te rn-genera t ing  circuits for shor ten ing  and  crawling, bu t  nei- 
ther  behaviora l  circuit would inhibi t  cell 204. Such a one-way 
inhib i t ion  would place swimming at  the  top  of  any behav-  
ioral  h ierarchy and  would make  the level of  firing in cell 204 
the fac tor  which absolutely determines  whe ther  or no t  a 
leech will swim. This would  commi t  cell 204 exclusively to 
swimming;  i.e., its firing level would  necessarily be too low 
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Figure 6. The influence of cell 204 on the choice between shortening and 
swimming. A The activity of cell 204 during a shortening response. The 
top trace is an intracellular recording from a cell 204 in segment 10 in an 
isolated nerve cord. The bottom trace is an extracellular recording from 
a segmental nerve on the left side of segment 10, which shows the response 
of DE motor neurons to stimulation of mechanosensory neurons in the 
body wall. Six impulses were initiated in two mechanosensory neurons 
during the time indicated by the bar below the bottom trace. B Depolar- 
ization of cell 204 alone elicits weak, unsustained motor neuron activity. 
Depolarizing current was injected into cell 204 through the recording 
electrode for 2 seconds, as indicated by the sharply rising and falling 
deflections in the recording. C Depolarization of cell 204 turns a shorten- 
ing response into a swimming response. The same cell 204 and motor 
neurons were recorded as in A and B, and the stimuli given separately in 
A and B were delivered simultaneously. When presented during cell 204 
depolarization, Sensory stimulation consistently produced swimming 
rather than shortening. 

dur ing  shor ten ing  or crawling to activate the swimming pat-  
tern generator ,  so its activity would produce  no  behaviora l  
effect dur ing  these two behaviors .  
2. Cell 204 part ic ipates  in all three behaviors .  A t  h igh firing 
rates, cell 204 elicits swimming and  at lower activity levels, it 
cont r ibu tes  to shor ten ing  or to crawling. Fig. 7 shows t ha t  
s t imula t ion  of  cell 204 activates in t e rneurona l  pa thways  to 
all the longi tudinal  muscle excitors, which  could help to pro-  
duce shor tening,  as well as to the f la t tener  muscle excitors, 
which could help to p roduce  lengthening.  Therefore,  if  the 
f lat tener  excitors were inhibi ted  in the  shor ten ing  reflex, cell 
204 activity would s t rengthen  the shor ten ing  response. If, 
instead,  the longi tudina l  muscle excitors were inhibi ted,  cell 
204 activity could con t r ibu te  to the  extension phase  of  crawl- 
ing, Such a mechan i sm is similar to t ha t  p roposed  by Get t ing  
and  his colleagues (Get t ing  & Dekin  13, and  this review) for  
p roduc ing  either shor ten ing  or  swimming f rom the same set 
of  pa t t e rn-genera t ing  neurons  in Tritonia. 
3. Cell 204 is a general  arousal  cell t ha t  prepares  the leech for  
any of  several behaviors ;  which  behav io r  actually occurs  
depends upon  the activity in o ther  pa t te rn-genera t ing  net-  
works.  This  possibili ty seems unlikely because direct stimu- 
la t ion of  cell 204 produces  swimming and  never  any other  
behaviors .  However ,  it is possible tha t  all na tu ra l  sensory 
stimuli tha t  act ivate cell 204 may  also act ivate  o ther  pa th-  
ways, so ac t iva t ion  of  cell 204 exclusively may  never  occur  
normally .  
There  are o ther  possibilities, including a comb ina t i on  of  any  
two or  all three of  the mechan isms  above.  I t  is clear f rom this 
discussion, however,  t ha t  it is possible to formula te  very 
specific and  very testable hypotheses  a b o u t  general  classes of  
neu rona l  mechanisms.  Fo r  instance,  possibilit ies # 1 and  
# 3 can  be dis t inguished f rom # 2 by recording f rom cell 204 
and  an  identified m o t o r  neu ron  - the f lat tener  excitor - dur-  
ing the three behaviors .  Synapt ic  input  f rom cell 204 should  
be weakened  or masked  dur ing  the shor ten ing  reflex i f  # 2 is 
correct  and  unaffected i f  ei ther of  the others  is correct.  O the r  
possibilities can be tested only after  we know more  a b o u t  the 
pa t te rn-genera t ing  circuits for crawling and  shor tening,  
work  tha t  is now in progress.  The  overall  impress ion tha t  we 
have so far  is tha t  p roduc t ion  of  behaviors  and  choice be- 
tween them employs m a n y  k inds  of  neu rona l  interact ions,  
and  tha t  behaviora l  choice is likely to resul t  f rom some com- 
b ina t ion  of  these and  o ther  possibilities. 

Sensory Trigger Gating 
neurons neurons neurons 

_ 2 ~ ~  [ 204 

2!!i!!i!!i 
Figure 7. The pattern-generating interneurons in the swim circuit that 
are directly activated by cell 204. Th6 cells shown in grey are those cells 
that are either not directly influenced by cell 204 or that are inhibited by 
cells activated by cell 204. In this network, there are pathways from cell 

Central Pattern 
Generator Motor neurons 

204 to the DE, VE and FE motor neurons that could produce either a 
sustained shortening or a sustained extension. These pathways could be 
selectively activated during different behaviors, as a result of summation 
with input from other neurons. 
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Mechanisms of flight steering in locusts 

C. H.  F.  Row e l l  

Zoologisches Institut, Rheinsprung 9, CH-4051 Basel (Switzerland) 

Summary. Steer ing  in f l ight  by  locus ts  p rov ide s  a wel l - s tud ied  exampl e  o f  the  m o d u l a t i o n  o f  a r h y t h m i c  m o t o r  o u t p u t  by  
u n p r e d i c t a b l e  i npu t s  f r o m  ou t s ide  to  p r o d u c e  adap t ive  b e h a v i o u r ,  in this  case  a f o r m  o f  l o c o m o t i o n .  The  s imples t  fo rm,  
co r r ec t iona l  s teer ing,  a l lows the  an ima l  to  c o m p e n s a t e  fo r  u n i n t e n t i o n a l  dev ia t ions  f r o m  course .  I ts  m e c h a n i s m s  are relat ive-  
ly well  u n d e r s t o o d .  T h e  cen t ra l  n e r v o u s  c i rcui t ry  w h i c h  m a k e s  th is  b e h a v i o u r  poss ib le  can  be t h o u g h t  o f  as an  au top i lo t .  T h e  
ent i re  p rocess ,  f r o m  senso ry  i n p u t  to  t he  a e r o d y n a m i c  effects  o f  c h a n g e d  m o t o r  ou t pu t s ,  is here  reviewed.  I n t e n t i o n a l  c h a n g e  
o f  course ,  e i ther  s p o n t a n e o u s  o r  i n d u c e d  by  a change  in the  ou t s ide  wor ld ,  is m o r e  complex :  it  d e m a n d s  n o t  on ly  act ive  
s teer ing,  b u t  also the  t e m p o r a r y  d i s a b l e m e n t  o f  the  au top i lo t .  T h e  m e c h a n i s m s  by w h i c h  this  cou ld  be  ach ieved  are  d iscussed.  
Key words. Flight ;  s enso ry  m o d u l a t i o n ;  f ea tu re  de tec t ion ;  i n t e rneu rons ;  s e n s o r i m o t o r  in tegra t ion ;  locust .  

Introduction 

M a n y  b e h a v i o u r s  are  b a s e d  o n  cen t ra l ly  gene ra t ed  r h y t h m i c  
o u t p u t s  xg. In  o r d e r  t ha t  cen t ra l  c i rcui t ry  can  p r o d u c e  a d a p -  
t ive b e h a v i o u r ,  its o u t p u t  m u s t  be  m o d i f i e d  by  sensory  in for -  

ma t i on .  This  can  der ive  f r o m  p r o p r i o c e p t i v e  o r  ex te rocep t ive  
inpu t s  a n d  can  be phase - r e l a t ed  or  phase -un re l a t ed .  Insec t  
f l ight  p rov i de s  an  o u t s t a n d i n g  exampl e  o f  this  p rocess ,  a n d  


