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The receptive fields of motor neurons to a hind leg were mapped 
by recording intracellularly from their cell bodies or from the 
muscle fibers they innervate while stimulating mechanorecep- 
tors on the surface of that leg. Each motor neuron is affected 
by a specific array of receptors that make up its receptive field. 
Boundaries along the anteroposterior or dorsoventral axes of 
the leg divide the receptive fields into excitatory and inhibitory 
regions. Proximodistal boundaries may correspond to the artic- 
ulations between parts of the leg. Motor neurons that innervate 
antagonistic muscles have complementary receptive fields, so 
that the region that is excitatory for one is inhibitory for the 
other. The receptive fields of the motor neurons overlap. Tactile 
stimulation therefore leads to a specific local reflex that involves 
the coordinated movement of the segments of a leg. Five local 
reflexes are described, each of which moves the leg away from 
the site of stimulation. Afferents from the external mechanore- 
ceptors do not synapse directly on the motor neurons, but in- 
stead on spiking local interneurons, some of which then synapse 
directly on motor neurons. These local interneurons have small- 
er receptive fields delineated by the same boundaries, so that 
the receptive fields of the motor neurons can be constructed from 
appropriate combinations of them. It is suggested that receptive 
fields are organized as “functional maps” that are appropriate 
for particular behavioral responses rather than solely to pre- 
serve or refine spatial information. 

Adjustments to the movements of a limb must be made during 
locomotion and posture to take account of changing loads of 
the body and changing aspects of the environment. Many of 
these changes will be experienced by an individual leg, which 
will therefore be called on to make its own adjustments. The 
implication is that the local neural circuitry of that leg must 
assess the sensory information and make the appropriate changes 
in its motor output to the muscles. Local interneurons must 
play a decisive role in these actions. Although these intemeurons 
comprise the majority of neurons in most sophisticated nervous 
systems, it is in the insect that insights into their action are 
beginning to emerge. 

In the locust, for example, two types of local interneuron, 
nonspiking and spiking, have been characterized within the seg- 
mental ganglion that controls the hind legs (Burrows and Siegler, 
1984; Siegler and Burrows, 1979, 1984). The nonspiking local 
interneurons make direct inhibitory connections with some leg 
motor neurons, and excitatory connections with others (Burrows 
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and Siegler, 1976, 1978). They control the motor neurons in 
different combinations that correspond to their actions in a 
variety of motor patterns (Burrows, 1980). In addition, acti- 
vation of the appropriate motor neurons is ensured by one-way 
inhibitory synapses between these interneurons (Burrows, 1979). 

In contrast, spiking local interneurons play a major role in 
organizing sensory informatioqfrom the legs. The different in- 
temeurons respond selectively to tactile and proprioceptive in- 
puts. For example, some spike when particular regions of a leg 
are touched or when particularjoints are moved (Burrows, 1985; 
Burrows and Siegler, 1982, 1984, 1985). Some of these inter- 
neurons make direct inhibitory synapses on motor neurons to 
mediate local compensatory reflexes (Burrows and Siegler, 1982; 
Siegler and Burrows, 1984). 

The aim here is to account for the diversity within a popu- 
lation of spiking local interneurons and to suggest how the con- 
nections with sensory neurons may be viewed in a behavioral 
context. To do this, we have focused on the role of tactile inputs 
from the hind legs. Afferents from hairs make direct excitatory 
synapses on some spiking local interneurons (Siegler and Bur- 
rows, 1983). The combinations of hair inputs to the different 
spiking local interneurons are diverse but are organized in a 
topographical fashion (Burrows and Siegler, 1984, 1985). For 
example, one interneuron might be excited only by hairs on the 
anterior surface of the femur and the tibia, whereas another 
might be excited by hairs on the ventral femur and inhibited 
by hairs on the dorsal tarsus (Burrows and Siegler, 1984, 1985). 
The picture is one of different but overlapping receptive fields 
for the individual spiking local interneurons within a popula- 
tion. 

An expression of the importance of such a precise topographic 
representation of the hind leg in the population of spiking local 
interneurons might lie in the action of the leg motor neurons in 
movements elicited by stimulation of these external mechanore- 
ceptors. In this paper we have mapped the receptive fields of 
many of the leg motor neurons and show that they differ in the 
extent and position of their excitatory and inhibitory regions, 
but that they may overlap. A touch to the leg results in the 
excitation of some motor neurons and the inhibition of others, 
in combinations that depend on the location of the receptors 
that are touched. By the preservation and appropriate redistri- 
bution of this topographical information, specific local reflex 
adjustments of a leg result from the stimulation of specific arrays 
of receptors. 

Materials and Methods 
Experiments were performed on adult male and female locusts S&is- 
tocercu greguria (Forskal) from our crowded culture. Locusts were re- 
strained ventral side uppermost, and, unless otherwise indicated, the legs 
were restrained at the coxal and femoral segments, but the tibiae and 
tarsi were free to move. The activity of motor neurons innervating 
muscles in a hind leg was recorded in three ways. First, selected muscles 
of one hind leg were implanted with pairs of 30 pm stainless-steel wire 
electrodes, insulated except at the tip, to record extracellular activity. 
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Figure 1. Extension of the tibia results from tactile stimulation of the 
ventral region of the femur and tibia. A, Intracellular recordings from 
the somata of the slow and fast extensor tibiae motor neurons (slow ext. 
fast ext). Touching the ventral ridges of the femur (v, arrow) evokes a 
barrage of EPSPs in both extensor motor neurons and the slow extensor 
spikes several times. B, Intracellular recordings from the somata of two 
flexor tibiae motor neurons. Touching the ventral ridges of the femur 
(v, arrow) inhibits both. A slow depressor of the tarsus is recruited (dep 
tarsi, third trace), and the slow extensor tibiae motor neuron @mrth 
truce) increases its frequency of firing. The arrows indicate the onset of 
the tactile stimulus, which has approximately the same duration as the 
response of the motor neurons. The regions of the distal femur and the 
tibia where these effects may be evoked are indicated by the arrowheads 
in the drawing of a hind leg. The curved arrow indicates the direction 
of the evoked movement. Subsequent drawings follow this convention. 

Second, recordings were made intracellularly from muscles that move 
the coxa, the trochanter, or the tarsus. The selected muscles were ex- 
posed by removal of small regions of overlying cuticle. Third, intra- 
cellular recordings were made from the cell bodies of motor neurons in 
the metathoracic ganglion. Microelectrodes were filled with 2 M potas- 
sium acetate and had DC resistances in saline of about 50 MQ. The 
meso- and metathoracic ganglia were exposed by a ventral dissection 
and were stabilized on a wax-covered platform. The body cavity was 
perfused continuously with saline (Usherwood and Grundfest, 1965). 
Just before intracellular recording, the thoracic ganglia were treated with 
a 0.2% solution of protease (Sigma Type VI) in saline for 4 min. 

Hairs (trichoid sensilla) and basiconic sensilla, which are the predom- 
inant mechanoreceptors on the surface of a leg, were stimulated in groups 
by touching a fine paint brush lightly to the surface of the cuticle or 
individually by deflecting them with a small insect pin. Campaniform 
sensilla, which are more sparsely distributed, respond to cuticular stress 
and are unlikely to have been activated by these light tactile stimuli. 
Moreover, the strength of a stimulus was such that it did not directly 
induce movements of the part of the leg being touched. Sensilla on the 
coxa, the proximal two-thirds of the femur, and the tarsus were not 
tested. It must be emphasized that we define the receptive field of a 
motor neuron only according to those receptors that were tested. More- 
over, the reflex effects are elicited in the particular context of the ex- 
periments and might not find consistent expression in other contexts. 
For example, when the locust is standing with the ventral surface of the 
tarsus in contact with the ground, other reflex effects will be in com- 
petition. 

Trichoid and basiconic sensilla are readily distinguished: The setae 
of basiconic sensilla are cone shaped and are only a small fraction of 
the length of those of the hairs; the basiconic sensilla are multiply 
innervated, whereas the hairs are singly innervated (Kendall, 1970; 
Siegler and Burrows, 1983). Hair afferents respond phasically to tactile 
stimuli (Pfliiger, 1980; Runion and Usherwood, 1968; Siegler and Bur- 
rows, 1983). The response properties of a basiconic sensillum are not 
known, but at least one of its afferents is presumed to be mechanosen- 
sory, because touch can evoke avoidance movements of a leg. 

Groups of sensilla that contribute to an excitatory or an inhibitory 
region of a receptive field were mapped according to their positions 
around the circumference of the leg and along its length. Receptive fields 
that are on either the dorsal or the ventral surface divide the circum- 
ference of the leg approximately in half along its anterior and posterior 
midline axes; those on either the anterior or posterior surface also divide 
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Figure 2. Flexion of the tibia results from tactile stimulation of the 
dorsal region of the femur and tibia. A, Intracellular recordings from 
the somata of two fast flexor tibiae motor neurons. Touching the dorsal 
surface of the distal femur (d, arrow) evokes a barrage of EPSPs common 
to both neurons, increases the freqdency of firing of slow flexor tibiae 
motor neurons (myogram fourth trace), and recruits the levator tarsi 
motor neuron (myogram third trace). B, Intracellular recordings from 
the somata of the slow and the fast extensor tibiae motor neurons. 
Touching the dorsal surface of the distal femur (d, arrow) inhibits both 
motor neurons and excites flexor tibiae motor neurons (myogram third 
trace). The tibia therefore flexes, and peripheral feedback from this 
movement excites the slow extensor. 

the circumference of the leg approximately in half, but along its dorsal 
and ventral midline axes. Along the length of the leg, boundaries of 
receptive fields occur at segment borders, or near other landmarks, such 
as the most proximal tibia1 spine. It was not feasible to map the receptive 
fields by specifying individually the sensilla that lie along the boundaries, 
for two reasons: First, in some regions a sensillum produces little or no 
effect on a motor neuron when it alone is activated, second, many 
sensilla may lie close to the boundaries, so that it is impossible to test 
them all. 

The regions of the femur and tibia are as named by Albrecht ( 1953) 
and Bennet-Clark (1975). Muscle names and numbers are from Snod- 
grass (1929). 

Results 
Motor neurons that innervate muscles in a hind leg are excited 
or inhibited when hairs or basiconic sensilla on particular parts 
of that leg are touched. The effects on the motor neurons are 
reliable when measured by changes in their synaptic potentials 
but may be less reliably expressed as movements of the leg in 
contexts where they may conflict with other reflexes. All the 
effects we describe occur in the same behavioral context with 
the locust restrained and quiet. Motor neurons also respond to 
internal mechanoreceptors, but these effects are not considered 
here. 

Each motor neuron can be considered to have a “receptive 
field,” that is, an area of cuticle containing the sensilla to which 
it responds. Within a receptive field some regions are excitatory 
and some are inhibitory. The fields of the motor neurons over- 
lap, so that tactile stimulation of a particular array of receptors 
evokes a movement of several joints of the leg. These move- 
ments are called tactile reflexes. They have a lower threshold 
for initiation and hence are distinct from resistance reflexes that 
mechanical stimulation can also evoke. The search for the re- 
ceptive fields was limited to the femur and the tibia, but the 
motor neurons to be considered control movements about all 
joints of the leg. Depending on the region of cuticle that is 
touched, therefore, the tibia may be flexed or extended, the 
tarsus levated or depressed, the trochanter levated or depressed, 
and the coxa rotated anteriorly or posteriorly. These different 
reflex movements, and the receptive fields of the motor neurons, 
which underlie them, will be described in turn. 
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Figure 3. Levation of the tarsus results from tactile stimulation of the 
dorsal surface of the femur at its distal end. A, Extracellular myograms 
from the levator and depressor tarsi muscles yirst truce) and the extensor 
tibiae muscle (second truce). Touching the dorsal surface of the distal 
femur (d, arrow) excites the levator tarsi muscle (upward potentials). 
Touching the ventral surface of the tibia (v, arrow) excites slow motor 
neurons to the tarsal depressor muscle (downward potentials) and the 
slow extensor tibiae motor neuron. B, Intracellular recordings from a 
depressor tarsi motor neuron (second truce) and the levator tarsi (third 
truce) motor neuron. Touching the dorsal femur (d, arrow) evokes a 
brief hyperpolarization of the depressor and a brief depolarization and 
increase in the frequency of spikes in the levator. 

Extension andjkion about the femorotibial joint 
When sensilla on the ventral femur or on the ventral tibia are 
touched, the tibia is extended about the femur (Fig. 1). The 
movement is Gaused by excitation of the extensor tibiae and 
inhibition of the flexor tibiae motor neurons. The slow and the 
fast extensor tibiae motor neurons are both depolarized by a 
barrage of common EPSPs that are sufficient to elicit a train of 
spikes from the slow motor neuron (Fig. 1A). The flexor motor 
neurons are hyperpolarized by a barrage of IPSPs (Fig. 1B) that 
are common to many of the nine excitatory motor neurons. 
These summed IPSPs suppress spikes in the tonically active 
slow flexor tibiae motor neurons and hyperpolarize the fast ones 
by some 4-6 mV at their cell bodies. Recordings made simul- 
taneously from pairs of extensor and flexor motor neurons do 
not reveal a correspondence of individual EPSPs in one with 
IPSPs in the other, indicating that the PSPs do not arise from 
the same presynaptic neurons. 

This tactile reflex is of a lower threshold than the resistance 
reflex to imposed extension that operates at the femorotibial 
joint. If the touch applied to the ventral tibia is strong enough 
to impose an extension at the femorotibial joint, then the flexor 
tibiae motor neurons will be excited to resist the extension (Bur- 
rows and Horridge, 1974), instead of being inhibited. 

When sensilla on the dorsal surface of the femur or tibia are 
touched, the tibia is flexed about the femur (Fig. 2). The move- 
ment is caused by excitation of the flexor tibiae and inhibition 
of the extensor tibiae motor neurons. Slow flexor motor neurons 
markedly increase their frequency of spikes and fast ones are 
depolarized by a barrage of common EPSPs (Fig. 2A). Both the 
slow and the fast extensor tibiae motor neurons are hyperpo- 
larized, apparently as a result of the cessation of some excitatory 
inputs (Fig. 2B). 

The receptive fields of the extensor tibiae motor neurons 
therefore consist of two regions: an excitatory region on the 
ventral surface of the femur at its distal end and the entire ventral 
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Figure 4. Depression of the tarsus results from tactile stimulation of 
the ventral surface of the femur at its distal end, or anywhere on the 
tibia. A, Intracellular recordings from fibers of the levator Cfirst truce) 
and depressor tarsi muscles (second truce). Motor neurons to both mus- 
cles are spiking tonically at the beginning of the record. Touching the 
ventral surface of the femur (v, arrow) inhibits EJPs in the levator and 
evokes a barrage of EJPs in the depressor. The femorotibial joint is 
fixed at an angle of 90”. B, Intracellular recordings from the somata of 
a depressor (second truce) and the levator tarsi (third truce) motor neu- 
rons. Touching the ventral femur (v, arrow) increases the frequency of 
spikes in the impaled slow depressor and recruits another to spike (large 
downward potentials in the extracellular myogrum, jirst truce). At the 
same time, the levator tarsi motor neuron is hyperpolarized by a barrage 
oflarge IPSPs, which continue at a lower frequency during the remainder 
of the record. 

tibia, and an inhibitory region on the dorsal surface of the femur 
at its distal end and the entire dorsal tibia. The receptive fields 
of the flexor tibiae motor neurons also consist of two regions, 
which are opposite to those of the extensors. Thus, a touch to 
the ventral tibia excites extensors and inhibits flexors, whereas 
a touch to the dorsal tibia has the opposite effect. 

Levation and depression about the coxotrochanteral joint 
When sensilla on the dorsal femur are touched, the tarsus is 
levated about the tibia (Fig. 3). The movement is caused by a 
burst of spikes in the single levator tarsi motor neuron (Fig. 3A). 
Spikes in the depressor tarsi motor neurons are inhibited, as are 
those in the slow extensor tibiae. The synaptic events underlying 
these changes in the tarsal motor neurons are shown in Figure 
3B. The levator is depolarized and the frequency of its spikes 
increases while a slow depressor is hyperpolarized by IPSPs that 
are no more than a few millivolts in amplitude. 

When sensilla on the ventral surface of the femur or anywhere 
on the tibia are touched, the tarsus is depressed about the tibia 
(Fig. 4). The movement is caused by excitation of the depressor 
tarsi motor neurons and inhibition of the single levator tarsi 
(Fig. 4A). At the same time, the slow extensor tibiae motor 
neuron is excited (Fig. 3A). Deflecting individual hairs on the 
tibia or on the ventral margins of the femoral cover plates evokes 
a burst of excitatory junctional potentials (EJPs) from several 
motor neurons in the depressor muscle, while EJPs in the levator 
muscle are inhibited. On the ventral surface of the femur, how- 
ever, it is usually necessary to touch a group of hairs to elicit a 
comparable response (Fig. 4A). The synaptic events underlying 
these changes in the motor neurons are shown in Figure 4B. A 
slow depressor tarsi motor neuron is depolarized and the fre- 
quency of its spikes increases, while the levator is hyperpolar- 
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Figure 5. Local tactile reflexes for depression and levation of the tro- 
chanter. Recordings are made intracellularly from fibers of a trochan- 
teral depressor (13 3a) and levator (13 1) muscle. A, Touching the dorsal 
surface of the distal femur (d, arrow) excites excitatory motor neurons 
to the trochanteral depressor, whereas touching the ventral surface (v, 
arrow) inhibits them and recruits IJPs from a common inhibitory motor 
neuron, CI,. B, Touching the tibia dorsally (d, arrow) inhibits the de- 
pressor first truce) and causes a train of EJPs in the levator. Touches 
in the series are successively longer-lasting, so that, with each, more 
EJPs occur in the levator and IJPs are recruited in the depressor. 

ized. The IPSPs in the levator may continue at a low frequency 
for several seconds after the end of the stimulus. 

The receptive field of the levator tarsi motor neuron therefore 
consists of two regions: an excitatory one on the dorsal surface 
of the femur at its distal end and an inhibitory one that includes 
the ventral surface of the femur at its distal end and the whole 
of the tibia. The receptive fields of the depressor tarsi motor 
neurons are the opposite of this. 

The effects of touching sensilla are, however, complicated by 
the fact that active or passive movement of the femorotibial 
joint evokes strong compensatory reflex movements at the tibio- 
tarsal joint (Burrows and Hot-ridge, 1974). When the tibia is 
flexed, the tarsus is levated because the levator tarsi motor neu- 
ron is excited and the depressor tarsi motor neurons are inhib- 
ited. Conversely, when the tibia is extended, the tarsus is de- 
pressed because the depressor tarsi motor neurons are excited, 
and the levator taisi is inhibited. In effect, the tarsus is kept at 
a constant angle with respect to the substrate during movements 
of the tibia. 

The receptive fields of the tibia1 and the tarsal motor neurons 
overlap, and as a result, a compensatory reflex as well as a tactile 
reflex movement of the tarsus can be evoked by the same stim- 
ulus. The compensatory reflex can either reinforce or override 
the tactile one, depending on which sensilla are touched. Touch- 
ing the dorsal femur excites flexor tibiae motor neurons and the 
levator tarsi motor neuron. If the tibia flexes, the compensatory 
reflex of tarsal levation reinforces the tactile reflex. Touching 
the ventral femur excites the extensor tibiae and the depressor 
tarsi motor neurons. Ifthe tibia extends, the compensatory reflex 
of tarsal depression again reinforces the tactile reflex. Such in- 
teractions could explain the prolonged excitation or inhibition 
of the levator tarsi motor neuron after touching the dorsal or 
the ventral surface of the femur, respectively. In contrast, touch- 
ing the dorsal tibia may result in reflexes that would conflict. If 
the stimulus does not activate the flexor tibiae motor neurons, 
or if flexion is prevented, only the tactile reflex occurs: The 
levator is inhibited, and the depressors are excited. If, however, 
the tibia flexes, then the tactile reflex of tarsal depression is 
overridden by the stronger compensatory reflex in which the 
levator is excited and the depressors are inhibited. 
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Figure 6. Local tactile reflexes for rotation of the coxa. A, Simulta- 
neous intracellular recordings from fibers of the anterior (12 1) and a 
posterior rotator ( 123) of the coxa. Motor neurons to both muscles spike 
tonically. Touching the anterior surface of the femur (a. arrow) reduces 
the frequency of EJPs in the anterior rotator but increases the frequency 
of EJPs in the posterior rotator. B, Intracellular recording from the soma 
of an anterior rotator motor neuron. Touching the anterior surface (a, 
arrow) of the distal femur evokes a barrage of IPSPs that hyperpolarize 
the motor neuron and inhibit the tonic spiking. C, Intracellular record- 
ings from a fiber of another posterior rotator muscle, 122, Touching 
the anterior surface of the femur (a, arrow) evokes a barrage of EJPs, 
which continue until the posterior surface of the femur is touched (p, 
arrow). The motor neurons then spike only sporadically, until another 
touch to the anterior surface of the femur (a, arrow). The effects on the 
motor neurons far outlast the duration of the stimulus. D, Touching 
the posterior surface of the femur (j, arrow) increases the frequency of 
EJPs in the anterior rotator (121) but decreases their frequency in the 
posterior rotator (123). E, Touching the posterior surface of the distal 
femur evokes a large depolarization and increase in the frequency of 
spikes in an anterior rotator motor neuron. In the drawings, the hind 
leg is viewed dorsally, with its joints fully extended. The anterior surface 
of the leg is at the top. 

Levation and depression about the coxotrochanteral joint 
When sensilla on the dorsal surface of the femur are touched, 
the frequency of spikes increases in motor neurons that cause 
depression of the trochanter (Fig. 54). Were the leg free to move, 
this response would result in depression of the femur about the 
coxa. The trochanter is fused to the femur, so that the trochan- 
teral muscles move both segments. 

When sensilla on the ventral surface ofthe femur, or anywhere 
on the tibia, are touched, motor neurons that cause levation of 
the trochanter are excited (Fig. 5s) and those causing depression 
are inhibited (Fig. 5). In addition, a common inhibitory motor 
neuron CI, (Hale and Burrows, 1985) is excited, evoking a bar- 
rage of inhibitory junction potentials (IJPs) in the depressor 
muscle (Fig. 5A). Were the leg free to move, these responses 
would result in levation of the femur about the coxa. 

The receptive fields of the trochanteral depressor motor neu- 
rons therefore consist of two regions: an excitatory region on 
the dorsal surface of the femur at its distal end and an inhibitory 
region that includes the ventral surface of the femur at its distal 
end and the whole of the tibia. The receptive fields of the levators 
are the opposite. These fields have the same boundaries as those 
of the tarsal motor neurons and also overlap with those of the 
tibia1 motor neurons. As a result, a touch to the dorsal surface 
of the femur near the femorotibial joint leads to depression of 
the femur, flexion of the tibia, and levation of the tarsus. 
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Figure 7. The receptive fields of some hind leg motor neurons. The 
diagrams represent the surface of the femur and the tibia of a hind leg 
opened by a longitudinal cut along the ventral midline and the femo- 
rotibial joint fully extended. The anterior half is on the left of the dorsal 
midline and the posterior half is on the right. On the femur, only sensilla 
on the distal part were tested; where responses are indicated, excitatory 
regions are cross-hatched, and inhibitory ones are stippled. Receptive 
fields: A, extensors tibiae; B, flexors tibiae; C, levator tarsi; D, depressors 
tarsi; E, depressors of the trochanter; F, levators of the trochanter; G, 
posterior rotators of the coxa; H, anterior rotators of the coxa. The 
receptive fields for the posterior and anterior rotators extend on the 
tibia only to the level of the first tibia1 spine. 

Anterior and posterior rotation of the coxa 
When sensilla are touched on the anterior surface of the femur 
at its distal end or on the anterior surface of the tibia proximal 
to the spines, there is an increase in the frequency of tonic EJPs 
in posterior rotator muscles of the coxa (122, 123, 124) and a 
decrease in the frequency of, or cessation of, those in the anterior 
rotator muscle (12 1) (Fig. 6A). The motor neurons of muscle 
123 show only a transient increase in frequency, whereas those 
of muscles 122 and 124 show a longer-lasting response. For 
example, touching the anterior surface of the femur initiates a 
barrage of EJPs in muscle 122 that continue until the posterior 
surface is touched (Fig. 6C). Intracellular recordings from an 
anterior rotator motor neuron to muscle 12 1 show that its tonic 
spikes are suppressed by a barrage of IPSPs (Fig. 6B). Were the 
leg free to move, these responses would result in the posterior 
rotation of the coxa, and thus the entire leg. 

When sensilla are touched on the posterior surface of the 
equivalent regions of the femur and tibia, there is an increase 
in the frequency of tonic EJPs in the anterior rotator and a 
decrease in the frequency of EJPs in posterior rotators (Fig. 60). 
The excitation of the anterior rotator motor neuron is caused 
by a barrage of summating EPSPs (Fig. 6E). Were the leg free 
to move, these responses would result in the anterior rotation 
of the coxa, and thus the entire leg. 

The receptive fields of these coxal motor neurons are therefore 
organized according to an anteroposterior division of the leg, 
in contrast to those innervating muscles in the more distal seg- 
ments, in which the receptive fields are organized according to 
a dorsoventral division. They again, however, consist of excit- 
atory and inhibitory regions. 

Discussion 

Organization of motor neuron receptive fields 
Several generalities emerge from a comparison of the receptive 
fields of hind leg motor neurons (Fig. 7). First, all the receptive 
fields contain both excitatory and inhibitory regions. This or- 
ganization will accentuate differences in the effects from different 

Table 1. Local tactile reflexes 

Movement 

Region of leg 

Dorsal femur 
Dorsal tibia 
Ventral femur 
Ventral tibia 
Anterior femur, tibia 
Posterior femur, tibia 

Trochanterj 
femur Tibia Tarsus 

Depression Flexion Levation 
Levation Flexion Depression 
Levation Extension Depression 
Levation Extension Depression 

Posterior rotation of coxa 
Anterior rotation of coxa 

regions of a leg. For example, a flexor tibiae motor neuron is 
excited by touching the dorsal surface of the tibia and is inhibited 
by touching the ventral surface. The range over which the mem- 
brane potential of a motor neuron can be modulated during 
tactile stimulation is therefore greater than if its receptive field 
were solely excitatory or solely inhibitory. Second, motor neu- 
rons that innervate antagonist muscles have complementary 
receptive fields. For example, the dorsal tibia is excitatory for 
the flexor tibiae motor neurons but inhibitory for the extensors 
(Fig. 7, A, B). The tibia will flex when this region is stimulated, 
because the flexors are excited and because the extensors are 
inhibited. Third, the boundaries of the receptive fields are ap- 
propriate for the movements that are produced by particular 
motor neurons. For example, the coxal rotator motor neurons, 
which move the leg anteriorly or posteriorly, have receptive 
fields that are divided into anterior and posterior regions (Fig. 
7, G, H), whereas the extensor and flexor tibiae motor neurons, 
which move the tibia dorsally or ventrally, have receptive fields 
with dorsal and ventral regions (Fig. 7, A, B). Fourth, the re- 
ceptive fields of the motor neurons that control different joints 
may be partially or wholly overlapping. As a result, motor neu- 
rons that control different segments of a hind leg are activated 
together in local reflexes that depend on the location of the 
surface sensilla that are stimulated (Table 1). Local tactile re- 
flexes are, in effect, assembled from the overlap of the receptive 
fields of different motor neurons. 

Behavioral significance of the tactile reflexes 
The behavioral significance of the local reflexes can most readily 
be seen by depicting the movements that result from touching 
particular regions of a hind leg (Fig. 8, Table 1). By considering 
each in turn, it becomes clear that all are tactile avoidance 
reflexes. 

1. When the ventral surface of the tibia or the femur is touched, 
the trochanter (and thus the femur) is levated, the tibia extended, 
and the tarsus depressed (Fig. 8A). 

2. When the dorsal surface of the tibia is touched, the femur 
is again levated, but the tibia is now flexed (Fig. 8B). Flexion 
of the tibia will also elicit a compensatory levation of the tarsus 
and thus override the tactile response that would cause depres- 
sion. A similar avoidance movement in response to touching 
hairs near the tibiotarsal joint occurs most readily in a free- 
standing locust if the tarsus is not touching the ground (Pfliiger, 
1980). If flexion is prevented, however, the same touch elicits 
depression of the tarsus and could stabilize the stance. 

3. When the dorsal surface of the femur is touched, the femur 
is depressed, the tibia flexed, and the tarsus levated (Fig. 8C). 

4. When the anterior surface of either the femur or the prox- 
imal tibia is touched, the coxal, and thus the entire leg will be 
rotated posteriorly (Fig. 8D, i). 

5. Conversely, when the posterior surface of either the femur 
or the proximal tibia is touched, the leg will be rotated anteriorly 
(Fig. 8 D, ii). 

These reflexes, as presented schematically in Figure 8, are 
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Figure 8. Local tactile avoidance reflexes of a hind leg in response to 
tactile stimuli. Each drawing of a locust shows the movements that 
would result from touching sensilla in the regions indicated by the 
arrows, as reconstructed from the receptive fields of Figure 7. The hind 
leg is initially in the position shown by the outline, and after the tactile 
stimulus, in the position shown by the silhouette. The reflexes depend 
on where the leg is touched, and move it away from the stimulus. The 
sensilla touched have the following locations: A, ventral surface of femur 
and tibia; B, dorsal surface of tibia; C, dorsal surface of femur; D, i, 
anterior surface of femur and proximal tibia; D, ii, posterior surface of 
femur and proximal tibia. 

simplified compared with those that might normally occur. Con- 
sider, for example, the reflex response to touching hairs on the 
dorsal femur (Fig. SC). The dorsal femur includes parts of the 
receptive fields of the anterior and posterior rotators of the coxa 
(Fig. 7, G, H). Thus, in addition to femoral depression, tibia1 
flexion and tarsal levation, the leg will also be rotated anteriorly 
or posteriorly, depending on the position of the stimulated hairs. 

The importance of the position of the mechanoreceptors in 
evoking particular local reflex movements of a leg is a new 
observation. It does, however, accord with previous descriptions 
of specific movements elicited by stimulation of external mecha- 
noreceptors. More complex behavior such as stereotyped 
grooming movements by a leg are elicited by touching hairs or 
bristles on the compound eyes of a cricket (Honegger et al., 
1979), on the prothoracic spine of a locust (Rowell, 1969) and 
on the notum and tegula of Drosophila (Vandervorst and Ghy- 
sen, 1980). In pupal moths, hairs within the gin trap and others 
at the same level along the anterior-posterior axis of the body 
elicit closure of the gin trap (Bate, 1973). Avoidance movements 
of a leg occur when hairs or bristles on that leg are touched in 
cockroaches (Pringle, 1940), locusts (Pfltiger, 1980, Runion and 
Usherwood, 1968) and Drosophila (Vandervorst and Ghysen, 
1980). In Drosophila, the behavioral responses differ according 
to the location of the sensilla that are touched. Bristles at some 
positions on the notum and tegula elicit grooming by the pro- 
thoracic leg, others grooming by the metathoracic leg (Vander- 
vorst and Ghysen, 1980). Similarly, bristles on the anterior 
femur of the prothoracic leg elicit withdrawal of that leg, whereas 
those on the posterior femur elicit grooming by the mesothoracic 
leg. The present results show an even greater specificity in the 
behavioral responses of the locust. Specific movements ofa hind 
leg are elicited according to whether the sensilla are on the tibia 
or the femur and whether they are dorsal or ventral, anterior or 
posterior, and proximal or distal. 

Neural circuitry of the tactile reflexes 
The afferents from the hairs on the hind leg do not connect 
directly with motor neurons, but instead first make excitatory 
connections with spiking local intemeurons (Siegler and Bur- 

rows, 1983). The afferents from several hairs on a particular 
region of cuticle converge on one intemeuron, forming the ex- 
citatory region of its receptive field. Conversely, an afferent may 
make divergent connections with a group of intemeurons and 
thus will contribute to the receptive field of each. Some inter- 
neurons have receptive fields with excitatory regions that over- 
lap each other completely, whereas others have fields with little 
or no overlap (Burrows and Siegler, 1985). 

Spiking local intemeurons may connect directly with motor 
neurons. For example, two identified spiking local intemeurons 
are responsible for the large IPSPs that occur in the levator tarsi 
motor neuron, in response to tactile stimuli to the tibia (Fig. 4), 
or when the tibia is extended about the femur (Burrows and 
Siegler, 1982). These are, however, but a few ofthe many spiking 
local intemeurons within the metathoracic ganglion whose mor- 
phology and sensory inputs have been described (Burrows, 1985; 
Burrows and Siegler, 1984, 1985; Siegler and Burrows, 1984). 
Those described so far have their cell bodies in one of two 
clusters, which together contain some 140 cell bodies for each 
half of the ganglion. The problem of tracing connectivity is thus 
largely one of numbers: It is necessary to match these intemeu- 
rons with the 50 or so motor neurons that innervate the muscles 
of a hind leg. Further indirect though persuasive evidence for 
the involvement of the spiking local intemeurons in these re- 
flexes is that their receptive fields are delineated by the same 
anatomical boundaries as are those of the motor neurons (Bur- 
rows and Siegler, 1985). The receptive fields of the intemeurons 
are, in general, smaller than those of the motor neurons, but 
given the appropriate connections between intemeurons and 
motor neurons, the fields of the motor neurons can be “assem- 
bled” from those of the interneurons. 

Some aspects of the connectivity of the intemeurons pre- 
synaptic to the motor neurons can be inferred from the present 
results. First, the intemeurons that mediate the excitatory part 
of a reflex (for example, excitation of extensor tibiae motor 
neurons) are not the same ones that mediate the inhibitory part 
(that is, the concurrent inhibition of the flexors). During tactile 
stimulation, the EPSPs in an extensor do not correspond one- 
for-one with the IPSPs in a flexor motor neuron. This accords 
with previous findings, where IPSPs in the levator tarsi motor 
neuron evoked by two spiking local intemeurons were not cor- 
related with EPSPs in antagonist depressor tarsi motor neurons 
or with IPSPs in other motor neurons that are usually coacti- 
vated (Burrows and Siegler, 1982). Second, the motor neurons 
that innervate the same muscle receive synaptic inputs in com- 
mon during tactile stimulation. The spiking local intemeurons 
would not, therefore, necessarily have restricted outputs, as might 
be inferred from the finding that some connected only with a 
single motor neuron (Burrows and Siegler, 1982). Instead, the 
rule may be that the intemeurons connect with the pool of motor 
neurons of a particular muscle, which may be as many as nine 
or as few as one. 

Origin and importance of receptive field boundaries 
The sensory afferents must encode spatial information if the 
central nervous system is to assemble the receptive fields of 
motor neurons and intemeurons (Burrows and Siegler, 1985). 
On the distal femur, for example, spatial information from af- 
ferents must be sufficient to distinguish four sectors. Afferents 
must be specified as either dorsal or ventral, to generate the 
receptive fields of some motor neurons (Fig. 7, A-J’), and as 
either anterior or posterior, to generate the receptive fields of 
others (Fig. 7, G, H). On the tibia the afferents must be specified 
even more precisely. They must be specified as proximal or 
distal to the first tibia1 spines to generate the receptive fields of 
the coxal rotator motor neurons (Fig. 7, G, H) and some spiking 
local intemeurons (e.g., Figs. 6-l to 6-6 of Burrows and Siegler, 
1985), and proximal or distal to the last tibia1 spines to generate 
the receptive fields of some other spiking local intemeurons (e.g., 
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Figs. 6- 12 to 6-14 of Burrows and Siegler, 1985). Within each 
of these three proximodistal sectors are the four circumferential 
ones found also on the femur. Thus, a total of 12 sectors must 
be specified on the tibia. 

How is this spatial information derived? Vandervorst and 
Ghysen (1980) suggest that the position of bristles on the legs 
of Drosophila is specified according to the anteroposterior com- 
partment boundaries that operate during epidermal develop- 
ment. The divisions between the regions of bristles that evoke 
different behavioral responses appear to coincide with those of 
the compartment boundaries. Compartmental lineage is thus 
proposed to be the determinant of sensory connections and, 
ultimately, of behavioral responses. To account for the majority 
of receptive fields of motor neurons and spiking local interneu- 
rons in locusts, such a model would, however, require additional 
boundaries along the leg and a division into dorsal and ventral 
compartments. In Drosophila, the wings are divided initially 
during development into anterior and posterior compartments, 
and later into dorsal and ventral ones (Morata and Lawrence, 
1977). Evidence for dorsal and ventral compartments of the legs 
is, however, equivocal (Lawrence et al., 1979; Steiner, 1976). A 
compartmental basis for the behavioral responses in Drosophila 
is further open to question because the compartmental identities 
of bristles were not determined in the same animals as those in 
which the behavioral responses were tested. This is a problem 
because bristles in the rows near a boundary can vary in their 
compartmental identity (Lawrence et al., 1979). 

The results of grafting and regeneration experiments on cock- 
roach legs indicate that positions of sensilla on the cuticle are 
encoded with considerably more specificity than that derived 
from their compartmental lineages. French cites his own results 
(1978, 1980)andthose ofBohn (1967, 1970)andBulliere(1970) 
to show that position is mapped as a continuous sequence of 
values, both around the circumference and along the length of 
a leg. Some further evidence indicates a division of the leg into 
anterior and posterior compartments as in Drosophila (French, 
1980). While a continuum of values can provide precise infor- 
mation about the position of sensilla on a leg, it does not account 
for the origin of boundaries within and between receptive fields. 
Boundaries imply discontinuities, rather than a continuum. These 
could arise in the labeling of sensory afferents or in the reading 
of a continuum of labels by postsynaptic neurons during the 
development of the central nervous system. 

Receptive fields provide functional maps 
Whatever the mechanism, it is clear that spatial information is 
encoded in the receptive fields of motor neurons and spiking 
local interneurons. The role of a receptive field is not simply to 
“tell” the locust where its leg has been touched. More impor- 
tantly, a receptive field delineates regions of sensilla that evoke 
particular behavioral responses. The hair afferents are sorted 
onto intemeurons to construct functional maps, not solely to 
preserve spatial information. It is from combinations of these 
maps that the receptive fields of motor neurons are constructed. 
The spatial information is therefore assembled according to 
functional constraints with specific regard to the behavior of the 
animal. 
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