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Tactile stimuli to a leg of a locust are detected
by two classes
of exteroceptors:
trichoid
sensilla
(tactile
hairs), which are
purely
mechanoreceptors,
and basiconic
sensilla,
which
serve a dual role as mechanoand chemoreceptors.
The
trichoid
sensilla
have the longer shafts, but because
the two
types of receptors
are intermingled
over the surface
of a
leg, both can be excited when the leg contacts
an obstacle.
This article analyzes
the mechanisms
by which the tactile
sensory
information
from these two classes
of receptor
is
collated
in the CNS so that spatial information
is preserved.
The mechanosensory
afferents
from both types of receptors on a hind leg make convergent
connections
that are
excitatory
and apparently
direct with the same spiking
local
interneurons
in a midline
population
of the metathoracic
ganglion. The anatomy
of the afferent projections
suggests
that
the synapses
from the two types of receptor
are made onto
the same region of branches
of an interneuron.
The slower
conduction
velocity
of the spikes of the basiconic
afferents
compared
to that of the trichoid
afferents
means that a mechanical
stimulus
to the tibia will first produce
a depolarization caused by the trichoid
afferents,
followed
up to 20 msec
later by a depolarization
caused by the basiconic
sensilla.
Each interneuron
is excited
by a contiguous
and overlapping array of trichoid
and basiconic
receptors
that form its
receptive
field. Different
interneurons
have different
receptive fields such that the surface of the leg is mapped
as a
series of overlapping
receptive
fields. Within
a receptive
field the contribution
of individual
receptors
can be markedly
different:
some basiconic
receptors
evoke large-amplitude
7PSPs so that each afferent spike can cause a spike in the
interneuron,
whereas others generate
small EPSPs that must
sum with other inputs to evoke a spike. The amplitudes
of
the EPSPs generated
by different
receptors
within a receptive field form gradients
that are distributed
according
to the
axes of the leg. The most effective
basiconic
and the most
effective
trichoid
sensilla
within a particular
receptive
field
can be at the same or at different
locations
on the leg.
Tactile sensory information
from different
types of receptor on one region of a leg is therefore
collated
initially
by
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particular
spiking
local interneurons.
This organization
ensures summation
between the inputs from the different types
of receptors
and should
enhance
sensitivity.
It also preserves spatial
information
for use in tactile
reflexes,
and
could
ensure
that appropriately
directed
movements
are
made in response
to the parallel information
from the chemosensory
afferents
that innervate
the basiconic
sensilla.
[Key words: sensory convergence,
mechanoreceptors,
local reflexes,
insect, grasshopper,
receptive
field]

Tactile signals from the surface of a limb are important in providing information about external impediments during locomotion, and in signaling that a limb should be moved away
from a potentially harmful stimulus. The limbs of different animals are therefore equipped with a variety of exteroceptors, the
sensory neurons of which respond to different features of a mechanical stimulus, and influence the expression of the motor
output controlling the movements of these limbs. Mammalian
skin contains several different types of receptor that contribute
to the sensation of touch, the afferents of which are mapped in
the CNS according to receptor type and location. For example,
hair follicle afferents are mapped in a somatotopic fashion in
the spinal cord (Koerber and Brown, 1982; Nyberg and Blomqvist, 1985; Shortland et al., 1989; Brown et al., 199 l), whereas
the terminals of high- and low-threshold 6 afferents project in
different laminae (Light and Perl, 1979). A similar somatotopic
mapping of tactile afferents also occurs in insects (Murphey et
al., 1980; Pfliiger et al., 1981; Johnson and Murphey, 1985;
Levine et al., 1985; Kent and Levine, 1988; Peterson and Weeks,
1988; Newland, 1991a) with a segregation of tactile and proprioceptive afferents in different regions of neuropil (Pfltiger et
al., 198 1; Burrows, 1987; Murphey et al., 1989; Merritt and
Murphey, 1992; Burrows and Newland, 1993).
The neural circuitry processing the signals from these tactile
receptors must preserve spatial information, because different
movements can result from stimulation of receptors on different
regions of a leg (Siegler and Burrows, 1986). In both vertebrates
and arthropods, the afferents from the exteroceptors generally
do not make monosynaptic connections with the motor neurons
but instead exert their effects through networks of interneurons
(Siegler and Burrows, 1983; Brown et al., 1987; Burrows, 1992;
Nagayama and Sato, 1993). This contrasts with the organization
of pathways from proprioceptors where direct connections with
motor neurons are common (Eccles et al., 1957; Brown and
Fyffe, 198 1; Burrows, 1987; El Manira et al., 199 1). In locusts,
for example, the initial processing of the exteroceptive signals
from trichoid sensilla is performed by spiking local interneurons. Each interneuron receives inputs from an array of these
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sensilla, which in part define its receptive field. Interneurons in
one group with cell bodies at the ventral midline have receptive
fields restricted to one hind leg (Burrows and Siegler, 1984,
1985) while those of a second group with cell bodies located
more anteromedially have more extensive fields that can include
other legs (Nagayama, 1990). The fields of the interneurons
overlap so that one region of the leg is represented by several
interneurons. The interneurons therefore preserve spatial information by mapping the surface of the leg as a series of overlapping receptive fields in a way that closely parallels the representation of a vertebrate leg in the receptive fields of certain
spinal interneurons (Brown et al., 1980).
Tactile input to the CNS of insects is provided by two types
ofexteroceptors: trichoid sensilla (tactile hairs), which have been
the subject of much analysis (Siegler and Burrows, 1983; Burrows, 1992), and basiconic sensilla. These two types of receptor
differ in the length of their shafts that protrude from the surface
of the cuticle, in the number of sensory neurons that innervate
them, and in their distribution on a leg. The long trichoid sensilla
are each innervated separately by a single sensory neuron and
can be subdivided according to their different physiological responses: high-threshold hairs respond phasically and adapt rapidly, and have a limited distribution; low-threshold hairs respond more tonically and continue to respond to repetitive
stimuli, and are more common (Newland, 199 1b). By contrast,
the shorter basiconic sensilla are each innervated by five or six
sensory neurons and serve a dual chemo- and mechanosensory
function, because one sensory neuron is mechanosensory and
the others chemosensory. They can respond to volatile odors
(Dethier, 1972; Stadler and Hanson, 1975), but typically act as
contact chemosensors. In locusts, they also form an elaborate
mechanosensory system that is more sensitive than that formed
by the surrounding trichoid sensilla (Newland and Burrows,
1994) and that should contribute substantially to the coding of
tactile stimuli. In flies, the chemo- and the mechanosensory
afferents project to different regions of neuropil, and this has
led to the suggestion that each is processed by different sets of
interneurons, while the mechanosensory signals from the basiconic and trichoid sensilla converge on the same interneurons
(Murphey et al., 1989). In locusts, part of this prediction has
been confirmed by the demonstration that the mechanosensory
but not the chemosensory afferents from particular basiconic
sensilla make direct, excitatory connections with local interneurons that are part of the local circuits controlling leg movements (Newland and Burrows, 1994).
In this article we address two issues about the processing by
locust interneurons of exteroceptive signals from the two types
of mechanoreceptors. First, we show that the mechanosensory
afferents ofthe basiconic sensilla converge onto the same spiking
local interneurons that process information from the mechanosensory afferents of adjacent trichoid sensilla. Second, we analyze the relative contribution of the inputs from the two types
of receptors to the receptive fields of these interneurons.
Materials

and Methods

Adult male and female locusts, Schistocerca greguria (Forskal) were
taken from our crowded laboratory culture and restrained ventral surface uppermost in Plasticine. The tibiae and tarsi of each leg were free
to move. The left hind leg was rotated to allow access to particular
arrays of exteroceptors on the femur, tibia, and tarsus according to the
individual intemeuron that was impaled in the central nervous system.
The thorax was opened to expose the meso- and metathoracic ganglia,
which were then stabilized on a wax-coated silver platform. The sheath

covering the ventral midline of the metathoracic ganglion was treated
with a 1% (w/v) solution of protease (Sigma type XIV) for l-2 min to
facilitate the penetration of the somata of spiking local intemeurons
with glass microelectrodes filled with 2 M potassium acetate. The thorax
was perfused continuously with locust saline at 20-22°C. The intemeurons were characterized by their responses to mechanical or electrical
stimulation
of exteroceptors on one hind leg. The receptive field of an
intemeuron
was first mapped approximately
by touching arrays of receptors on different parts of a hind leg with a small paint brush. Regions
evoking a depolarization or spikes in the impaled intemeuron were then
mapped more precisely by stimulating
and recording from individual
receptors of known type.
The spikes of the single afferent that innervates a trichoid sensillum
were recorded by cutting its shaft and then placing a blunt, saline-filled
microelectrode
over the stump (Hodgson et al., 1955). The shaft of a
basiconic sensillum has a pore at its tip so that a saline-filled recording
electrode placed over it directly records the afferent spikes. The electrodes were used to record afferent spikes and to stimulate the afferents
electrically or mechanically by an imposed movement. A pair of hook
electrodes was placed on N5 r dr the metathoracic ganglion so that the
conduction velocities ofthe a.ierents could be determined and the arrival
time of their spikes at the edge of the ganglion predicted. The central
projections of the afferents from these sensilla were stained by introducing 6% cobalt hexammine into the shafts ofthe sensilla (see Nkwland,
199 I a, for full details). The shafts of the trichoid. but not the basiconic.
sensilla were first cut and the cobalt was then allowed to diffuse for up
to 10 d along the nerve and into the metathoracic ganglion. Despite
these long diffusion times, only the basiconic sensilla on the proximal
femur could be stained. The cobalt stain was then developed, enhanced
with silver (Bacon and Altman, 1977) and the stained neurons drawn
from whole-mounts ofthe ganglion or after it had been serially sectioned
at 10 firn.
Recordings from the intemeurons and the sensory neurons were stored
on an FM tape recorder (Racal) for later display-and analysis using a
CED (Cambridge Electronic Desian) interface and software. a dieital
oscilloscope and XY plotter, or a-Gould ES1000 chart recorder. The
results are based on recordings from 37 interneurons in 28 locusts.
Detailed analyses of the receptive fields were restricted to three types
of these intemeurons with fields on the dorsal femur (10 locusts), ventral
femur (lo), and dorsal tibia and dorsal tarsus (12) respectively. For
these experiments, a stable recording from the intemeuron was required
for as long as 2 hr. To control against changes in the electrode seal with
the intemeuron in these long recordings, and its consequent effects on
the amplitudes of the synaptic potentials that were measured, the same
sensilla were sampled at the start and end of an experiment. If the two
recorded measures of the amplitudes of the potentials they evoked in
the intemeuron did not match, the experiment was discarded.

Results
Types of exteroceptors
Two main types of exteroceptors can be readily distinguished
visually on the legs of a locust: trichoid sensilla (tactile hairs)
have shafts that protrude 60-780 pm from the cuticle, whereas
the shafts of the basiconic sensilla are only 3244 pm (mean
38.4 t- SD 4.57, n = 10) (Fig. 1). Both types of receptor are
intermingled over the surface of the leg, but their distribution
is not uniform. For example, along a ventral ridge of the femur
there are 15 trichoid and 15 basiconic sensilla, whereas on a
dorsal row there are 19 trichoid but 26 basiconic sensilla (n =
6 legs for all measurements). On the proximal dorsal tibia, basiconic sensilla outnumber the trichoid sensilla (28 to 6), but on
the distal dorsal tibia the distribution is approximately reversed.
The distribution of the receptors is such that both types will be
stimulated if the leg makes contact with an object.
Convergence onto local interneurons
The mechanoreceptive afferents from both the trichoid sensilla
and the basiconic sensilla converge onto spiking local interneurons of a ventral midline group (Fig. 1). Mechanical stimulation
of an individual basiconic sensillum evoked a burst of spikes
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Figure 1. Mechanosensory afferents from basiconic and trichoid sensilla on the same region of the tibia both excite a spiking local intemeuron
of the midline group. A-C’, Basiconic sensilla. A, A burst of spikes in a mechanosensory afferent from a basiconic sensillum on the tibia evokes a
burst of spikes in the interneuron. B. Each spike in the mechanosensory afferent, evoked by a movement of the recording electrode on another
basiconic sensillum, is followed by an EPSP in the interneuron. The EPSPs sum but do not evoke spikes in the intemeuron. C, The EPSP resulting
from a single spike in an afferent from a third basiconic sensillum does evoke a spike in the intemeuron. D, Trichoid sensilla. Each spike in an
afferent from a trichoid sensillum on the tibia evokes an EPSP in the same interneuron. The EPSPs sum but do not evoke spikes in the intemeuron.
The positions of the sensilla in A-D on the dorsal surface of the tibia are shown in the drawing. The scanning electron micrograph shows the
morphology of the two types of sensilla on the dorsal femur. A trichoid sensillum is on the leff and a basiconic sensillum is on the right. Scale bar,
100 I.crn.
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Figure 2. Mechanosensory afferents from adjacent basiconic and trichoid sensilla both connect with the same spiking local interneuron. Mechanosensitive afferents from two adjacent receptors, between the first and
second spines on the tibia and 38 mm from the metathoracic ganglion,
evoke consistent EPSPs in the interneuron. The EPSP from the trichoid
sensillum occurs 33 msec after the afferent spike but some 17 msec
before that of the basiconic sensillum. The afferent spikes were evoked
by movement of the recording electrode on the sensillum. Four sweeps
triggered by the afferent spikes are superimposed. The occurrences of
the basiconic and trichoid afferent spikes are aligned although they were
evoked sequentially.

Ai

Basiconic

in its mechanosensory afferent followed by a depolarization and
spikes in an interneuron in this group (Fig. 1.4). Smaller movements evoked afferent spikes of lower frequency, each of which
was followed consistently by a depolarizing synaptic potential
in the interneuron (Fig. 1B). A single afferent spike from a
particular basiconic sensillum could evoke a synaptic potential
that led to a spike in the interneuron (Fig. 1C). The synaptic
potentials are therefore EPSPs (Newland and Burrows, 1994).
Mechanical stimulation of trichoid sensilla on the same region
of the tibia as these basiconic sensilla also evoked EPSPs in the
same intemeuron (Fig. ID). The afferent spikes were followed
consistently by EPSPs that summed, but in this example did
not exceed the spike threshold of the intemeuron (Fig. 1D). On
other occasions, this and afferents from other trichoid sensilla
on the tibia could evoke spikes in this intemeuron. The potentials evoked by these afferents are also EPSPs (Siegler and Burrows, 1983).
The physiological evidence suggests that the mechanosensory
afferents from both the basiconic and trichoid sensilla synapse
directly on the same midline intemeurons. The EPSP evoked
by the mechanosensory afferent from a basiconic sensillum on
the tibia followed the sensory spike with a constant latency (Fig.
2). Similarly, the EPSP from an adjacent trichoid sensillum also
occurred with a constant, but much shorter latency (Fig. 2). This
difference in latency is explained by the different conduction
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Figure 3. Central projections of afferents from basiconic and trichoid sensilla. A, Central projections of the afferents from basiconic sensilla on the
proximal dorsal femur seen in a wholemount (i) or in transverse section (ii).
B, The single afferent from one trichoid
sensillum at a similar position on the
femur, again viewed in whole-mount(i)
and in transverse section (ii). The right
half of the metathoracic
ganglion is
shown with the boundary of the neuropil indicated by dashed lines and lateral nerves l-3 and 5, 6 labeled. Some
of the prominent longitudinal tracts and
commissures are shown in the sections.
DCIZI, dorsal commissure
III; DZT,
dorsal intermediate tract; DMT, dorsal
median tract; LDT, lateral dorsal tract;
MDT, median dorsal tract; MVT, median ventral tract; VIT, ventral intermediate tract; VMT, ventral median
tract; WAC, lateral ventral association
center; vVAC, ventralmost ventral association center.
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velocities of the afferents from the two types of receptor; basiconic afferents had conduction velocities of 0.99 m.secc’ (SE
0.03, n = 25) compared to 1.89 m.sec’ (SE 0.22, n = 7) for
the trichoid afferents. For both types of afferents, the central
synaptic delay was less than 2 msec, in which time the spikes
must have traveled from the edge ofthe ganglion to the synaptic
sites and evoked a synaptic potential in the interneuron. This
central delay would be sufficient for there to be only one synapse
in the pathway.
The anatomy of the afferents from the basiconic and the trichoid sensilla, at the level of the light microscope, suggests that
they project to the ventral association center (Fig. 3A). Moreover, receptors from the same region of the leg project to the
same area within this region of neuropil so that they could
contact the same branching region of specific interneurons. For
example, cobalt stains of a group of basiconic sensilla on the
proximal, dorsal femur revealed two populations of fibers that
both projected to the same area of neuropil as seen in wholemounts of the metathoracic ganglion (Fig. 3Ai). Many of the
fibers were extremely fine, formed glomerular endings, and are
presumed to represent the chemosensitive afferents. The fewer
thicker fibers formed projections similar to those of the trichoid
afferents and are presumed to represent the mechanosensory
afferents fro.m the basiconic sensilla. These fibers are nevertheless still of smaller diameter than those of the trichoid afferents,
a factor that is also reflected in the slower conduction velocities
oftheir spikes. In transverse sections, the thicker fibers projected
to the ventralmost ventral association center, whereas the finer
fibers projected slightly more dorsally to the lateral ventral association center (Fig. 3Aii). The afferent from an adjacent trichoid sensillum projected to the same area of neuropil as the
presumed mechanosensory afferents from the basiconic sensilla,
as seen in whole-mounts and transverse sections (Fig. 3Bi,ii).

Organization of receptive fields of interneurons
Each interneuron is excited by a particular array of basiconic
and trichoid sensilla, so its receptive field can be described according to the distribution of these receptors on different regions
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Figure 4. Summation
of the synaptic potentials evoked in a spiking
local intemeuron by mechanosensory afferents from a basiconic and an
adjacent trichoid sensillum. A and B, Individual spikes in the mechanosensory afferent from either a basiconic (A) or a trichoid (B) sensillum
evoke EPSPsthat do not give rise to spikes in the interneuron. C, When
the afferent spikes from both receptors occur at the same time, as a

result of a simultaneous mechanical stimulus, the EPSPssum to make
the interneuron spike. The sensory spikes (lower truces) are recorded by
electrodes on the individual

Summation of inputs from d#erent types of receptors
The apparently direct connections made with specific interneurons by the two types of receptors and the spatial overlap of
their branches suggested that the synaptic inputs from adjacent
receptors might interact and summate. To test this, one electrode was placed on a basiconic sensillum and a second on a
nearby trichoid sensillum while recordings were made from a
midline spiking local interneuron (Fig. 4). A single spike in either
the mechanosensory afferent from the basiconic sensillum (Fig.
4A) or from the trichoid sensillum (Fig. 4B) evoked an EPSP
but not a spike in the interneuron. When a simultaneous mechanical stimulus to both receptors evoked a spike in each afferent, then their resulting inputs to the interneuron summed
to evoke a spike (Fig. 4C). The summation between the two
afferents was more clearly seen when an electrical stimulus was
applied to each receptor in sequence and the interval between
the two stimuli gradually reduced (Fig. 4&G). The different
conduction velocities of the two afferents always ensured that
there was an additional and approximately
17 msec latency
between the evoked spikes by the time they reached the metathoracic ganglion. At intervals of 500 msec the two EPSPs did not
sum (Fig. 40), but at intervals of 100 msec or less summation
did occur (Fig. 4EJ). At intervals of 20 msec the summation
was sufficient to evoke a spike in the intemeuron (Fig. 4G).

of Neuroscience,

receptors. D-G, The basiconic

sensillum

and then the trichoid sensillum are stimulated electrically with single
shocks at progressively shorter intervals. The EPSPsprogressively sum
and at the shortest intervals tested evoked a spike in the interneuron.
The positions of the sensilla on the proximal tibia are indicated in the
drawing of the hind leg.

of a hind leg. The following experiments were therefore undertaken with two objectives: first, to determine if the two types
of receptor contributing to the receptive field of an interneuron
had the same spatial distribution; second, to determine the relative contribution of each receptor to the excitation of an intemeuron. The receptive fields of nine types of intemeuron,
probably representing nine individual intemeurons, were plotted by mechanically stimulating arrays of receptors with a fine
paint brush (Fig. 5). Such stimuli excited groups of both basiconic and trichoid sensilla. This coarse sampling of the receptive
fields showed that they consisted of one contiguous and overlapping array of receptors on specific regions of the leg. Three
interneurons, each recorded in at least 10 locusts, were then
analyzed in detail by stimulating individual receptors mechanically and recording the EPSPs they generated in an interneuron.
The basiconic and trichoid sensilla contributing to the receptive field of the interneuron in Figure 6 were intermingled on
the dorsal surface of the tibia (the surface that bears the spines)
and on the dorsal surface of the tarsus. Receptors elsewhere on
the leg, including the other surfaces of the tibia and tarsus,
provided no input to this interneuron. The boundary of a receptive field could therefore be sharp. Within the receptive field,
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Figure 5. Summary of the receptive fields of nine spiking local interneurons with inputs from trichoid and basiconic sensilla that have been
studied here. The femur, tibia, and tarsus of a hind leg are represented
diagrammatically
by three rectangles divided along the ventral midline
into dorsal and ventral surfaces (see inset drawings). The region of the
leg representing the receptive field of an interneuron is hatched.

the mechanosensory

afferents

of the basiconic

sensilla

produced

EPSPs with different amplitudes, and differed in their ability to
make the interneuron spike. The largest-amplitude EPSPs were
generated by basiconic sensilla between spines 6 and 7; individual spikes in these afferents sometimes led directly to spikes
in the interneuron. Sensilla located more distally on the tibia
generated smaller-amplitude EPSPs, whereas those on the tarsus
generated EPSPs that were only half the amplitude of the largest
ones. The amplitude of the EPSPs generated by the more proximal sensilla on the tibia were also smaller, but those close to
the femorotibial joint still generated EPSPs that were almost
75% of the amplitude of the most effective sensillum.
The trichoid afferents also evoked EPSPs of differing amplitude in the interneuron according to the position of the receptors
on the tibia (Fig. 6). The largest EPSPs were generated by trichoid sensilla just proximal to the first spine. The afferents from
more distal trichoid sensilla generated EPSPs of progressively
smaller amplitude, but those of the long trichoid sensillum at
the eighth spine still evoked EPSPs that were 50% of the amplitude of the largest. More proximal trichoid sensilla also generated smaller-amplitude
EPSPs, and as for the basiconic sensilla, none on the femur generated an input. The most effective
trichoid sensilla were thus spatially separated from the most
effective basiconic sensilla, but gradients in the amplitudes of
the EPSPs were similar for both types of receptors.
In other interneurons, the basiconic and trichoid sensilla that
generated the largest EPSPs were adjacent to each other. For
example, in the interneuron of Figure 7, which had a receptive
field on the dorsal femur, the largest EPSPs were generated by
adjacent basiconic and trichoid sensilla dorsal to the semilunar
processes associated with the femorotibial joint. Spikes in the
afferents from individual receptors in this region could sum to
evoke spikes in the interneuron. From these receptors, gradients
of less effective receptors extended both distally and proximally.
The gradient was steep distally, such that receptors at the end

5mV

Figure 6. Receptive field of a spiking local interneuron with inputs
from basiconic and trichoid sensilla on the dorsal tibia and dorsal tarsus.
The largest-amplitude
EPSPs, and those most likely to evoke spikes in
the intemeuron, are from basiconic sensilla on the middle region of the
tibia. The amplitude of the EPSPs declines both proximally and distally
along the tibia. The EPSPs generated by the trichoid sensilla show
similar gradients in amplitude.
Twenty-five basiconic and 17 trichoid
sensilla were sampled, from a larger population that comprise the complete receptive field, but only 12 and 7, respectively, are shown from
all parts of the field. In this and subsequent figures each trace consists
ofsuperimposed sweeps triggered by the afferent spikes evoked by movement of the recording electrode. The basiconic sensilla on the tarsus
were stimulated electrically and the sweeps were triggered by the stimulus artifacts. The positions of the basiconic sensilla are indicated by
the dotted lines and those of the trichoid sensilla by the dashed lines.
The rigid spines on the dorsal surface of the tibia are numbered.

of the femur, less than 1 mm away from the most effective
receptors, evoked EPSPs that were only 15% of the amplitude
of the largest. Proximally, the gradient was more gradual, so
that even the most proximal receptors on the dorsal surface
evoked EPSPs that were 40% of the largest. The gradients for
both the basiconic and trichoid sensilla were the same along the
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Figure 7. Receptive field of a spiking local intemeuron with inputs from basiconic and trichoid sensilla on the dorsal surface of the femur. The
effectiveness of the inputs from the two types of sensilla show the same gradients: the most effective inputs are from sensilla dorsal and proximal
to the semilunar process close to the femorotibial
joint. Seventeen basiconic and 11 trichoid sensilla were sampled but only nine and eight,
respectively, are shown.

whole length of the femur, but the EPSPs evoked by the trichoid
sensilla were always larger.
The mapping of the receptors onto specific interneurons and
the similarity in the effects caused by individual receptors are
remarkably constant from animal to animal (Fig. 8A,B). One
interneuron with a receptive field on the ventral femur was
recorded in 10 animals and analyzed in detail in two. Gradients
in the amplitudes of the EPSPs generated by the receptors were
similar in both examples. The most effective basiconic and trichoid sensilla both occurred on the same distal region ofthe femur.
From this region there was a gradual and progressive decline in
the amplitude of the EPSPs generated by both more distal and
more proximal sensilla (Fig. 8A,B). Although the overall gradients in the amplitude of evoked EPSPs were smooth, some
individual receptors gave either larger or smaller potentials than
was predicted from their position. For example, one basiconic
sensillum in Figure 8B (labeled d) evoked an EPSP of larger
amplitude than either the next distal or the next proximal receptor. Similarly, when three basiconic sensilla occurred together in the row between two trichoid sensilla, the gradient in
the amplitude of their evoked EPSPs was not always obeyed.
In Figure 8A, the most distal receptor (c) of three sensilla (a-c)
generated the largest-amplitude EPSP, whereas in Figure 8B it
was the middle one (f). The trichoid sensilla typically evoked a
larger-amplitude
EPSP in the interneuron than did adjacent
basiconic sensilla. Occasionally, however, a basiconic sensillum
was the most effective (d in Fig. 8B). In other interneurons, the
basiconic sensilla evoked larger-amplitude EPSPs than the trichoid sensilla.
Discussion
Convergence in the CNS
This

article

has shown

that the mechanosensory

from the two types of exteroceptors

information

on a locust hind leg con-

verges onto the same local interneurons of a ventral midline
group in a manner that accords with their position on the leg.
The connections from both appear to be direct and mediated
by the release of a chemical transmitter (Siegler and Burrows,
1983; Newland and Burrows, 1994). These spiking local interneurons also receive inputs that are apparently direct from campaniform sensilla (Siegler and Burrows, 1983) that respond to
deformations of the cuticle, caused either by external objects or
by contractions of the muscles. The result is that exteroceptive
information from particular spatial arrays of receptors is brought
together and processed by the same interneurons. Moreover,
this information
proprioceptive

can, in some interneurons,
be merged with
signals from specific joints (Burrows, 1985). Oth-

er interneurons respond exclusively to either tactile or proprioceptive inputs, so the mechanosensory information can be processed in separate, parallel channels (Burrows, 1985; Burrows
and Newland, 1993). The midline spiking interneurons are,
however, not the only neurons to process the mechanosensory
signals. The signals from all the different types of receptor examined so far are processed in parallel by nonspiking interneurons,

by other

spiking

local

interneurons,

and

by projection

interneurons (Burrows, 1989). A few exteroceptive (Laurent and
Hustert, 1988) and many proprioceptive
afferents (Burrows,
1987) also synapse directly on the motor neurons. A reasonable
expectation from these findings would be that the mechanosensory afferents from the basiconic sensilla also make many divergent

connections

with central

neurons.

Receptive fields
The contribution of individual basiconic and trichoid receptors
to the excitation
of an interneuron
is not uniform
across a receptive field. The mechanosensory afferents from some receptors evoke large EPSPs that by themselves are able to evoke
spikes in the interneuron. The gain of the synaptic connection
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Figure 8. Receptive fields of a spiking local intemeuron with inputs from basiconic and trichoid sensilla on the ventral surface of the femur. The
same interneuron was recorded in two locusts (A, B). A, The most effective inputs are from sensilla proximal to the semilunar process, with the
effectiveness of the other sensilla declining both proximally
and distally. B, The receptive field of the interneuron in a second locust shows the
precision with which the organization of the receptive field is specified in different animals. Some of the basiconic sensilla were stimulated electrically
and the sweeps triggered from the stimulus artifacts.
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from these afferents is therefore high, the transmission reliable,
and sensory information is preserved for the next stages in the
processing. Other receptors evoke EPSPs of smaller amplitude,
and are typically arranged in spatial gradients radiating from
those that generate the largest EPSPs. These gradients are aligned
with the axes of the legs and mean that a receptive field has just
one area of receptors of a particular type with the highest synaptic gain. The gradients can be steep at the edges of a field such
that the boundaries are sharp. For the trichoid afferents (Burrows, 1992), and probably also for the basiconic afferents, the
amplitude of the EPSPs equates with the gain of the synaptic
connection defined by the probability with which a single sensory spike will evoke a spike in the interneuron. The gain is
determined by the position of the receptor on the leg.
The gradients in the amplitudes of the evoked EPSPs, and in
their ability to make an interneuron spike, are similar within a
particular interneuron for both the trichoid sensilla and the
basiconic sensilla. Often the most effective trichoid sensilla and
basiconic sensilla are contiguous, though in some interneurons
they can be slightly shifted from one another. This suggests that
the same developmental and organizational constraints determine the establishment of the connections of both types of
receptor. The terminals of the afferents from trichoid sensilla
form a three-dimensional
representation of the surface of the
leg in a ventral region of neuropil (Newland, 199 1a). So far, we
know only that the projections from basiconic sensilla on the
proximal femur are in accord with this map as they are in the
same region of ventral neuropil as those from adjacent trichoid
sensilla. The similar gradients in the amplitudes of the EPSPs
generated by the trichoid and basiconic sensilla could result from
a similar spatial distribution oftheir synapses on an interneuron,
or from differences in the number ofrelease sites and the number
of quanta released at each site.
Organization of exteroceptive signal processing
It is now possible to add the results presented here to a definition
of the organizational features for the processing of tactile information from a hind leg, and for the structure of the receptive
fields of the midline spiking local interneurons. These features
can be summarized as follows:
(1) Interneurons receive an apparently direct input from the
mechanosensory afferents that innervate both basiconic and
trichoid sensilla.
(2) The two types of receptors providing input to a particular
interneuron are intermingled and form one contiguous array on
specific regions of a hind leg. No examples have been found of
regions of the leg where trichoid but not basiconic sensilla, or
vice versa, provide input to an interneuron.
(3) Not all receptors within the boundary of a receptive field
contribute inputs to an interneuron. The most notable specialization is that in some fields the high- but not the low-threshold
trichoid sensilla may contribute (Burrows, 1992). No comparable differences have been found in the response properties of
the basiconic sensilla (Newland and Burrows, 1994).
(4) Not all the trichoid sensilla and not all the basiconic sensilla within a receptive field contribute equally to the excitation
of an interneuron. Typically, one array of trichoid sensilla and
one array of basiconic sensilla provide the most effective inputs,
whereas surrounding receptors are less effective. In the majority
of interneurons the most effective trichoid sensilla and the most
effective basiconic sensilla are adjacent. In different interneu-
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rons, either particular basiconic sensilla or particular trichoid
sensilla provide the most powerful input.
(5) The organization of the receptive field of a particular
interneuron, identified by its morphology, in different animals
is remarkably similar in the relative contribution of individual
basiconic and trichoid receptors, and indicates considerable
specificity in the establishment of the connections.
(6) The delay between the information arriving at the CNS
from adjacent receptors of the two types results from the markedly different conduction velocities of their spikes, and can be
a significant proportion of the time taken to perform a tactile
reflex.
Functional consequences of this organization
Why should there be two distinct types of exteroceptors providing information about tactile stimuli? The basiconic sensilla
are short, low-angular-threshold
receptors, whereas the trichoid
sensilla are longer but have higher thresholds (Newland, 199 1b;
Newland and Burrows, 1994). This means that the basiconic
sensilla are more sensitive because their shafts need to be deflected through a smaller angle to make the mechanosensory
afferent spike. An approaching object will therefore first stimulate the long, but high-threshold trichoid sensilla before finally
stimulating the short, low-threshold basiconic sensilla. We do
not know whether the stimulation of the different receptors can
be discriminated but only that the inputs from both are summed
by the spiking local interneurons and should increase sensitivity.
Some stimuli may therefore deflect only the trichoid sensilla,
which because of their high threshold, may not evoke a sufficient
sensory response to make the local interneurons spike. Other
stimuli that contact the cuticle will deflect both the trichoid and
basiconic sensilla. The higher sensitivity of the basiconic sensilla, and the typically higher density of these receptors in some
regions, will ensure that a larger sensory discharge is evoked
that will be summed by the interneurons and make them spike.
Moreover, the excitation may be further increased by the parallel
pathways activated by the basiconic sensilla that result in a
prolonged depolarization
of the spiking local interneurons
(Newland and Burrows, 1994).
The basiconic sensilla also serve a second role as contact
chemoreceptors, and may even respond to volatile odors. There
is much evidence to indicate that the high density of chemoreceptors on the feet is used by many insects in food discrimination and host plant selection (Dethier, 1976). Furthermore,
locusts will wave their legs if the tarsi contact certain chemicals
(White and Chapman, 1990). If the basiconic sensilla are to act
as contact chemoreceptors and mediate directed and adaptive
movements of the legs, then it would seem essential that the
spatial location of the stimulus is preserved. The processing by
the local interneurons described here maintains that spatial information and could therefore be used to activate specific pathways that result in a directed motor response. When the basiconic receptors respond to odors, the requirement for spatial
information is less obvious. Challenging a leg with odors from
certain heavy oils such as eucalyptus oil, however, results in the
leg being withdrawn from the source of the odor (Slifer, 1954,
1956) in movements that resemble those caused by mechanical
stimulation of the exteroceptors (Siegler and Burrows, 1986). In
flies, the chemosensory afferents project to different regions of
neuropil from the mechanosensory afferents (Murphey et al.,
1989). In locusts, the mechano- and chemosensitive afferents
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also appear to project to different regions, and the chemosensitive afferents do not synapse on the midline spiking interneurons that receive direct inputs from the mechanosensory afferents (Newland and Burrows, 1994). This implies that the initial
processing of the chemo- and mechanosensory signals is performed in different channels, but the behavior indicates that the
two modalities must converge if similar local responses of a leg
are to be produced. Locating where the convergence of these
two modalities occurs is the next task in the analysis of these
local circuits for the control of leg movements.
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