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Summary

In preparation for jumping and kicking, a locust slowly
generates large forces in the femoral muscles of its hind
legs and stores them in elastic distortions of the tendons
and femoral cuticle. At the femoro-tibial joints, the semi-
lunar processes are bent, the cuticle of the dorsal distal
femur is crumpled, and the femur is expanded in a medio-
lateral direction. We have analysed whether these
distortions are monitored by sense organs and whether the
information they provide is used to limit the forces
generated and thus prevent structural damage to the joint.

The two sensory neurons comprising the lump receptor
lie in a groove in the ventral part of the distal femur. The
sensory neurons spike if force is applied to the flexor
tendon when the joint is fully flexed, but not when it is
extended. They also spike as the tendon of the flexor

not fully flexed, however, then muscle contractions still
cause distortions of the joint but these are not signalled
by sensory spikes from the lump receptor. The lump
receptor, therefore, does not respond primarily to the
joint distortions but to the movements or force in the
flexor tendon.

Contractions of the flexor tibiae muscle caused by
spikes in individual flexor motor neurons can evoke spikes
in sensory neurons from the lump receptor when the joint
is fully flexed. In turn, the sensory neurons cause a
hyperpolarisation in particular flexor motor neurons in a
polysynaptic negative feedback loop. The lump receptor
could, therefore, regulate the output of the flexor motor
neurons and, thus, limit the amount of force generated
during co-contraction. It may also contribute to the

inhibition of the flexors at the end of co-contraction that
allows rapid kicking movements to occur.

muscle slides into the ventral femoral groove when the
tibia is fully flexed during the co-contraction phase of
kicking. Their spike frequency correlates with the extent
of bending of a semi-lunar process that provides a
quantifiable measure of the joint distortions. If the tibia is

Key words: joint, joint receptor, motor neuron, sensory feedback,
locust,Schistocerca gregaria.

Introduction

Proprioceptors in legs may signal the movements andf a particular proprioceptor in the context of signalling by
positions of joints, while also monitoring the force generatedhe others responding to the same stimuli is essential for
by the muscles and the strains in the skeleton. Most joints ammderstanding the way that movement is controlled. Combined
equipped with an array of receptors that often appear to provideedback from the different proprioceptors can provide one
overlapping signals to the central nervous system. Faof the ways that different motor patterns are executed by the
example, in vertebrates, full proprioceptive sensitivity at a joinsame sets of motor neurons and muscles, but an individual
depends upon the combined actions of joint receptors, musgbeoprioceptor can contribute specifically to the output of
receptors and cutaneous mechanoreceptors. In crustaceasestain sets of motor neurons.
muscle receptor organs, chordotonal organs, cuticular stressThe hind legs of a locust have proved to be a useful model
detectors and tension receptors on muscle apodemes mayiall which to examine the interplay between the motor
act in parallel (Mill, 1976). Similarly in insects, chordotonal commands, the mechanics of the joints and muscles, and
organs, myochordotonal organs, joint receptors, cuticulasensory feedback (Burrows, 1996). These legs are used in
strain detectors and tension receptors can be present (Braumiglking but are specialised for powerful jumping and kicking
et al.,, 1981; Field and Matheson, 1998; Theophilidis andnovements. The motor pattern for these movements consists
Burns, 1979) and may be supplemented by aggregations of three phases (Burrows, 1995; Godden, 1975; Heitler and
exteroceptors into hair plates that also act as proprioceptoBirrows, 1977a): first, an initial cocking phase, in which the
(Pringle, 1938; Wendler, 1964). Unravelling the contributiontibia is fully flexed about the femur; second, co-contraction of
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flexor and extensor tibiae muscles; third, a triggering phase, wifferentially activate the lump receptor through their
which inhibition of the flexor motor neurons enables a rapigarticular innervation patterns of the flexor muscle and the
and powerful tibial extension to occur. The force requiredifferent forces they generate at the flexor tendon. Finally, we
for these movements is generated by almost isometric caetermined whether sensory neurons of the lump receptor
contractions of the large extensor and the smaller flexor tibiamake feedback loops with flexor motor neurons, building on
muscles once a tibia is locked in a fully flexed position. Thehe single example of such an effect reported by Heitler and
muscular force generated during co-contraction bends the tigirrows (1977a,b).
of the semi-lunar processes at the femoro-tibial joints and
distorts the distal femur (Burrows and Morris, 2001), storing
approximately half of the energy required for rapid extension Materials and methods
of the tibiae (Bennet-Clark, 1975). Mature, adult, gregarious phase locus&chistocerca
Many proprioceptive sense organs provide feedback tgregariaForskal, of either sex were taken from our colony in
control and modify the output of the motor neurons used in thithe Department of Zoology, University of Cambridge. A locust
motor pattern. Campaniform sensilla signal the forces in th&vas mounted, ventral surface uppermost, in Plasticine with the
cuticle and a single-celled tension receptor monitors the fordemur of its left hind leg fixed but with its tibia and tarsus free
in a distal bundle of the flexor tibiae muscle (Mathesorto move. A small window was cut into the ventral posterior
and Field, 1995). The movements and positions of thsurface of the distal femur of this hind leg to expose the lateral
femoro-tibial joint are signalled by a chordotonal orgamerve that contains the axons of the sensory neurons from the
containing some 90 sensory neurons (Field and Burrows, 1982imp receptor. It was hooked onto a pair ofuf0 stainless
Matheson and Field, 1990; Usherwood et al., 1968), a singkeel electrodes. This nerve is purely sensory and contains the
strand receptor neuron (Braunig, 1985) and five joint recept@xons from the two sensory neurons of the lump receptor, from
neurons (Coillot and Boistel, 1969; Heitler and Burrows,the three joint receptors activated by extension movements of
1977b). We have sought to determine whether particulahe femoro—tibial joint, and from hairs on the distal posterior
proprioceptors at this joint monitor the distortions of the distapart of the femur (Heitler and Burrows, 1977b; Siegler and
femur and bending of the semi-lunar processes that occBurrows, 1983). A second pair of the same-sized wires was
during jumping and kicking but not during walking, climbing inserted into the extensor tibiae muscle to monitor its activity
and other locomotory movements. At all stages in the moultinduring kicking, or to stimulate electrically the axon terminals
cycle, the co-contraction phase of the motor pattern caof its motor neurons, and two further pairs into the proximal
cause irreparable damage (Norman, 1995), but limiting thand distal parts of the flexor tibiae muscle. All the recordings
production of excessive muscular force might be especiallwere sampled at 5kHz and written directly to a computer with
important for recently moulted animals in which the cuticlea CED (Cambridge Electronic Design, Cambridge, UK)
will not have fully hardened. The frequency with which kicksinterface running Spike2 software. Some nerve recordings
can be elicited falls before and after a moult and newly moultedere electronically filtered.
animals are unable to generate the characteristic motor patternmages of the femoro—tibial joint during a kick, or during
(Norman, 1996, 1997). direct electrical stimulation of the extensor tibiae muscle were
We have focussed on two of the joint receptor neurons callezhptured with a high speed camera (Redlake Imaging,
collectively ‘the lump receptor’; the three remaining joint San Diego, California, USA) and associated computer at
receptors respond to extension of the femoro—tibial joinf000framess and with an exposure time of 0.5ms. Selected
beyond 80° (Coillot, 1974). These two lump receptor neuronsnages were stored as computer files for later analysis with
lie in a groove between the posterior wall of the femur and thklotionscope software (Redlake Imaging). Images shown in
ventral invagination, or lump in the ventral femur (Heitler andthe figures were timed from the point (Oms) when the tibia
Burrows, 1977b). The posterior arm of the tendon of the flexareached full extension. Movements of the distal tip of a semi-
tibiae muscle slides into this groove when the tibia is fullylunar process at the femoro-tibial joint were measured from
flexed before a kick or a jump and rests directly on thehese images relative to a fixed point on the ventral femur.
receptors. The two sensory neurons respond to movement \dideo images on one computer were synchronized with the
force applied to the flexor tendon only when the femoro—tibiaélectrical recordings on a second computer, by generating 1 ms
joint is in the fully flexed position (Heitler and Burrows, pulses from a hand-held switch when a kick was observed.
1977b). Although cutting the nerve containing the axons oThese pulses were recorded as electrical events with the
these receptors does not influence the co-contraction of flexelectrophysiological data and as light signals on the images.
and extensor muscles, it does reduce the occurrence of kickingintracellular recordings were made in the metathoracic
or jumping (Heitler and Burrows, 1977b; Jellema and Heitlerganglion from the cell bodies of motor neurons innervating
1997; Jellema et al., 1997). the flexor tibiae muscle of the left hind leg. The ganglion was
To determine the possible functional roles of the lumpexposed by removing the ventral cuticle of the thorax and
receptor in monitoring events during kicking, we recorded it¢hen stabilized on a wax-coated silver platform. The thorax
activity and the distortion of the semi-lunar processes. Wevas perfused continuously with saline (Usherwood and
analysed whether individual flexor motor neurons couldGrundfest, 1965) at 20—22°C. The sheath of the metathoracic



ganglion was treated wi
protease (Sigma type XIV) f
30 s to facilitate the penetration
glass microelectrodes filled w
2mol 1 potassium acetate a
with resistances of 40-80®
The flexor motor neurons we
identified by the followin
criteria. First, the presence
a monosynaptic excitato
postsynaptic potential (EPS
caused by an antidromic spike
the fast extensor tibiae (FE'
motor neuron (Burrows et
1989). Second, spikes evokec
the impaled flexor motor neur
by pulses of depolarizing curre
caused spikes that evoked flex
movements of the tibiae a
could be matched with mus
potentials recorded extracellula
from flexor tibiae muscle bundle
Within the pool of flexor tibia
motor neurons, individuals cot
be classified as slow or fast-lil
according to their threshold 1
spike initiation when depolarizii
current was injected, by t
frequency of evoked spikes &
by the tibial movement th
evoked.

To exert force on the tendon
the flexor tibiae muscle, it w
exposed in some experiments
removing the ventral cuticle
femur in the left hind leg. Afte
removal of the first and secc
proximal bundles of muscle fibr
(Sasaki and Burrows, 1998),
tendon was grasped with fi
forceps attached to a vibra
(Ling Dynamic, type 101). Tt
tendon could then be mov
linearly to mimic flexiol
movements of the femoro-tib
joint. The two main leg nerve
N5B1 and N5B2, were cut in t
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Fig. 1. Sensory signals from the lump receptor and distortion of the femoro—tibial joint during a
kick. Electrical activity of the lateral nerve containing the axons of sensory neurons from the lump
receptor, and of the extensor tibiae muscle was recorded at the same time as images of the
movements of the femoro—tibial joint. The distortion of the lateral semi-lunar process was plotted
from these images, three of which are shown at the times indicated. Full extension of the tibia in the
kick occurred at time 0 ms. The arrows show the changing position of the distal tip of the semi-lunar
process. The distortion of the dorsal femur and the bending of the semi-lunar process are also shown
in tracings from frames at —15, -4 and O ms. The movements of the semi-lunar process in the graph
appear jerky because of the intermittent sampling. Initial flexion of the tibia was accompanied by
spikes in the lateral nerve. During the co-contraction phase (horizontal grey bar), the sensory spikes
of the lump receptor occurred at high frequency as the semi-lunar process was bent progressively.
The extended position of the tibia following the kick was signalled by sensory spikes in joint
receptors. The vertical dashed lines indicate the different phases of the kick. The large spikes in the
muscle recording are from the fast extensor tibiae motor neuron (FETi) and the smaller ones from
flexor motor neurons.

middle of the femur to remove inputs from mechanosensorgnotor neurons with simultaneous extracellular recordings from
neurons distal to the cut, except those innervated by the latetak lateral nerve in 20 locusts.

nerve. The tendon of the extensor tibiae muscle was also cut

at the same level so that extensor contractions could not cause

sensory feedback.

Results

The results are based on recordings from 52 locusts. 15 kicks Activity of the lump receptor during kicks
by four locusts and 24 electrical stimulations of the extensor Few sensory spikes occurred spontaneously in the lateral
tibiae muscle in seven locusts were recorded with high-speeatrve unless the tibia extended beyond 80° to activate the joint
images. Intracellular recordings were made from 32 flexoreceptors, or moved into the fully flexed position. During a
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Fig. 2. Sensory signals and distortion of a semi-lunar
process at the femoro—tibial joint in kicks with only short
periods of co-contraction. (A) An initial spike in the fast
extensor tibiae motor neuron (FETi) accompanied the
movement of the tibia into a flexed position and was
signalled by a burst of spikes in sensory neurons from the
lump receptor. The tibia then remained flexed for 500 ms
before a kick was generated by an 80ms long co-
contraction involving 3 FETi spikes. Only a small
distortion of the semi-lunar process resulted and spikes
from the lump receptor occurred at low frequency. (B) A
kick following a 150 ms long co-contraction with 5 FETi
spikes. The tibia was fully flexed about the femur before
the displayed recording. The bending of the semi-lunar
process was now twice as large and was accompanied by
more sensory spikes during the co-contraction phase.

B

Distortion of
semi-lunar
process

evoked by applying force to the flexor tendon when the tibia

was fully flexed. In both of these phases of the kick motor

pattern, two spike amplitudes could sometimes be recognised
and occasionally larger amplitude spikes resulted from the
apparent coincidence between these spikes. They could,
therefore, correspond to the two sensory neurons of the lump
receptor. By contrast, the spikes that occurred when the kick
was completed could be evoked by forcibly extending the tibia

beyond 80°, indicating that they had the same response
properties as those of the joint receptors (Coillot, 1974; Coillot

and Boistel, 1969). The sensory neurons from hairs on the
femur innervated by the lateral nerve did not appear to be
activated during kicking.
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kick, however, spikes occurred in the lateral nerve during allCorrelation of lump receptor spikes with kicking movements
three stages of the motor pattern (Fig. 1). When the tibia was All kicks showed the same basic sequence of motor and
actively drawn into its fully flexed position about the femur,sensory activity, though the detail varied between kicks of
sensory spikes occurred but there was no accompanyimtifferent strength and velocity of tibial movements (Figs 2, 3).
distortion of the femoro—tibial joint or bending of a semi-lunarin some kicks, the tibia was fully flexed about the femur for
process. Following the first FETi spike, which marked thesome time before the co-contraction phase was initiated. The
onset of co-contraction by the extensor and flexor tibiaénitial flexion of the tibia was signalled by a burst of sensory
muscles, a semi-lunar process started to bend and sensspikes (Fig. 2A), but while the tibia was in the fully flexed
spikes in the lateral nerve occurred at a higher frequency. Amsition few spikes occurred in the lateral nerve (Fig. 2A,B).
the co-contraction phase proceeded, the frequency of FEKicks with a brief co-contraction phase that contained few
spikes increased and was accompanied by a progressik&Ti spikes led to the semi-lunar processes being bent by only
bending of the semi-lunar process and by a progressivwe small amount (Fig. 2A). This was signalled by a low
increase in the frequency of sensory spikes in the lateral nerieequency of sensory spikes. If the co-contraction phase was
During the extension of the tibia in the kick, the spikes in théonger and contained more FETi spikes then the bending of the
lateral nerve stopped briefly only to resume as the tibia flexesemi-lunar processes was greater (Fig. 2B) and the frequency
and extended at extended femoro—tibial angles as a reboundatiospikes recorded in the lateral nerve was higher (Fig. 3A). In
the rapid movement (Burrows and Morris, 2001). each kick, the frequency of spikes rose steadily during the
co-contraction phase as the semi-lunar processes were
Interpretation of the sensory spikes progressively bent. The overall frequency of these sensory
We believe the spikes in the lateral nerve that occurredpikes reached 500 Hz in some kicks with a contribution from
during initial flexion and during the co-contraction phases of at least two neurons. Just before some kicks occurred, the
kick were from the lump receptor. Spikes of similar amplitudegrequency of the summed sensory spikes appeared to fall
were activated in separate experiments (see Figs 4-7) Ilf¢ig. 3A), because of the coincidence of spikes in the summed
evoked contractions of the extensor and flexor muscles armktracellular recording that was also reflected in their changing
occurred only when the tibia was fully flexed. They were alsamplitude. When data for 10 kicks were pooled, there was a
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Fig. 3. Positive relationship between the frequency of spikes in th
lateral nerve and the extent of distortion of a semi-lunar proces \
during the co-contraction phase of kicking. (A) Plots of the /F FETI
correlation for 4 individual kicks. In kicks 1 and 2, the spike Stimulus

frequencies appear to decrease at the end of the co-contraction peer 4. Activity of the lump receptor during electrical stimulation of
due to the apparent synchronization of the sensory spikes in tl 9. y P P 9

extracellular recording at high frequencies. (B) Pooled data from 1the extensor tibiae muscle with a single pulse. The spike of the fast

kicks by 3 locusts showing a positive relationship between th‘extensor tibiae motor neuron (FETI) is visible as cross-talk in the

frequency of sensory spikes in the lateral nerve during co-contracticﬁcggféngofr:?rzct;hzr:?erﬁ girv(i;\) 't_f_h\évat\./sg)rmaghr?;ge?n v;/:gr} Te
and the distortion of a semi-lunar process. u Ves. ibia w : uly

flexed position and the resulting distortions of the femoro-tibial
joint, measured from high speed images, were followed 40-50 ms
after the stimulus by a burst of sensory spikes. (B) When the tibia

Spearman rank correlation test) and frequenoy0 (652, was h.eld in a partiglly extended position, the stimulgs evoked a
P ) quengy0 distortion of the semi-lunar process but no sensory spikes. (C) The

P<0.05, Fig. 3B) of spikes in the lateral nerve and the amour.. . .
. . . . tibia was free to move during the stimulus and there was no
of pendmg in the semi-lunar processes. This suggests thyistortion and no sensory spikes.
during a kick the lump receptor monitors the bending of the
semi-lunar processes, or some other correlated event(s) at -
femoro-tibial joint. of the flexor muscle (Burrows et al., 1989; Hoyle and
Burrows, 1973).
Lump receptor responses to experimentally generated forces The co-contraction phase was simulated in 7 locusts by
at the femoro-tibial joint electrically stimulating the extensor tibiae muscle with the tibia
To determine what events at the femoro-tibial joint led tcheld fully flexed against the femur and unable to extend
spikes in the lump receptor, we manipulated the differentFig. 4A). Each stimulus and the resulting spike in FETi was
active forces and examined the effects of joint angle on thedellowed by a transient bending of the semi-lunar processes,
forces. Contractions were evoked in the femoral muscles. distortion of the dorsal, distal cuticle of the femur and, some
single electrical stimulus to the extensor tibiae muscl&0-50 ms later, by a burst of spikes in the lump receptor. The
activates the terminals of its two motor neurons (a slow, SETpeak frequency of the spikes was about 200Hz. The spikes
and a fast, FETI) leading to an orthodromic spike in each thabntinued throughout the 80ms period that the semi-lunar
leads to a twitch contraction of the muscle fibres. Therocesses were maximally bent, and stopped when the bending
electrical stimulus also evokes antidromic spikes that areelaxed. If, however, the same stimulus was applied to the
carried toward the metathoracic ganglion. The antidromiextensor muscle when the tibia was clamped at an angle greater
spike in FETi activates a monosynaptic pathway to the flexahan 20° and thus unable to extend further, the semi-lunar
motor neurons that can evoke flexor spikes and a contractigmocesses were still bent but no sensory spikes occurred in the

positive correlation between the number@.647, P<0.03,



764 K. Sasaki and M. Burrows

A Tibiafully flexed - extensor tendon ait C Tibiafully flexed - flexor tendon free
~ Stimulate .
FETI Femur FETI
! 1 — 1 | 1 —

== E==—r>
Flexors "( Lump Flexors
Tibl

Stmuius N Lump receptor spikes Stimuus YRLump receptor spikes
B Tibiana fully flexed - extensor tendon ait D Tibia fully flexed - flexor tendon damped
FETi FETI
1T~ I
F|ex0§ g E FleXOI’; ; ;
Clamped
Stmulus Stmulus S0ms

Fig. 5. Effect of manipulating the actions of the extensor and flexor muscles on the signalling by the lump receptor. (AiBySdreendon

was cut in the distal femur so that stimulation of the extensor muscle exerted no direct force on the joint. Insteaduthactiiatdd flexor
tibiae motor neurons through the central, monosynaptic connections that the fast extensor tibiae motor neuron (FETI) rifedaas avith
caused a contraction of the flexor muscle. (A) With the tibia held in the fully flexed position and the flexor tendon free tobmcstenf

spikes from the lump receptor followed the stimulus. (B) The tibia in the same locust was held in a partially extendedpddtiestimulus
now did not lead to sensory spikes. (C,D) A second locust in which the extensor tendon was intact. (C) The flexor tendoncexentédide

joint fixed in the fully flexed position. The stimulus was accompanied by a burst of sensory spikes. (D) The flexor tendompedsalthat

force could not be transmitted through it to the joint. No sensory spikes followed the stimulus. The inset diagrams shpenintestak

arrangement. The solid arrows show the flow of effects from the evoked FETi spike; the open arrows, the movement of theoffexXidree
recording during the stimulus has been truncated.

lateral nerve (Fig. 4B). Finally, if the same stimulus was giverwas exposed in the distal femur so that it could be clamped
to the extensor muscle when the tibia was allowed to exterr@versibly, but the extensor tendon was intact. When the tibia
freely, then the semi-lunar processes did not bend and meas held fully flexed about the femur and the flexor tendon
sensory spikes occurred (Fig. 4C). These experiments indicateas unclamped, the usual burst of spikes from the lump
that bending of the semi-lunar processes or cuticular distortiomeceptor followed stimulation of the extensor muscle (Fig. 5C).
at the femoro-tibial joint are not directly responsible forwhen the flexor tendon was clamped so that force or
evoking the sensory spikes. movement generated in the flexor muscle could not be
We, therefore, tested whether forces generated in theansmitted to the joint, no sensory spikes were evoked
tendons of either the flexor or extensor tibiae muscles wei@ig. 5D). These experiments indicate that the lump receptor
responsible (Fig. 5). First, in three locusts, the extensor tendoasponds to force or movements of the flexor tendon but not to
was cut in the distal tibia and a single electrical stimulus wathe force generated by the extensor muscle.
delivered to the muscle as above. When the tibia was held fully This conclusion was tested further in five locusts by pulling
flexed about the femur, an FETi spike was followed by a bursin the flexor tendon to apply different forces in the direction
of spikes from the lump receptor similar to those seen in athat would cause the tibia to flex (Fig. 6). With the tibia in the
intact leg (Fig. 5A). Force generated by contraction of thdully flexed position, pulling on the tendon evoked a burst of
extensor muscle could not be transmitted to the femoro—tibialpikes in the sensory neurons from the lump receptor (Fig. 6A).
joint but the flexor muscle was activated through the centrdf the tibia was fixed at an angle of 20° or more, however, the
pathway. Repeating the same stimulus with the tibia extendeshme amount of applied force did not evoke any sensory spikes
by more than 20° and free to move did not evoke any senso(fig. 6B). This observation therefore confirms the result of
spikes (Fig. 5B). In a further three locusts, the flexor tendohleitler and Burrows (1977b).
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Tibia fully flexed Effect of flexor tibiae contraction on lump receptor activity
The muscle fibres that form the main body of the flexor
Flesor muscle are grouped into 10-11 pa_irs of bundles that insert onto

Flexor — = a common central tendon (Sasaki and Burrows, 1998). These
m muscle bundles are innervated by different sets of motor
neurons, the axons of which run in small side branches of

N5B2. Cutting particular nerve branches can, therefore,

selectively abolish the contraction of certain bundles and could
be used to test whether all parts of the muscle contributed to

the excitation of the lump receptor. A nerve branch was cut in

oo f[he midQIe of the femur. of three locusts, dividing the_muscle
Lump receptor spikes into an innervated proximal part and a denervated distal part
- (Fig. 7A,B). Before the nerve was cut, an electrical stimulus to

Femoro-tibial angle 20° the extensor tibiae muscle with the tibia fixed in the fully flexed
position, evoked a burst of spikes in the sensory neurons from

IZ'P the lump receptor (Fig. 7A). Following the cut, when only the
-

Latera
nerve

proximal part of the muscle could contract, the same stimulus
evoked a burst of spikes of lower frequency (Fig. 7B).
To test whether selective contraction of distal flexor muscle
, Mo I I bundles was equally effective, the flexor tendon was cut
between the 4th and 5th pairs of muscle bundles with N5B2
Fig. 6. Activity of sensory neurons from the lump receptor recordedntact (Fig. 7C,D). In the control experiment before the cut was
in the lateral nerve in response to forces applied to the tendon of thgade, stimulation of the extensor muscle evoked a burst of
flexor muscle. (A) With the tibia fU”y ﬂexed pulllng on the flexor S |kes |n the Iump receptor (F|g 7C) After the Cut however
tendon evoked a burst of sensory spikes. (B) With the tibia eXte”deiFf)e force generated by the distal muscle bundles alone did not
by 20°, no spikes followed the applied pull. evoke spikes in the lump receptor (Fig. 7D).

Pull

Stimulate _
A FETI C FETI
V] ~ T
Fl exors Fi exors
MMMMAMW WMW,MWMWMW e WWMMWWW
%snmulus nmulus
AN Lump receptor spikes AN Lump receptor spikes

EETi FETi
B  Flexor nerve at D Flexorterdon (ut
Flexors F|eX0'S

/FSﬁmqus N Lump receptor spikes }Fsﬁmulus 50ms

Fig. 7. Different effects of contractions by proximal and distal bundles of the flexor muscle on signalling by the lump (A3eptsingle
stimulus to the extensor muscle in an intact leg with the tibia fully flexed was followed by a burst of spikes from thedptop (B¢ The
same locust but with the flexor nerve (N5B2) cut in the middle of the femur, thereby preventing the distal muscle bundiesdatimgc The
contraction of proximal muscle bundles caused a burst of sensory spikes. (C,D) A second locust. (C) In the intact lespilsensolipwed
the stimulus with the tibia fully flexed. (D) The flexor tendon was cut between the proximal and distal bundles of fibretheddita
developed by proximal fibres was not transmitted to the joint. Contraction of the distal muscle bundles was not followed frprapike
lump receptor.



766 K. Sasaki and M. Burrows

) A Slow flexor - proximal B  Slowflexor - distal
Fig. 8. Effects of the force produced by the

action of individual flexor motor neurons on the
activity of sensory neurons from the lump Laerml m
receptor. A pulse of depolarising current was N€ve
injected into the cell body of a motor neuron to
evoke spikes. (A) Spikes in a slow flexor motor Proxi
) . . oximal
neuron innervating the proximal muscle bundles muscle 4 -
did not elicit spikes in the lump receptor. bundles
(B) Similarly a high frequency of spikes in
another slow motor neuron innervating distal Flexor 12.5mV 6.25mV
muscle bundles did not evoke sensory spikes. A
later burst of spikes in fast flexor motor neurons, motor
not directly related to the applied depolarisation, neuron

caused muscle activity and sensory spikes. TheCurrent 10 nAI

bridge is unbalanced in the intracellular
recordings. 1.25s 1s

Individual motor neurons were then activated byactivated spikes in sensory neurons from the lump receptor
intracellular injection of current into their somata to test(Fig. 8B).
whether the contraction they evoked activated the lump
receptor. Intracellular stimulation of a slow flexor motor  Effect of lump receptor on flexor tibiae motor neurons
neuron evoked spikes that were also recorded in proximal To determine whether sensory feedback from the lump
muscle bundles, but did not activate the lump receptoreceptor could regulate the action of flexor motor neurons,
(Fig. 8A). A high frequency of spikes in a slow flexor motorintracellular recordings were made from members of the pool
neuron innervating the distal muscle bundles also did naif nine flexor motor neurons while the lump receptor spikes
evoke sensory spikes in the lump receptor (Fig. 8B). Byere evoked by pulling on the flexor tendon (Fig. 9). Three
contrast, when several fast-like flexor motor neuron®f seven fast-like flexor motor neurons were hyperpolarized
innervating the proximal muscle fibres spiked spontaneoushyhen the lump receptor spiked (Fig. 9A). By contrast, the
after the applied depolarisation, the contractions they evokagmaining four fast-like motor neurons showed little or no

change in membrane potential during sustained

A B spiking by the Ilump receptor (Fig. 9B).
Laterd Similarly, in four slow motor neurons, no
nerve change in their synaptic inputs, or in the

frequency of a tonic sequence of their spikes

,T\ Flexor ‘2-5 mV  (Fig. 9C), could be detected during spikes of
Pulll / 2.5mV tendon ’ \ s the lump receptor evoked by force applied to
5s the flexor tendon.
Flexor ;
. The spikes from the lump receptor, that
nm;roorn % resulted in a hyperpolarization in three of seven
fast flexors, also altered the synaptic inputs in
C Fig. 9. Effects on flexor thes_e motor neurons generated by spikes in
the lump receptor was mMotor neurons, the excitatory synaptic
stimulated by pulling on the potentials (EPSPs) evoked by FETi spikes were
flexor tendon. (A) A fast reduced in amplitude when the flexor tendon
motor  neuron was was pulled and spikes occurred in the lump
1s hyperpolarised when spikes receptor. The reduction was seen in individual
from the lump receptor Epgps compared with the same position in the
occurred. (B) A second fast goqence (Fig. 10B) or in averages of the
flexor was not affected by .
. , -7 responses from before, during and after the
the stimulation. (C) A tonic lied stimul The | t Id
sequence of spikes in a slow applied stimuius. € lump receplor could,
flexor evoked by the therefore, r_educe the probability of spikes being
intracellular injection of generated in flexor motor neurons and, thus, act
depolarising current was not in a negative feedback loop to reduce flexor
altered by spikes from the lump receptor. Grey lines indicate the membrane potertgaision during the co-contraction phase of a
of a motor neuron before stimulation of the lump receptor. kick.

%

o u g
Frequercy of
spikes (Hz)
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A Latera neve force exerted on it by contractions of the flexor muscle, or co-
contractions with the extensor muscle excite the lump receptor.
When the tibia is not fully flexed, co-contractions of the

extensor and flexor muscles distort the femoral cuticle of the
joint but do not excite the lump receptor. Similarly,

contractions of the extensor alone do not excite the lump
receptor although they can cause cuticular distortions. The

25mv| most likely stimulus is the movement of the flexor tendon past
Flexorterdon 4 [Pull 1s the receptor, or its downward pressure on it when the tibia is
Flexormotor neuron moving toward or is in the fully flexed position. It is only at

full flexion of the tibia that the flexor tendon engages fully with
the cuticular lump in which the receptor lies (Heitler and
Burrows, 1977b). The lump receptor, therefore, signals the
extent of a co-contraction in a kick by directly monitoring the
flexor tendon and only indirectly the distortions of the
femoro—tibial joint caused by the muscle contractions. The
During pulling restriction of the lump receptor to signalling at full tibial
flexion suggests that it functions only during jumping and
kicking. The energy required for these movements cannot be
generated unless the tibia is fully flexed and the flexor tendon
is locked over the cuticular lump (Heitler, 1977). By contrast,

o5 the normal walking movements do not involve full flexion of
.SmVv . . .
a hind leg and signalling by the lump receptor would not be
20 ms expected.

Multipolar receptors also occur at the femoro—tibial joint of
the middle legs of a locust (Mucke, 1991; Williamson and
Burns, 1978) even though these legs do not have the same

Fig. 10. Effects of spikes from the lump receptor on the Synaptistructural specialisations for jumping and kicking as do the

connection between the fast extensor tibiae motor neuron (FETI) ar%Hnd Iggs. Most notably they lack a femoral lump, _So the lines
flexor motor neurons. (A) The experimental protocol. Antidromic®f @ction of the muscle tendons are different (Heitler, 1974).

spikes were evoked in FETi by stimulation of the extensor muscle. 5hree of these receptors, as in the hind leg, respond to
stimuli at intervals of 1s were given before the flexor tendon wagxtension of the tibia beyond 80° but the action of the other
pulled. 4s after the last stimulus the tendon was pulled and 5 motevo neurons, which attach to the ventral arthrodial membrane
stimuli were delivered. The motor neuron was hyperpolarized by thef the femur, has not been reported (Williamson and Burns,
sensory spikes and the EPSPs were reduced in amplitude. Repetitipg78). Our preliminary observations indicate that these two
of the electrical stimuli after the movement of the tendon showegeceptors respond to direct pressure on the flexor tendon or to
that the EPSPs recovered to their previous amplitude. (Byygyements of the arthrodial membrane when the flexor tendon

Comparison of the second EPSP before the sensory stimulus with t ? 2 middle leg moves between angles of 20-30°. In these
second EPSP during the sensory spikes (grey trace) shows the !

. : egs, therefore, these ventral receptors may signal force or
changes in amplitude. - .
movements of the flexor tendon during normal walking,
when clinging to a twig or hanging on a grass stem. The
Discussion specialisations of the hind legs for kicking and jumping would
The sensory neurons from the lump receptor in a locust hinthen be seen to have been accompanied by a changed and more
leg are excited during the co-contraction phase of a kick anestricted role for their equivalent receptors in monitoring
their pattern of spikes correlates directly with the distortiongvents during co-contractions leading to kicking and jumping.
of the cuticle. The muscular force generated by spikes in
individual flexor tibiae motor neurons can elicit spikes in the Negative sensory feedback loops with a pool of flexor motor
lump receptor, which in turn regulate the output of specific neurons
members of the flexor motor pool in a polysynaptic, negative The flexor tibiae muscle consists of 10-11 pairs of muscle
feedback loop. In this way the signalling by the lump receptobundles that insert onto a common central tendon. Different

may limit the force generated in a kick. muscle bundles are innervated by different numbers of
. _ excitatory motor neurons (Sasaki and Burrows, 1998) from the
Signalling by the lump receptor pool of approximately nine flexor motor neurons (Phillips,

The sensory neurons of the lump receptor of a hind leg af980). The proximal muscle bundles are innervated by seven
only excited when the femoro-tibial joint is fully flexed. Whenmotor neurons, including two fast and three intermediate motor
the joint is in this position, movements of the flexor tendon oneurons. The muscular force generated by spikes in one of
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these fast motor neurons can excite the lump receptor. Thgperpolarized and stop spiking and at the same time, the two
contractions of these muscle bundles are then regulated byirdibitory motor neurons that innervate the flexor muscle are
negative feedback loop acting through a polysynaptic pathwagxcited (Burrows, 1995; Heitler and Burrows, 1977a). This
to inhibit particular fast flexor motor neurons. In this way, theallows the force developed by the extensor muscle during the
activity of certain flexor motor neurons innervating particularco-contraction to be delivered rapidly and propel the extension
parts of the muscle can excite the lump receptor whilef the tibia. The timing of the sensory signals from the lump
simultaneously being regulated by sensory feedback from iteceptor suggests that they could progressively reduce the
The feedback loops formed by the lump receptor act in parallefffectiveness of excitation to the flexors during co-contraction
to those from other receptors, such as the femoral chordotored to the final inhibition. The distribution of the polysynaptic
organ at the femoro-tibial joint (Field and Burrows, 1982;inhibitory pathway to particular fast-like flexor motor neurons
Matheson and Field, 1990; Usherwood et al., 1968), or theuggests that other parallel pathways also operate. It will,
tension receptor in the most distal bundle of the flexor tibiatherefore, be important to determine whether the lump receptor
muscle (Matheson and Field, 1995). makes connections with the many interneurons that are
Explanations for the large number of neurons in a particulanvolved in control of leg movements. The negative feedback
motor pool are thought to lie in a subdivision of function amondoops could limit the force that is generated in a kick to that
the members, a subdivision of action by different parts of thevhich the cuticle can sustain, and thus avoid damage to the
muscle by virtue of different innervation patterns, intrinsicjoint, particularly in recently moulted locusts in which
differences in the properties of the muscle fibres, or &ardening is not yet complete.
combination of these factors (Skorupski et al., 1992).
Subdivision of connections and hence possible actions are seerWe thank our Cambridge colleagues for their many helpful
within the flexor tibiae motor pool. For example, campaniformsuggestions during this work and for their comments on the
sensilla on the tibia of a middle leg directly excite a fast but nahanuscript. This work was supported by a Wellcome Trust
a slow flexor motor neuron (Newland and Emptage, 1996grant to M.B. and a JSPS Research Fellowship to K.S.
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