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1.

3.

SUMMARY

The anatomy, innervation and physiological properties of the
mesothoracic flexor tibiae muscle were investigated, The muscle
was found to have three functionally separate parts; the proximal,

middle and distal flexors. Bach part receives some axons which

axre common with the other parts and some which innervate exclusively
this region of the muscle. By recording at the same time from the
nerve branches and muscle fibres of the three parts of the flexor
muscle the total number of axons was found to be 16 and their
innervation pattern on the muscle was established. These axons can
be distinguished as six fasts, three intermediate, three slows, two

inhibitors and two DUM cells.,

The tension/length curve for passive and active tension was plotted

indicating a peak active tension increment at a femur~tibia angle of
90° to 100°.  The response to prolonged high frequency stimuletion

was studied for the proximal part (proximal and middle flexors) and

the distal flexor demonstrating clearly that the distal part can

resist fatigue better than the proximal part.

The anatomy of the sensory nerve branches in the mesothoracic and
prothoracic femur of locust is described. A single multipolar
receptor cell on the cuticular end of the distal flexor tibiae muscle
fibres is identified and examined. This cell is shown to be a

tonic receptor for active and passive tension in the muscle fibres
to which it is attached. It generally causes reflex excitation of
flexor motoneurons and inhibition of the slow extensor neuron,

although the sign of the reflexes can be reversed.
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7.

In order to study how the large number of flexor motoneurons wag”
used, their responses to imposed tibial extension (resistance
reflexes) were analyzed. Most of the fast and intermediate axons
were activated by the movement of tibial extension while the

slows fired continuously at a higher frequency during maintained
extension. The inhibitors were excited only during maintained
extension but their firing rate depended also on the angular velocity
of the movement of tibial extension. The DUM cells were not found

to be excited by any tibial movement.

The firing pattern of the flexor motoneurons.was also studied by
recording spontaneous activity from the flexor muscle of a tethered
locust walking on a treadmill, First, the similarities in the
firing motor pattern between a deafferented and a normal walking leg
were established and then the activity of flexor motoneurons recorded

from a deafferented leg was analyzed.

The effects of the femoral sensory inputs (Chordotonal Organ, CO)

to the centrally produced walking motor pattern were studied. It

was found that the negative feed back produced by the CO in a quiescént
animal was effectively reversed when the animal started walking,

Resistance reflexes were also found to be suppressed during flight.

The "implication of the results obtained are- discussed. The main
conclusion is. that in the mesothoracic flexor tibiae mscle
different parts of the muscle with different mechanical properties
are used for different purposes. For example the proximal and

middle flexor produce fast tibial flexion while the distal flexor



is used to generate postural forces. Therefore the flexor muscle
requires a large number of axons which can operate almost

independently in the three different parts of the muscle,
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1. INTRODUGTION

In order to study the neuronal basis of behaviour in arthropods
it has been found necessary to éﬁbkmdﬂ the motoneuronal activity
generated within the ganglion, To obtain information on the spiking
activity of the motoneurons (usually leg motoneurons), electromyograms
(EMGs ) were recorded peripherally from the muscle which they innervate.
EMG recording proved a very useful technique since it permitted easy
access to the muscular activity which generates behaviour, +thereby
allowing Guantitative analysis of the timing and extent of activity of
members of the excitatory motoneuron population innervating different

behaviourally important muscles.

In the first electrophysiolegical experiments using EMGs
Rijland (1932a, b) showed that the motor output to the leg muscles of
the cockroach was changed by an imposed resistance to movement, one of
the first examples of resistance reflexes in inseets., Pringle, in an
attempt to establish the input-output relationship in the cockroach leg,
first studied the leg proprioceptors (Pringle, 1938) and then using
nyograms he established the double innervaticn of the coxal muscles
(Pringle, 1939). He demonstrated a positive feed back reflex to the
coxal depressor muscle (Pringle, 1940) and a weaker reflex to the musele
of the opposite leg. These reflexes led him to suggest (Pringle, 1961)
that the whole leg movement cycle in walking is produced by a chain of
reflexes. The importance of the reflexes in walking was also investigated
by Wilson (1965) who demonstrated electrophysiologically that the leg
reflexes of the cockroach were fast enough to be used in walking and also

that reliable contralateral reflexes can be detected.

EMG's provided a convenilent way of studying reflexes since they

do not require very fine microdissections to expose muscles and nerves.



Dissections generally may damage sensory organs and the saline used may
alter the properties of the sensory organs (Coillot and Boistely, 1969;
Burns, 1974). Dissection also causes bleeding in some animals such
as crustacea which may kill the preparation quickly. As a result
reflexes in crustacean leg muscles were studied using EMG's (Bush, 1962,
1963, 1965) and have been extensively analyzed using the same technique
(Evoy and Cohen, 1969; Spirito, 1970; Spirito et al., 1972; Ayers and
Davis, 1977, 1978; Clarac et al., 1978).

. However, behaviourslly spesking, a stereotypéd motor pattern
such asAresistance reflex. 1is less interesting than the motor control
of walking. Walking is not only.a rhythmic behévioural act, but one that
exhibits considerable plasticity, for the animal has to adjust its leg
movements to the terrain over which it is walking. The first attempt
to study walking behaviour was made by observing free walking animals
and information was obtained about the timing and the coordinaticn of
different legs during walking (Hughes, 1952, 1957}, Wendler was able
to . show: that although stick inéects used feedback from coxal hair
plates to regulate posture (wehdler, 1961) the timing of leg movements

was determined by an independent central system of éoupled oscﬂiators

(Wendler, 1966),

In an attempt to study with more accuracy the role of various
elements in the organization of motor output in walking, particularly
the influence of the sensory inputs, electromyograms were recorded from

free walking insects (Hoyle, 1964; Ewing and Manning, 1966) and with
more success in crustacea (Barnes et al., 1972; Evoy and Fourtner, 1973;

Fourtner and Evoy, 1973; Barnes, 1977).

" In insects the recording of myograms has besen used further to

study not only the walking motor pattern but alsc the interaction between



sensory inputs and centrally produced patterns (Pearson and Iles, 19707,
Pearson (1972) recorded myograms from the coxal muscles of a fres walking
cockroach and compared this ectivity with the reciprocal pattern produced
by the same animal when it was fimed and the ganglionic connectives were
cut. Although he found differences in the motor patterns produced in
the two preparations, he suggested that the similarities were sufficient
to make it almost certain that the output resulted from a central neural
programme, The fact that there was a difference indicated that there

is normally some modulation of the motor activity by inputs from
propriceptors and Pearson (1972) showed that in the free walking cockroach
the activities in both levator and depressor muscles were strongly
affected by changes in loading of the animal. He concluded that the
effect was mediated by tonic and phasic inputs from the trochanteral
companiform sensilla, The fact that leg sensory inputs affect the
centrally generated walking pattern was also demonstrated using EMGs

by Usherwood et al. (1968) who found that removal of either of the
metathoracic chordotonal organs preduced gignificant changes in walking

and postural behaviour.

However the effects of the sensory inputs on centrally generated
neuronal motor patterns were soon found to be capricious. Reflexes
themselves were also found to be variable, In locust for example the

sﬁxkdﬁ;&v eflasced of the abdomen occurs only during £light (Camhi, 1970).
In cockroaches, when they were engaged in righting behaviour, some of the
reflexes were turned off, others were turned on and still others
switched the sensory input to a different channel of motor output

(Camhi, 1977). Resistance reflexes were also found not to be in

ot

evidence during cimple walking {Barnesat gl., 1972) bub to occur only

!

during unintended movements (Barnag, 1977). Finally, resistance
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reflexes were found to be reversed in an aroused stick insect (Bdssler,
1976) and resistance reflexes were turned into a positive feed-back
reflex during activation of command fibres in crayfish (Bvoy, 1977).

It is not yet clear how the reflexes are linked to the motoneurons and
how much they can influence the centrally programmed behaviour.,  Since
the reflexes in a fixed preparation may not be typical of those operating
in walking it is apparent that these questions can only be answered by
obtaining information about the activity of individual motoneurons fiom
walking preparations in which all the relevant reflexes are likely to be

operating.

EMG's provide the easiest way to obtain informstion about the
activation of the leg motoneurons during walking and can provide valuable
information on the exact time of the activation of the muscles and the
approximate frequency of the motoneurons but they are less accurste in
the study of the activity of individual axons. The major drawback of
the technique is that simultansous activilty of several motoneurons may
meke identification of individual axons difficult if not impossible.

This difficulty was overcome bﬁ Runion and Usherwood (1966) who developed
a method for recording from the motor nerves of free-walking locusts.
Using this technique they were able to monitor the activity of the three
axonsczexcitatory, 1 inhibitory) in thé nerve to the metathoracic extensor
tibiae muscle and they found that it was strongly influenced by the input
from the tarsal sensory receptors during walking and standing (Runion

and Usherwood, 1968). Using the same technique, Usherwood and Runion
(1970) were also the first to show that the inhibitory axons, when active
in the pattern used in normal walking, produced a significant relaxation
in the mscle. Tn the smaller meschhoracic sxtensor tibiae nuscle,

Burns (1972, 1973) recording neurograms with very fine wires which did



not hamper the movement of the legs at all, was able to anaslyse in

detail the activity of the extensor neurons during free walking. In
such a preparation he was able to demonstrate that the removal of the
mesothoracic chordotonal organ decreases the activity of the extensor

SETi but does not much alter its firing pattern.

The difficulty in the identification of the activity of
Individual motoneurons was also overcome in ingects and other arthropods
by recording intracellularly from the motoneuronvoall bodies (Kerkut,
Pitman and Walker, 1969; Hovle and Burrows, 1970). This techhique
produces valuable information not only on spiking activity of the
motoneurons but also on the synaptic inputs which they receive. The
functional and structural organization of the motoneurons and some of
the interneurons related with them withiéi}nsect ganglion was investigated
thoroughly (0'Shea ot al., 1974; Pearson and Fourtner, 1975; Burrows
and Siegler, 1977) since it was noW possible to stain neurons through
the microelectrode (Stretton and Kravitz, 1968; Remiler et al., 1969),

e Somata of- -
Soon maps of the topography ofﬁdifferent leg motoneurons were produced
for the locust ganglion (Burréws and Hoyle, 1973). Attempts have been
made to combine this excellent technique with behavioural studies.
Activity from the ventilatory motoneurons was recorded (Burrows, 1974)
and the intracellular records were obtained from the motoneurons
responsible for cricket singiﬁg (Bendley, 1969a). Behavioural motor
patterns can be studied as far as they occur in a fixed and dissected
animal, the necessary conditions for microelectrode recording. In an
attempt to study walking motor patterns in such preparations Hoyle and
Burrows (1973b) stimulated the connectives between the ganglia and
produced a slow ruylthmic movement of the metathorazic tiviae.  Alnhough

they claim that this sequence of alternating flexion/extension movement



closely resembles those seen during locomotion in the freely-moving
animal it is obvious that a fixed animal upside down is not .the best
way to study the walking motor pattern. Even if they were able to record
from the cell bodies during walking it would be impossible to record

the action of a large number of motoneurons simultaneously.

It seems that for the studies of motor pétterns in a free
animal the best technique to use is neurogram recording. This has
allowed identification of the two excitors and one inhibitor axon in
the mesothoracic and metathoracic extensor muscles of free locusts.
However all muscles are not as simple as the extensor tibiae,  Although
no arthropod muscles receive as many axons as in vertebrates, there ars
muscles which recei%e far more than two excitors and one inhibitor, In
the locust abdomen the median dorsal internal muscles are all innervated
by eight axons in the dorsal nerve (Tyrer, 197la, b)., In the neck of
the locust where one group of four muscles, consisting in total of less
than 100 muscle fibres, receives more than 20 different motoneurons from
three different ganglia (Shepheard, 1973). An extreme case is the

dorsal longitudinal flight muscle in the flesh fly (Sarcophaga bullata)

which has only six muscle fibres and receives five different motor axons
(Ikeda, 1977). A similar compexity is seen in both groups of
antagonistic abdominal miscles in the crayfish, the extensor$(Parnas and
Atwood, 1966) and the flexors(Kennedy and Takeda, 1965a, b). However
not all antagonistic muscles in arthropods seem to be equally complicated.
One clear example is the two antagonistic femoral muscles in the locust,
the extensor tibiae with two excitors and the flexor tiblae with six
(Hoyle and Burrows, 1973a, b) and maybe more excitors. The metathoracic
extensor tibiae muscle is cne of the most studied muscles in iuscets

(Hoyle, 1955, 1978; Hoyle and O'Shea, 1974; Runion and Usherwood, 1966,



1968; Usherwood and Runion, 19703 Cochrane et ale., 1972; and reviews,
Hoyle, 1965; Usherwood, 1967, 1977).  This is not surprising because

as Hoyle (1955) admits "The Jumping muscle, the extensor tibialis of the
metathoracic leg, was chosen primarily because it is large and therefore
aasy to study ceeoeeses”. However not all the femoral muscles are so
lérge. In the smaller mesothoracic leg despite ils size, the extensor
muscle was also studied in detail by Burns (1972, 1973). Going through
the literature it can be ssen that, although there is a tramendous

amount of information about the extensor tibiae muscle, thers is a lack
of knowledge about its antagonist, the flexor muscle. This is noticeabla
not only in the mesothoracic leg where the small size make it difficult
to study, but also in the metathoracic leg where the flexor muscle is
larger. It seems thgt reasons other than the importance of the flexor
miscle in behaviour have led to this lack of information on the flexor
muscle, This muscle is innervated by a large number of axons and bhis

makes its study particularly difficult.

The purpose of the present worit is to £ill this gap and for
this reason the mesothoracic flexor tibilae muscle was chosen, Although
this muscle is small and it is difficult to obtain histological and
electrophysiological data it was preferable to the larger metathoracic
flexor tibiae for the following reasons, The mesothoracic flexor is
larger than the extensor while the opposite is true of the metathoracic
leg where the extensor is . the most pewer&§wl. ;  This suggests
that the flexor muscle may have a mere important function in the
mesothoracic leg. Secondiy, the mesothoracic leg seems to participate
more in walking and posture while the metathoracic leg has been adapted
for the Jump and the defensive kick (Heitler and Burrows, 1577a, b;

Heitler,'1977).
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Since it is already known that the flexor tibiae muscle
receives a large number of axons a number of significant questions can
be asked, What is the exact number of axons which this miscle receives?
How are tﬁese axons distributed on the muscle? Why does the flexor
muscle require such a large number of axons? Whalt is the significance
of all these axons in behaviour? Tn an attempt to answer these questions
anatomical, histological and electrophysiological methods were used %o
establish the anatomy and innervation of the muscle and some of the
sensory receptors in the mesothoracic leg (Chapter 2 and 4).
Electrophysiological techniques were also used to study the way in which
the motoneurons are activated in various hehaviour patterns (Chapter 5

and 6).



2, MATERJALS AND GENERAL MSTHODRS

Most of the animals used in these studies were adult female

locusts, Schistocerca gregaria Forskal (S.amerioana, Dirsch, 1974}
kept in colonies at 32°C. TFemales were chosen because they have a
thinner exoskeleton and they are larger in size; these features were

advantageous for the dissections,

The size of the locust mesothoracic femur varies from 7.5
to 11lmm (Burns, 1972). The average size of the femur in the animalg
used was 10 : O.2mm,  To expose the flevor tibiae muscle and its
sensory and motor nerves the femur (fig.z-lﬁ)was mounted ventral side
down in Tackiwax. The dorsal cuticle of the femur, the extensor
misele and the retractor unguis muscie were removed and the final view
under the dissecting microscope was the one shown in fig, 2.1B. The
femur was immersed in 3ml of oxygenated saline (Usherwood and Grundfest,

1965) at room temperature 18° to 20°C.

Extracellular records from the nerve branches were made using
special glass suction electrodes. These electrodes were made from
glass micropipettes pulled from O,7mm diameter glass, in such a way as
to have a conieal stem,  The outgide éurfaces of these microelectrodes
were coated with a layer of gold (10003) thick, by vacuum deposition.
This external film was used as the reference electrode, The tip was
broken giving an internal diameter similar to that of the nerve to be
recorded from, This electrode had the f’oliowing advantages,

1) The reference surface was very close to the recording tip giving
a monophasic potential, good screening and a minimum of cross-talk.
2) When this suction electrode was used as stimilation electrods

it produced a good local stimilation with very little spread of

curren’ to disturb other nerve axons.



Fig, 2.1

A,

A diagrammalic representation of the mesothoracic femur. The main
muscles, nerves and the chordotonal organ are shown .

(Figure kindly supplied by Dr. Margaret Burns).

B,

Dorsal view of branches of N5 in the left femur. The basic numbering
of the nerve branches follows Carr‘{bell (1961), but has been extended
as shown, (see Chapter 4 for details). A1l nerves numbered are
branches of nerve 5B,

P = femr T = +tibia

MTR = muscls 'Gu\st(;n pcc.nP{‘a-{
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3) The layer of gold betwecn the Lip which was in the saline and
the connection with the reference wire has a resistance of 15=-20MQ
which improves the halance of the amplifier input.
4) The bip of the glass micropipette is very small and this allows
records to be made from very fine nerveé (diameter of 30~50P)- The
very fine tip of the suction olectrode also reduces the duration of
each recorded spike, becaunse of e ?mx‘\w;tl;l' 4«& reference <lochode.
Records of nerve brawches were made en passant also by holding them on
a steel pin (diameter 0.0056mm) beni into a hook and raising the nerve
into a plastic tubs filled with a thick mixture of paraffin oil and
hook. elodrrode
vageline, Thistwas modified from the design of Wilkens and Wolfe
(1974). The signals from these electrodes were amplified by an

Iéleworth A101 preamplifier with capacitance input isolation.

Glass microelectrodes filled with 3M KOl having resistances
of 5~20MSL were uged for intracellular recordings. The DC potentials

were amplified by a WPI M701 amplifier,

Tension produced by the contraction of the flexor tibiae
miscle was recorded under nearly lsometric conditions with a
semiconductor strain gauge (compliance 0.,05mm/g). The changes of

miscle tension were displayed usually by a Wabtanabe pen recordev,

A constant Vvelocity movement was imposed on the tibia by a
lever which had its one end attached to a pen motor and the other end
to the tibia with a small drop of Cyanocacrylate adhesive (Avdel Bond
No.3). The axis of the rotation of the lever was through the pivot
of the femur-tibia joint and the rotation of the lever was monitored
with a low friction notentiometer. Uinear ramn funchtions were
obtained by integrating a square tizve by means of an integrated éircuiﬁ

operational amplifier, which in turn drove the pen motor, The ramp



generator also produced a trigger pulse before the beginning of

each ramp.

A11 the records were displayed on a Tekbronix 561
oscilloscope and stored with a Racal Store 4 FM tape recorder., TFor
further analysis records were filmed with a camera (NikMon Kohden,

PC-2) directly from the oscilloscope screen.



3. THE IOCUST MESOTHORACIC FLEXOR TIBIAE MUSCLE

A. Methods:

a) Physiological methods.

Physiology

When stimulation of the flexor motor axons was required

(through N5) a locust mesothoracic leg was isolated by cutting the
coxa~femur joint and dissected (fige. 2.1B) in a watch glass under
oxygenated saline. The same dissection was used to record motoneuron
activity from the femoral nerves, but in this case the leg under
investigation was not removed from the body and was mounted (ventral
side down) in a small bath made from plasticine. A similar preparation
was also used to study the distribution of the Dorsal Unpaired Median
cells (DUM cells, as defined by Hoyle et al., 1974) which give.branches
to both sides of the animal, In this case the contralateral leg was
also fixed and dissected in the same way. To stimulate the somata of
the flexor tibia motoneurons intracelluiarly, a wax covered platform
was micromanipulated under the ganglion in the nearly intact insect, to
provide a firm support for microelectrode penetration. The
microelectrodes were driven with a ILeitz micromanipulator and protease

was used to make the sheath of the ganglion softer.

To record muscle tension, the tibia was cut transversely half
way up and the femur-tibia joint was disarticulated., The tibial stump
that remained was attached to a silicon strain gauge transducer thus
stretching the muscle and allowing the tension generated to be

monitored.

Glass microelectrodes were used to record potentials in the
muscle fibres (EPSP's or TPSP's) in response to stimuli delivered to

the proximal cut end of N5,
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Records of spontaneous activity in the nerve branches on

the flexor tibiae muscle wers also made using hook electrodes.

Mechanical Properties

The animal was mounted wventral side up on a special curved
plece of perspex and the leg under investigation was fixed with
plasticine (fig. 3.1). A small window was opened in the ventral side
of' the mesothorax to expose the ganglion and a hook electrede was
abttached to N5 for stimulation. Passive and aclive forces were recorded
from the end of the tibia with a strain geuge transducer. The tendon
of the antagonist extensor was severed and the mésothoracic ganglion was
destroyed to prevent any effects of the tension recorded from the flexor
miscle. TForces recorded in such a way from the end of the tibia were
converted to real mscle tensicn by mulbiplying this value by the factor
of 12.1 obtained from the lever equation:

T.a. = To.{a+b)
T  is the real tension developed on Lhe f{lexor apodeme
& (= 0,81mm) is the distance of the pivot to the flexor
miscle tendon insertion on the tibis
To is the force recorded from the end of the tibia and
b (= 9mm) is the disbance from the flexor tendon insertion
to the end of the tibia.
Measurements made on the mesothoracic leg by Heitler (1977) gave very

similar values for a and b,

To record changes in muscle tension during the passive
extension, the tibia was extended to different angles with different
angular velocities, This was accomplished by imposing a ramp movement

\ \ .
on the transducer. To avoid wuiuﬁunis, variation in the mechanica

properties of the muscle no saline was used during these experiments.



The apparatus used to record tension from the mesothoracic flexor
tibise muscle in its owm haemolymph. The dissection to expose N5
was very small. No saline was used and care was taken to leave
most of the tracheal system intact. To measure tension from either
extensor or flexor tibiae muscles the apodeme of the antagonistic

muscle was cub near its connection with the tibia,

S. Stimulstion of N5 through a hook electrode. The exposed part
of the nerve was covered by a migbure of paraffin and vaseline

over the hook electrode.

Tr, = Transducer attached always at the end of the tibia
P = Miniature protractor
' = Femur






1,

b) Anétomical methods,
1) Staining, ‘
a) Staining with reduced methylene blue(]Pantiq/ 1964,).
A small quantity (less than 0.,02ml) of a mixture of one part
of reduced rmethylene blue and ten parts of locust saline, was injected
into the mesothoracic ferur. After 60 min. the ieg was dissected in

saline for further studies.

b) Back filling with Cobaltous Chloride (CoCl,) (Pitman gt al. 1972).
The aut end ol the nerve was sucked firmly into the broken
tip of a glass micropipette filled with saline, The saline in thae
micropipette wag then replaced, using a long fine syringe needle, with
distilled water for 3 min., +to open the cub end of the axons. Finally
the distilled water was replaced with 1M Cobaltous Chloride. In this
case bhe interior of the microelectrode works as a pool isolated from
the saline, Initially an electric current of 10“7 to 10“11 A wasg
passed out of the elsctrode, but finally it was concluded that Cobaltous
Chloride entered the nerve equally well without a current. After 6 to
24 hours the perfused Cobalt was precipitated as Cobaltous Sulphide with
10% ammonium sulphite, The preparation was fixed in 2% glubaraldehyde
for 1 hour, dehydrated with series of ethanol (50~1C0%), cleared with
methyl salicylate for 24 hours and mounted in Canada Balsam. The

preparation was then photographed with a Ieitz photomicroscope,

Drawings were made using a camerd lucida.

2) Electron microscepy.
The flexor mscle and ils motor nerve were hathed in the
saline for a pericd of 50-100 min. io equilibrate (Rees and Ushercod,

1972,;.  Two fixatives were used and both gave satisfactory results.



a) Thé Formaldehyde ~ Glutaraldehyde fixative of high osmolabity
(Karnovskys 1965)

b) The glutaraldehyde fixative with similar osmolarity as that
of locust haemolymph and saline (Rees and Usherwood, 1972).

For the final results the second fixative was used.

The muscle and its motor nerve N5B, were fixed at maximum

body length as in fig.2.1B, in 2% glutaraldehyde fixative at AOC for
2 hours. Then the nerve branches from N5B2 to the muscle were cutb
very close to the musele and the whole nerve was removed and placed in
10ml bottles of buffered wash solution and washed for 18 to 2/ hours at
4°C, Tt was then postfixed in 1% 0s0 ,, solution for 1 hour before
being rinsed yet again in buffered wash solution for a similar length of
time, Both the fixatives and the buffer wash solution were kept

isosmotic to the saline using a small quantity of sucrose. The pH of
the solution was maintained at 6.8 with sodium phosphate buffer. The
tissue was quickly dehydrated and mounted in Spurr's low viscosity epoxy -
resin (Spurr, 1969)., Thin transverse sections (70nm) and thick sections
(1—§pm}, from the flexor nerve branches and from NSB2 at different levels
were cut with an IKB ultratome. Thick sections for light microscopy
were stained in methylene blue for 3 min. on a hot plate at 60°C and
rinsed in cold water, Light straw to silver grey sections were mcunted
on 100 mesh grids and double stained in lead citrate and uranyl acetate,

A1l grids were examined in AET EN80L1 Electron Miscroscope at 50KV,

3) Scanning Electron Microscopy.

The flexor muscle and its motor nerve were fixed with 2%
glutaraldehyde washed with distilled water for 30 min. and dehydrated
in a series of acetones., Specimens were dried in a Polaron Critical

Point Drier and coated in a Polaron Sputter Coater.
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1. Structure.
a) The muscle.
The mesothoracic flexor tiblae muscle lies in the ventral

half of the femur (fig. 2.1A). 1In shape, it is a combination of
fusiform and pinnate form and is composed of a number of muscle units
(as defined by Hoyle, 1955). The muscle units will be called muscle
bundles in this text. These muscle bundles form a row of more or less
circular discrete anterior-dorsal insertions, a posterior row of
elongated insertions very close to those of the extenscr tiblae muscle and
tending to merge into one another, and a single proximal dorsal insertion
close to the trochanter., The structure of this muscle was partly
described by Snodgrass (1929) who nmumbered this muscle at 107 and divided
it into three major parts based on the anatomical characteristics of ths
muscle., The anatomy of this muscle is shown in fig, 3.2. and the three
parts are as follows:

107b, described in this text as Proximal flexor

107a, " nowooon " niddle flexor

107¢, " moowoom W gigtal flexor

Proximal flexor (107b).

This is the only fusiform part of the flexor tibiae muscle and
consists of a single muscle bundle (fig. 3.2). A transverse section
through this bundle is shown in fig., 3.34. This part of the muscle

receives only one nerve branch which arises from the ventral sids of N5B2.

Middle flexor (107a).
This is the first pair of muscle bundles in the pinnate part
of the flexor muscle (fig. 3.2). These bundles are attached ventrall

to the proximal end of the ferur and converge from either side of the
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flexor apodeme, The angle between the muscle bundles and the apodems,
the pinnation angle,is about 9° (Table 3.1). Transverse sections
through the middle part of the muscle are shown in fig. 3.34 and an
analysis of the information obtained from similar sections is shown in

Table 3 . 1. ‘

Distal flexor (107¢)

This forms the rest of the pinnate part of the flexor muscle
and is attached to the walls of the distal two thirds of the femur
(fig. 3.2). This part contains 8 to 10 pairs of muscle bundles with
different pimnation angles (Table 3.1). A transverse section from the
distal flexor is shown in fig. 3.3B. Due to the pinnate structure only
four pairs of muscle bundles can be seen in this section which also shows
that the muscle bundles of the anterior part of the muscle contain a

larger number of muscle fibres than those of the posterior part (Table

3.1).

The anatomical features of the flexor muscle are summarized in

Table 3.1 and will be discussed later.

b) The flexor nerve branches.

To establish the anatomy of the nerve branches on the flexor
muscle bundles, reduced methylene blue was injected through the dorsal
cuticle of the mesothoracic leg of an intact animal, or 00012 was
perfused into the fine nerve branches of NSBQ.(as described in Methods).
The second technique was the most successful and some of the most
densely filled nerve branches in the various parts of the flexor miscle
are shown in fig. 3.4. The proximal flexor receives its motor nerves
through a branch which arises from the ventral side of N5B2 and
immediately after it reaches the muscle gives rise to two other branches.

The middle flexor recsives one pair of motor nerve branches. They



Diagrammatic representation of the mesothoracic flexor tibiae
muscle.  The muscle bundles and the three different parts of

the muscle are demonstrated. The exact dimension of the muscle
bundles and their pinnation angles are not shown in this diagram.
The nerve branches from the main nerve (N5B2) are the typical
patterns from 25 left and 25 right legs, but there is no systematic

difference between right and left legs.

AA and BB shows the approximate positiongs of the transverse

sections in Fig. 3.3.
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Fige, 3.
Cross sections of the mesothoracic femur of the locust.
The approximate locations of the sections on the muscle are

shown in Fig. 3.2.

A = section AA (Pig. 3.2) through the proximal and

-middle flexcers

B = sgection BB (Fig. 3.2) through the middle of the

distal flexor.

C.0. = Chordotonal organ, R.U, muscle Retractor unguis
muscle (only the apodemes are visible in B).

Scale bar 0.,250mm
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Table 3.1. ,

v
Dimensions and structural characteristics of the muscle
tundles of the mesothoracic flexor tiblae muscle in female:

Schistocerca gregaria. Some data concerning the extensor

and retractor unguis muscles are also given,

#® Total ¢ Indicates the number of muscle fibres
which can be counted in the whole cross
section of this part of the muscle

miscle bundles

1t

mebe
m.fe = muscle fibre

Tigures in brackets are standard deviations
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Fig, 3.4

Nerve branches of the mesothoracic flexor tibiae muscle filled with

CoClz.

Proximal nerve (top left) This branch arises from the ventral side

of N5B2 (see arrow) and directly innervates the proximal muscle

fibres, Scale bar ¢ 200 e

Middle nerve (top right) The only nerve which is symmstrical and

innervates the middle flexory, which can be seen as the diagonal

muscle bundle. Scale bar 200_Fm.

Distal nerve branches (central and bottom) Nerve branches arising
from the sides of N5B2., Notice the nerve branch arrcwed in the
middle right picture. This is the last and the longest nerve branch
of the distal flexor. Most of the extracellular records were
obtained from this nerve branch using hock electrodes, The same
branch is shown at a higher magnification in the right bottom figure.
The middle left fiéure shows other branches of the distal flexor and
the bottom left figure shows one of them at higher magnification.

Scale bars ¢ 100 Pm.
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ﬁg.‘. 3.5

£, B gcanning electronmicrographs from the nerve branch

terminals on the mesothoracic flexor miscle fibres.

g, the support structure between the nerve branch (n) and
the muscle fibres (m).  The nerve axons can also be

526N,

This formation was found in some flexor nerve branches

but not all. Scale marks 20 .
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branch immediately they reach the muscle fibres. The rest of the

miscle (the distal flexor) receives nerve branches from the sides of N5B, e
There are four pairs of nerve branches which usually branch again
immediately after leaving the main nerve to innervalte more than three

muscla bundles.,

More than 50 legs (25 right and 25 left) were emamined and the
nerve outlines were drawn with a camera lucida. Analysis of these
drawings and photographs produced the diagram of the most common patbern
of the flexor nerve branches and the organisation of the flexor muscle
bundles that is shown in fig. 3.2, Although there is some variation
between animals in the rmumber of the nerve branches and in the way in
which they approach the distal flexor, the innervation palttern of the
proximal and middle flexors is always identical, No substantial
differences in the anatomy were found between the prothoracic and

mesothoracic miscles.

For further studies of the above flexor nerve branches, the
surface of the flexor muscle was examined with a Seanning Electron
Microscope, The terminal nerve branches on the muscle fibres are
characteristic of the Orthopteron diffuée type (described by Hamory,
1961)., Some of the nerve branches approach the muscle with a
connective tissue link between them (fig. 3.5A, B). This may be a
common membrane between nerve and muscle formed from the basement membrane
of the lemnoblast and the muscle cell as fouﬁd in EM sections by Edwards

(1959) and Rees and Usherwood (1972) in the locust retractor unguis
muscle. This link seems to "support" the neuromuscular junctions against
any tension which is developed between nerve and muscle during passive

movenents or twitch contractions of the mscle.
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¢. The motor axons,

Transverse sections of the major flexor nerve branches were
cut for transmission Electron Microscopy (EM) and they show a large number
of axons in each nerve branch (fige 3.6.). The number of the axons which
can be seen in the flexor nerve branches varies a little between animals,.
Table 3.2. shows the number of axons which were counted in EM sections
from three branches in five different animals. In order to count the
axons to the distal flexor the last nerve branch from this part of the
muscle was chosen, Comparison with a number of sections of other
branches of the distal muscle showed no systematic differences in the
number of the axons in each branch,. The effective diameters of the
motor axons in the flexor nerve branches calculated from the cross
sectional areas are listed in Tdble 3,.3. These measurements were taken
from sections with numbers of axons very close to the average figures
shown in Table 3.2. Some of the axons in the same nerve branch seem to

have almost identical effective diameters (underlined values).

d, VNerve 5B

The ultrastructure of N582 and of the nerve branches which
enter the flexor tibiae muscle is similar to that of other periphersal
nerves in insects (Edwards, Ruska and ae Harven, 1958 3  Huddart, 1971;

Elder and Moran, 1974; Iane and .nﬁsherne, 1973).

To study the location of the flexor motor axons in NSBZ’ serial
sections for light microscopy were taken from this nerve (fig. 3.7).
The group of large axons in the ventral part of the section seems to
contain most of the flexor motow axcens.  In the proximal part of the
femur, N5B, (section A) has a diameter of 290 — 20 pi while distally

3 + 3
this diameter becomes 250 = 20 pm (section C),  There are two main



Fig. 3.6
Flectron micrographs of transverse sections from the proximal
" nerve branch (section aa), middle branch (section bb) and distal
branch (section cc). The exact localions of these sections are
indicated in fig. 3.7. The shape of the nerve branches, from
which these secltions were taken, are shown in fig. 3.4.

Scale bar ¢ 10 Pm.
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Table 3.2,
Numbers of axons in the nerve branches of the mesothoracic
flexor tibiae muscle counted in electron micrographs from

5 different locusts.

Zable 3.3.

Effective diameters of the axons in the mesothoracic
flexor nerve branches. Each dlameter was calculated
from the cross sectional area., Measurements were taken
from sections with approximately the mean number of

axons shown in Table 3.2,



Tabl@ 3 02 .

Animals
1 2 3 4 5
Number of axons . Mean
Proximal nerve :
branch (section aa) 9 10 9 11 9 9.6
Middle nerve
branch (section bb) 14 15 17 16 15 1544
Distal nerve
branch (section cec) 18 19 17 20 18 18.3
Table 3.3

Bffective diameter of axons (am).
7

Proximal nerve 25,50, 20420, 8.80
branch (section ga) 2.20, 1.90, 1.60, 75,
6065, 6340; 0.35

Middle nerva

branch (section bb) 23,50, 19.90, 7.50, 7.60
6,80, 5420, 4490, 4420,
_3.60, 3.7C, 3.30, 2.90,
2.30, .25, 1,20

Distal nerve

branch (section cc) 11.80, 10.10, 9.30, 9.10,
8,35, 7,90, 6,40, 4450,
3.50, 3,40, 3.10,
280, 2.7C, 1.60, 1.60,
1.47, 1,46,

0.65, 0.35



Pige. 3.7
Transverse sections for lighﬁ microécopy taken from different
levels of N5B2 as indicated in the diagram. This diagram

also shows the flexor nerve branches from which thin sections

for Transmission Electron Microscopy were taken.

Section (aa) The nerve branch to the proximal flexor
Section (bb) The nerve branch to the middle flexor

Section (ec) The main nerve branch of the distsl flexor
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distal 1003
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reasons for this reduction in diameter, 1) Some of the large axons
(probably motor axons) innervating the proximal part of the muscle leave
before the distal part and 2) there is a reduction in motor axon

diameter when these axons reach the distal part of the nerve.

Nearly all the small axons are sensory and lie chiefly in the
dorsal half of the proximal NSB2 (section A). At the distal end of
N532 immediately after ﬁhe lagt flexor nerve branch leaves, sections of
the nerve reveal that sensory axons occupy most of the nerve area.

Some of the large axons in this section could be the motor axons which

innervate the tibial muscles . (fig. 3.7, section C).

€, The flexor tibiae motoneurons (F1TiM)

To locate the cell bodies of the flexor motoneurons cobaltous
¢hloride was perfused up N5B2, to backfi{{ . these neurons. NSB2 wasg v
cut Ilmm distal to the middle nerve branch and the cut end was firmly
sucked into the broken tip of a micropipette including the middle nerve

branches (see Methods).

Most of the F1TiM (fig. 3.8) somata are very close together
and they lie on the dorsal anterior siderof the mesothoracic ganglion.
It is very difficult to distinguish the members of clusters as described
by Burrows and Hoyle (1973) in the metathoracic ganglion and Wilson (1977)
in the mesothoracic ganglion. The number of motoneurons which can be
stained using the above technique is in the range of 15-20 (10 different
ganglia)., This number includes also the tibial motoneurons. The two
heavily stained cell bodies on the middle dorsal side of the ganglion are
probably the twec flexor inhibiters, as identified in the metathoracic

ganglion by Burrows and Horridgs (1974).



A disadvantage of this technique s that cobaltous chloride
also fillas the five tibial motoneurons and may possibly cross the axon

membranes to fill other asxowns.

2. Innervation

The ideal technique for studying the innervation of the flexor
tibiae muscle would be to identify the flexor tibiae motoneurons by
passing current from an intracellular microelectrode into their somata
and correlating the evoked somata spikes with extracellularly and
intracellularly recorded events in the muscle., TUsing this technique
Hoyle and Burrows (1973a, b) were able to identify six excitatory flemor
tibiae motoneurons (F1TiM) in the large metathoracic ganglion.  They
found two fast motoneurons (FFITiM), two intermediate (IMF1Ti) and two
slows (SF1Ti) in an anterior and posterior cluster. The two inhibitory
motoneurons were located by Burrows and Horridge (1974), the posterior
inhibitor (PsInF1TiM) which has its somavbetween the midline and the
root of N5, and the anterior inhibitor with its soma anterior to Common
Inhibitor (CI). »filson (1977) was able to fill with microelectrodes
gix excitatory flexor tibiae motoneuron somata in the locust mesothoracic
éanglion but he did not investigate further the innervation of the flexor

tibiae muscle.

The method described above was used to ensure that the stained
motoneurons in fig. 3.8 were flexor tibiae motoneurons. TUsing the
arrangement shown in fig, 3.9 recordings were made from the cell bodies
of neurons which were found to innervate the flexor tibiae muscle,
Although this technique produces much information about individual

motoneurons, as a method for establishing the innervation of the flexor



Fig' 3 .__'8-
Photograph of a fixed, cleared, whole~mounl preparation of the

mesothoracic ganglion of Skhistocerca gregaria viewed from the

dorsal side. Most of the cell bodies of the flexor tibiae and
targal motoneurons were back filled with ()‘onl2 through N5B2.

The positions of neurons are distorted owing to the pressures
developed during fixation and mounting. This is especially true
of the twe inhibitors in the right side of the ganglion. The

posterior part of the ganglion is at the top of the figure.

Identification of a flexor motoneuron penetrated by a milcroelectrode

and recording action potentials (R1) from the nerve branches of the

flexor muscle (fl.ti.m). The motoneuron was (acti\}e)lted by passing
s2R2

depolarising current through the microelectrode, monitored in the

lovest trace.
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tibiae muscle, it suffers from the following disadvantages,

"1) Most of the cell bodies lie very close together making it
impossible to identify different flexor neurons from their
position in the ganglion.

2) Tt is not possible to locate all the flexor motoneurons by
probing with a microelectrode.

3) It is difficult to maintain stable records from the cell
bodies for periods of time long enough to allow reliable
investigation of the innervation of the muscle and for furiher
behavioural studies.

As a result, this technique was not used.

Instead, the innervation pattern of the flexor motoneurons
was accomplished using mainly two techniques.
1) In an isolated muscle, by stimulating peripherally the axon of
the motoneurons and measuring the active fcension increments
generated in the distal flexor, while at the same time recording.
activity in the other two parts of the muscle with microelectrodes.
2) Tn an intact animal, by recording spontaneously occurring activity
from the nerve branches which innervate the three different parts
of this muscle,
In the first method, if a very sensitive tension transducer is used,
this technique has the ability to detect most of the excitatory axons

by the active tension increment which each of them produces in the muscls.

One of the problems with this method was the relaxation in the
muscle fibres caused by the peripheral inhibitory axons. This
phenomenon affects the tension records and makes the interpretation of
these records difficult. This problem was solved by using one of the
properties of the saline to diminish gradually the mechanical responses

(Relaxation) to inhibitory stimilation of the muscle taken from starved
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locusts. After 100 min in 10K saline, no relaxation can be recorded
during inhibitory stimulation (Usherwood, 1968).  This method, although
it was not always sufficient, was preferable to eliminating relaxation
with picrotoxin perfusion, since picrotoxin does not always perfuse
properly between the muscle fibres and may affect the dondition of the

muscle itself,

The equilibration time of 100 mimtes was important not cnly
for avoiding inhibitory effects but for the study of the excitatory
axonec. In the first 20 ﬁin after the imrersion of the muscle in
saline, the gmall axons appeared toc have higher thresholdsthan the
larger axons. Under these conditions tension produced by the larger
excitatory axons masked the tension from the small axons and reduced
the number of axons which could be identif'ied to two or three.  However,
after 30 min twitch contractions caused by small axons could also be
recorded and after 60 min records like those in fig, 3.11 could bs

obtained,

Generally the saline used reduced the psak active tension of
the muscle by 3 to 5 times compared with that recorded under natural
condition (see below). . Occasionally whén the muscle was bathed in
saline no contractions could be recorded at all. In this case, the
twitch contraction could be restored by adding more calcium chloride to
the saline together with an appropriate reduction in the concentration
of sodium chloride in order to maintain constént osmolarity. The effect
of the Ca'' ion concentration on the size of the twitch contraction of
the flexor tibiae muscle is illustrated in fig. 3,10, ‘USimilar effects
were founi by Aidley (1965) in the mesothoracic extensor muscle but in
this case the maximum active tension appesred at 2 - 4AmM Cu+f. 4t higher
concentration than 2mM although the muscle produced higher peak

contraction, the life time of the musele in saline became shorter.



Fig. 3.10
The relationship bhetween the maximum muscle twitch amplitude

. o, . .
and the concentrztion of Ga in the saline, Tension wag

monitored from the distal flexor only.
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Fige 3011

Twitch contractions separately recorded from thé Proximal (P),
the Middle (M) and the Distal (D) flexors. The flexor muscle
was equilibrated with saline and the motor axons responsible
were excited with single shocks to N5, To monitor tension only
from one of the three parts of the muscle, the other two were
completely denervated while tension was always recorded from the
distal end of the flexor apodeme, as i1llustrated in the diagram

(T. Tr ).

Time and tension celibration for record D are the same as in

record P.
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Fig, 3,12

Diagrammatic representation of the distribution of the

axons innervating the mesothoracic flexor tibiae muscle,
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Table 3.4.

The number of excitatory axons to each part of the
mesothoracic flexor tiblae muscle identified by the
sizes of the twitch contractions they produced.

Records taken from seven different animals.

Table 3.5,
Typical amplitudes of the postsynaptic potentials

(PSP's) produced by the flexor axons.
(Rcshlhcs 'r‘f'qht(’@o- = 62 * /0 m\/‘



Table 3.4.

Number of Excitatory axons Mode

Proximal flexor 6 7 5 6 6 5 7 6

Middle flexor 57 6 7 8 76 7

Distal flexor 9 8 87 8 6 8 .8
Table 3.5

PSP mV PSP mV

Fl- 40 = 50 S1 2 -4

F2 30 = 35 (5 ~ 10) S2 3=~5

3 35 = 40 S3 5 = 10

F/, 20 - 30 (10-15) Il - (1-2)

F5 20 = 25 » - (2 =4)

¥6 35 = 40

M1 15 = 20 (5 ~10)

M2 10 - 15 |

ﬁB 10 - 15
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Having eliminated the effect of the inhibitory axons on the
flexor muscle, the mumber only of the excitatory axons innervating
the three parts of the muscle was established by graded stimulation
of each part through N5 with single shocks (0.2ms long)s The peak of
the mascle active tension which was recorded through the tendon from
each part of the muscle (fig. 3.11) increased in size in jumps which
reflect the threshold of the axons which innervate the muscle., At the
same time excitatory post gynaptic potentials {EPSPE) were recorded fron
the fibres of the stimulated part of the muscle to establish that an
active tension increment occurred for each EPSP recorded. This was
necessary because of the possibility that some axons may cause tension
increments too small to be detected. Using this technique of
‘sbimlation; only the excitatory axons can be deﬁonstrate& and the
variation in the number of these awons counted in the three parts of the
muscle was relatively small (Table 3.4). To investigate: the possibility
that some of the Qxcitatory axons innervate only'specific parts of the
flexor muscle tension was recorded only from one part of the muscle
(usually the distal) while microelectrodes penetrated fibres in other
parts of the muscle; looking for EPSP, which were not correlated with
the recorded active tension increments. The identification and the
topography not only of the excitatory axons but also of the inhibitory
was established by examining the size of spontaneously occurring action
potentials in correlation with simuiltaneously recorded EPSP's or IPSP's
(in haemolymph), The dorsal Unpaired medidn (DUM) neurons were

investigated by stimulating the contralateral nerve,

At that stage it was found necessary, for classification
purposes, to separate the different axons according to the EPSP which

they produce, Axons which innervate the metathoracic flexor tibiae



<D

muscle were classified as Fast, Intermediate and Slow by Burrows and
Hoyle (1973). Accérdingly the excitatory axons which innervate the
mesothoracic flexor muscle were defined as:

Fast (F):- .-, EPSP's which are within the range of 20 = 50 mV,
Tﬁey are usually suprathreshold and activate electrically
excitable muscle membrane producing a fast rising FU*QW%WQJ"
Similar fast responses have been recorded in many insect
muscles (see reviews by loyle, 1965; Usherwood, 1967;
also Hoyle, 1955 ; Usherwood, 1962),

Intermediate (M):EPSP's are depolarizations which are in the
range of 10 -~ 20 mV,

Slow (S): Slow rising EPSP's within the range of 1 = 10 mV,
They are produced by neurons which are spontaneously
active.

Numbers were given to identify motor axons. This classification is
not suitable for some flexor mobtor axons.which taper (see axon F4).

A similar phenomenon was described by Burns (1972) for the FETi in the
mesothoracic extensor tibiae muscle and by Hoyle (1955) for the FETi

in the metathoracic extensor.

Using all the above tec-hniques and combining them, the final
pattern of the innervation of the flexor musele was ectablished (fig. 3.12,
Table 3.,5). Detailed descriptions of the individual axons innervating
each part'of the flexor muscle are given below, These results were
summarized from records obtained in 50 different animals and each axon

was identified at least 5 times before being finally classified.

Fast 1 (Fl).
This is the largest axon to the flexor muscle and innervates

only the proximal flexor (fig. 3.12, Table 3.5), This was established



Fig. 3.13

a to ¢, Records from the mesothorqgic flexor tibiae muscle of an

isolated leg bathed in saline, The flexor axons were stimilated

through the cut end of N5 in the coxa.

e and b, lst trace: Intracelluiar records from the proximal flexor
(see I for location).
2nd trace: Muscle tension recorded from only the middle and
distal flexors. To Q\T\lﬁ?l&;-:ﬁéﬂlﬂhf‘:&éﬁ ivits of the smaller
axons these records were obtained in the first 30 min from

the moment which the muscle was perfused wilh saline.

cy d. 1st trace: Intracellular records from the proximal flexor.
2nd trace: Tension record from the proximal flexor only
Récords were taken after the muscle was equilibrated with

with the saline,

e, Records from the mesothoracic flexor tibiae muscle in a
dissected femur of an immobilized 1ocust; The femur was
filled with haemolymph and a small amount of added saline,
The flexor motoneurons were reflexly excited by tibial
extonsion,
lst trace: Intracellular record from the proximal flexor
2nd trace: Extracellular record. from the middle nerve branch
3rd trace: Extracellular record from the main distal nerve
branch, |

f, Diagrammatic representation of the proximal flexor (Prox. f),
middle flexor (Mid. f) and distal flexor (Dist. f). Tens, T=—
fhe transducer attached to the end of the -apodeme.  Arrows
indicate where the apodeme or N5B2 was cut és exnlained in

the text.
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by stimulating the axon through N5 and recording EPSP's from the
proximal muscle fibres (fig. 3.13a, b). At the same time tension was
moﬁitored only from the middle and distal flexors by cutting the flexor
apodeme betwoen the middle and proximal flexors (see small arrow in fige.
3.13?). When the stimilus reaches the threshold of Fi a large EPSP is
produced in the proximal miscle fibres but no tension movements are
induced in the rest of the flexor muscle. However, when the stimulus
reaches the threshold of a common axon a tension increment appears in the
middle and distal muscle at the same time as an EPSP is produced in the
proximal muscle fibres. The nature of the EPSP produced by axon F1

and the tension which this axon induces in the proximal flexor are shown
in fig. 3.13c, d. In this case the tension produced only by the
proximal flexor was monitored through the flexor apodeme by denervating
the rest of the muscle, The twitch with the lower threshold than Fl,

was produced by axon F2 as will be explained below,

A series of penetrations of the proximal musele fibres showed

that F1 does not innervate more than 30% of the proximal flexor.

The fact that F1 innervates only the proximal flexor was
confirmed by recording from the flexor muscle in a dissected femur of
an immobilized locust (see Methods). When the animal was mechanically
stimulated a large EPSP appeared in the proximal muiscle fibres which did
not correspond with any of the action potentials recorded in the middle

and distal nerve branches (fig. 3.13e).

Fast 2 (F2).
This axon inrerwvates only the proximal znd middle flexors
(fig. 3.12, Table 3.5). This was established by recording EPSP's

in the proximal flexer and action potentials from the



middle and distal nerwve branobes of a fiXed animal. Relatively large
EPSP's appear in the proximal muscle fibres and correspond with some of
the action potentials recorded in the middle nerve branch (fig. 3.148).
This suggests that axon ¥2 innervates both middle and proximal flexors.
The absence of this axon in the distal flexor was established by
simgltaneously recording action potentials from the middle and distal
nerve branches (fig. 3.14b). No action potentials were found in the
distal branches corresponding with the EPSP's or action potentials

produced by axon 2, EPSPls from axon F1l can also be scen in fig. 3.lha.

Intracellular recordings show that Fl and F2 are the only large
axong innervating the proximal flexor. The fact that F2 has a large
diameter in the proximal nerve branches (20.50, fig. 3.6aa) and the large
A.action potential which this aman produces in the middle nerve branches
(fig. 3.14a b) suggest that this axon must have a large dlameter in the
middls nerve too. In insecti;as founi by Pearson, Stein and Malhotra
(1970) that the action potential recorded from an axon is related e
the diameter of this axen (d =i5.7¥“u§;; d = diameter of axon, V3 =
peak to peak ampitude of a triphasic action potential). Transverse
sections of the middle nerve branches'reVeal only two large exons with
effective diametsr of 23.5me apd 19.9me. The most obvious candidate

for FR2 is the smaller axon due to the similarities in the effective

diameter with the axon in the proximal nerwve branch.

The innervation pattern of F2 on the flexor miscle can also be
studied by recording EPSP's and active tension from various parts of an
isolated flexor muscle in saline. The motor axons were electrically
stimilated through N5, Three EPSP's were recorded in twc difforent
proximal muscle fibres (fig. 3.14c).  The larger EPSP (40 mV) wilh the

higher threshold is due to Fl and the other large EPSP (35 nV) due to F2.



Fig. 3.14
e and b, Records from the mesothoracic flexor tibiae muscle in the
dissected femur of an immobilized locust. The femur was filled with
haemolymph and a small amount of added saline. The flexor motoneurons
were reflexly excited by tibial extension,

1lst trace: Intracellular record from the proximal flexor

(see g for location)

2nd tracs: Extracellular record from the middle nerve branch

3rd trace: Extracellular record from the main distal nerve |

branch, UD 0“(‘3>

-¢ to £f. - Records from the mesothoracic flexor tiblae muscle bathed in
saline. The flexor axons were stimulated through the cut
end of N5 in the coxa,

C. lst and 2nd trace: Intracellular records from two fibres of
the proximal flexor.
3rd trace: Muscle tension recorded from only the distal
flexor (see g for location)

d. 1st and 3rd trace: as . in c.
2nd trace: Intracellular record from the middle flexor
The muscle was left to equilibrate with the saline.

e, f. 1st and 2nd trace: Intracellular rec&rds from two fibres of
the proximal flexor,
3rd trace: Muscle tension from the distal flexor. This
experiment was undertaken immediately after the muscle was
immersed in saline to eliminate activity from the smaller

axons.

g Diagrammatic representation of the mescthoracic flexor tibiae
muscle, Arrow indicates the point were the flexor tendon
was cul to allow tension records to be made from only the

distal flevor.



HH"I F2

Prox 1 k 1L U A 30 mV Prox .
Mid Md
100ms
Dist
M F2
|
Prox.,
Fl,
Prox., Mid ,
Dist.,
10.3¢ Dist.,
10 8
Prox .
Prox I 30 mV
Dist
50ms
9
Banl1
Md f
T | N2
Oisl 1

F2
AUSE"

w.
loomI

30mV

130 mV



_This identification is based on the fact that Fl and F2 do not innervate
the distal flexor. No increase in active tension appears in the distal
part of the muscle when either of these axons are stimulated. Tension
from the distal muscle was monitored by cutting the apodeme bstween
middle and distal flexors (fig. 3.14g). "To show that F2 also innervates
the middle flexor EPSP's were recorded from this part (fig. 3.14d). It
is clear that two EPSP's with the same threshold (see dotted line)
appeared in Pibres of the proximal and middle muscles but the axon
responsible for them does not produce any active tension in the distal

flexor,

Axon F2 usually produces a large EPSP and does not innervate
more than 70% of the proximal and middle flexors, as random penetration
of these muscle fibres showed., Occtasionally axon F2 innervates miscle
fibres which also receive nerve endings from axon #l. In this case F2
behaves more like a slow axon producing a small EPSP, Figure 3.14e
shows an extrems case where in two different muscle fibres axon ¥2
produces a fast and a slow EPSP at the same time., The fact that the
muscle fibre in the first trace is also innervated by axon Pl is shown
in fig. 3.14f. This ?henomenon is also demonstrated in fig., 3.13c 4
where F2 produces a small EPSP (10 mV) but induces a large active tensicn
increment, In this record spikes from Fl appear at a higher stimulus

intensity.

Fast 3 (F3).
This is a large axon which innsrvates énly the middle flexor
(fig. 3.12, Table 3.5). This part of the flexor muscle usually receives
its motor axons through a single pair o nerve branches.  Iransverss

sections of these branches (fig. 3.6, sect. bb) show that in each nerve



there are two large axons and a few olther axons of significantly smaller
diameter. One of the large axons in the middle nerve branch has already
been identified at F2. The other large axon is F3., To establish its
innervation pattern, action potentials from the middle and distal nerve
branches and EPSP'!'s from the fibres of the middle muscle wers recorded,
In the middle nerve (fig. 3.15A) two large action potentials can be seen
after strong mechanical stimilation of different parts of the animal,

The action potential produced by the most zctive axon are from F2, The
other action potential which usvwally appears once or twice is that of
axon 3, This does not innervate the distal flexor because it does not
produce any action potentials in the nerve to this part of the muscle
(fig. 3.154 third trace). Random penetrations of the proximal muscle
fibres also failed to show any EPSP's correlated with the action potentials

of' F3 recorded from ths middle nerve branches.

It was found that the EP3P's of axon FR are very small vwhen
they appear in the same muscle fibres as the large EPSP's from ¥3, This
is similar to the situation in the proximal flexor when F2 innervates the

same fibres as the 1arge=axon 'l

The fact that F3 innervates oniy the middle flexor can also be
demonstrated by recording active tension only from the distal flexor and
EPSP's from the proximal and middle parts of an isolated flexor muscle,
Although when all the flexor motor axons are stimulated through W5 active
tension increments can be seen in the distal flexor (fig. 3.15B third
trace), when axons F2 and F3 are recruited no increase in tension occurs
in the distal flexor. This shows that axons F2 and F3 do not
innervate this part of the flexor muscle, Records taken simulbtaneouslv
from the proximal miscle fibres (first trace fig. 3.15B) reveal that.

one of the two EPSP is common with one in the proximal flexor and this



Fig, 3.15
A, Records from the megsothoracic flexor tibiae muscle in the
dissected femur of an immobilized locust. The femur was filled with
haemolymph and a small amount of added saline., The flexor motoneurons
were reflexly excited by tibial extension.

1st trace: Intracellular record from the middle flexor (see E

for locations) |

2nd trace: Extracellular record . from the middle nerve branche

3rd trace: Extracellular record from the main distal nerve branch

B to D Records from an isolated mesothoracic flexor tibiae muscls
bathed in saline. The flexor axons were stimulated through
the cut end of N5 in the coxa.

B 1st trace: Intracellular record from proximal flexor

2nd trace: Intracellular record from the middle flexor
3rd trace: Muscle tension from only the distal flexor (see E).
The muscle was left to equilibrate in saline before any

experiments were undertaken

C, D 1st and 2nd trace: Intracellular records from middle flexor.
3rd trace: Muscle tension from the distal flexor.
The records were taken before the muscle equilibrated with yhe
saline to avoid twitches from smaller axons as described in the
text,

E. Diagrammatié repreéentation of the different parts of the flexor
muscle and its nerve branches, Arrow shows the point where the
flexor tendon was cut to allow the muscle tension records to be

taken from the distal flexor alone.
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Fie. 3.16
Records from the mesothoracic flexor tibiae muscle in the dissected
femur of an immobilzed locust. The femur was filled with haemolymph
and a small amount of added saline. The flexor motoneurons were
reflexly activated.
A. 1st trace: Intracellularrecords from a proximal muscle
fibre.
2nd trace: Extracellular record from the middle nerve branch
3rd trace: Ss”racellular record from the distal nerve

branches,

B. 1st trace: Intracellular record from the distal flexor

2nd and 3rd trace: as in A.
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axon has been identified as F2. The EPSP with the higher threshold is
produced by axon F3, since no EPSP’s could be found in the proximal

flexor occurring simultaneously with the middle muscle potentials.

The nature of the EPSP's F2 and F3 produce in the middle flexor
fibres can be seen in fig. 3.150, D, The first EPSP is due to axon F2
and the other with the higher threshold is produced by F3. These axons
were identified by the fact that they do not produce any increase in

active tension at the distal flexor.

Fast 4 (F4).

This axon innervates only the middle and distal flexors (fig.
3.12, Table 3.5). This was found by recording spontaneously occurring
action potentials from the middle and distal nerve branches and EPSP’s
from the proximal muscle fibres. In the middle nerve branch (fig. 3.16A)
axon F4 produces a relatively large action potential which can easily be
distinguished from that of axon F2, (Axon F2 produces the fast EPSP’s in
the proximal muscle fibres). Axon F4 also produces a smaller action

potential in the distal nerve branches suggesting that this axon tapers

towards the distal part of the muscle. This has also been found in the
FETi of the mesothoracic extensor muscle (Burns, 1972), EPSP's from
axon F4 in the distal muscle fibres are shown in fig. 3.16B. This

motoneuron is not very active and can be recruited only by strong

stimulation of the body.

Fast 5 and 6 (F3, F6), Intermediate 3 (M3).
The identification of these three axons was based on the fact
that they innervate only the distal flexor (fig. 3.12, Table 3.5).
Records demonstrating this are shovm in fig, 3.17A where no large action

potentials common to middle and distal flexor nerve branches can be seen.



Three action potentials can be distinguished in the distal nerve branches.
The largest action potential is produced by the axon called F6 (see
arrows in fig. 3.17A) while the immediately smaller action potentials are
from F5 and the third smaller action potentials are produced by axon M3.
EPSP's recorded from these axons in the distal muscle fibres are shown

in fig. 3.17B,  Although there are similarities in size between the
action potentials produced by F5 and M3, the MB was classified as

intermediate due to the fact that it produces a smaller EPSP,

Intracellular records taken by random penetration of the distal
muscle fibres shows that axon F6 innervates approximately 30" of the

distal flexor, axon F5 40-50% and axon MB 60-70%,

The fact that the distal flexor receives three axons which do
not supply the middle muscle was also demonstrated by stimulating the
flexor motor axons through N5 in an isolated leg. Activity of the
excitatory motor axons to the middle flexor was displayed by recording
EPSP's from two different middle muscle fibres. Activity of the distal
excitatory motor axons was simultaneously demonstrated by recording the
active tension increment produced whzlr;Aeach excitatory axon(/(Jl(?;ached

. during gradient stimulation (fig. 3.17C), The two large EPSP's
in the middle muscle fibres are caused probably by axons F2 and F3. It
has been shown that these axons do not innervate the distal flexor and
this is obvious in the record because no EPSP's produced by F2 and F3 can
be correlated with any distal,active tension increments. The common
axons between middle and distal flexor may be F4 and M2 but there is not
enough information to identify these two common axons precisely. Finally
in the same record it is clear that there are three large active tension

increments in the distal flexor which do not correspond with any EPSP's

recorded in the middle muscle. These results in combination with the



Fie. 3.17

A and B. Records from the mesothoracic tibiae muscle in a dissected
femur of an immobilized locust. The femur was filled with haemolymph
and a small amount of added saline. The flexor motoneurons were

reflexly excited by tibial extension.

A. Ist trace; Intracellular record from the proximal muscle
fibre (see E for locations).
2nd trace; Extracellular record from the middle nerve branch®
3rd trace: Extracellular record from the main distal nerve
branch.
The dashed line indicates the tibial extension movement

(angular velocity of 150°/g).

B. Ist trace: Intracellular record from the distal flexor.
2nd trace: Extracellular record from the distal nerve branch.
In most case records from the middle nerve branch, which are
not shown here, were obtained to ensure that the recorded action
potentials and EPSP's were not correlated with any activity in

the middle muscle.

Cand D. Records from an isolated mesothoracic flexor tibiae muscle
equilibrated with the saline. The flexor axons were stimulated
through the cut end of N5 in the coxa.

Ist and 2nd trace: Intracellular records from two different
muscle fibres in the middle flexor

3rd trace: Changes in muscle tension recorded from only the
distal flexor by cutting the tendon between middle and distal

flexor (see arrow in E).

E. Diagrammatic representation of the flexor muscle and its motor

nerve.
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records in fig, 3.17A confirm that the distal flexor is exclusively

innervated by three relatively large axons, F5, F6 and M3,

The ability of this technique to demonstrate the one to one
relationship between a series of EPSP's and active tension increments
is shown in fig, 3.17D, Active tension increments from the whole distal
flexor are correlated with EPSP's produced by six different excitatory
axons in one single distal muscle fibre. The unusual phenomenon in this
case is that all six axons innervate the same muscle fibre, in contrast
with the proximal and middle muscle fibres which were found to receive

endings from a maximum of three excitatory axons.

Intermediate 1 (M),
This is an axon which innervates mainly the proximal flexor

but also gives smaller branches to the middle and distal flexors

(fig. 3.12, Table 3.5).

In transverse sections of the proximal nerve branch there can
be seen two large axons, FI and F2 with diameters of 25,50pi and 20,20pm
(fig, 3.6, and Table 3.3), There are also three very small axons, the
largest having a diameter of 2,20jira and there is an axon which has an
effective diameter 8,30|nn which is intermediate between these two extremes.
Tension recorded only from the proximal flexor showed six active tension
increments when this part of the muscle was stimulated through IT5,  The
two largest increments are due to axons FI and F2, the small increments
are probably produced by the three small axons. The twitch contraction
intermediate between the large and the small active tension increments
was caused by an axon called Intermediate 1 which is probably the 3,8pm
diameter axon. Random penetration of the proximal muscle fibres shows
that this intermediate twitch contraction is preceded by an BPS? with

a maximum height of 15mV,
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To establish the innervation pattern of this axon EPSP's and
active tension were recorded in an Isolated leg, A relatively small
EPSP of 15 mV (fig, 3,14c) appears in the proximal muscle fibres, having
the same threshold as a wealc twitch contraction induced by the same axon
in the distal flexor. The two large EPSP's in this figure have been
already identified as from FI and F2, Similar records are shown in
fig, 3,15B where axon MI produces a small EPSP in the proximal muscle
fibres, an EPSP of 15 mV in the middle flexor and a small characteristic
active tension increment in the distal flexor. This shows that Ml
innervates most of the parts of the flexor muscle. The fact that axon
Ml produces a small active tension increment in the distal flexor
suggests that 1) MI produces a very small EPSP in the distal flexor or
2) that Ml innervates very few of the muscle fibres in the distal flexor,
or both. Due to the small size of this axon and the large number of
axons in the distal branches it was very difficult to obtain evidence

which could give a direct answer.

Due to the variation in the size of the EPSP's produced by MI,
it was found necessary to confirm these results with records taken from
the flexor nerve branches of a fixed locust during general stimulation
of the animal. For this purpose a micrcelectrode was inserted in the
proximal flexor while action potentials were recorded as usual from the
middle and distal flexor nerve branches, EPSP's in the proximal muscle
fibres (fig, 3,18a) can be correlated with small action potentials
recorded in the distal nerve branches. Although Ml also innervates the
middle flexor, no action potentials can be seen in the nerve branches to
this part of the muscle (second trace). Often the branch of axon Ml
which innervates the middle flexor ioes not run through the midile nervs

branch but through other branches so that action potentials produced by



Fie.

3.18

Records from the mesothoracic flexor tibiae muscle in the dissected

femur of animmobilized locust. The femur was filled with haemolymph

and a smallamountof added saline. The flexor motoneurons were

reflexly excited by tibial extension,

a, b.

Ist trace: Intracellular record from the proximal flexor

(see d for locations),

2nd trace: Extracellular record from the middle nerve branch,
3rd trace: Extracellular record from the distal nervs branch ,
Ist trace: Intracellular record from the distal flexor.

2nd and 3rd trace: as in a and b,

Diagrammatic representation of the mesothoracic flexor tibiae

muscle.
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this axon cannot bo recorded in the middle nerve branches, EPSP’s from
Ml have however been identified in the middle flexor. In some cases

this unusual innervation pattern can be used to identify this axon.

Intermediate 2 (M2),

This axon innervates only the middle and distal flexors (fig,
3,12, Table 3.,5). Ti1o similar action potentials were recorded in the
distal nerve branches (see arrows in fig. 3.13b), One of them is from
axon Ml since it corresponds in time with the small EPSP's recorded in
the proximal flexor. The other action potential is from axon M2 and
does not correspond with any EPSP's in the proximal flexor but can be
correlated with an action potential which can be seen in the middle flexor
nerve branch. Random penetrations of more than thirty muscle fibres
in three different animals failed to show any EPSP's in the proximal
flexor when M2 was activated. An EPSP (15 mV) produced by axon M2 in
the distal flexor is shoim in fig, 3,13c, Axon M2 in this case is
identified by the fact that it also produces action potentials in the
middle and distal nerve branches. There is not enough evidence to
identify the axon which produces the other small EPSP in this figure but
it may be M 1.(it does not innervate the middle nerve branch and it

produces a small EPSP in the distal flexor), -

Activity of axon M2 can also be seen in fig, 3,16B in comparison
with F4. Axon M2 was found not to be very active when the animal was

stimulated.

Slow 1 and 2 (Sl and S2),
These axons innervate the whole flexor tibiae muscle. Their
effective diameters are very similar (1,0 - [,2"m)"measured in the

proximal nerve branch (fig, 3,6 section aa). The action potentials
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which those axons produce are very small and are often masked by the
noise of the recording electrodes. In some cases the noise level was
low enough to allow recordings of spikes from these axons to be made.

One of the characteristics of these slow motoneurons Is that they fire
spontaneously at a combined frequency of 5 to 10 Hz, EPSP's of 2 to 5 mV
were recorded in the middle muscle fibres correlated with action
potentials in the distal nerve branch (fig, 3.19A), In these records
there is a variation in the size of the EPSP's which could be due to more
than one axon in addition to the effects of noise and facilitation.
Visual inspection of the records suggest that two different EPSP's are
present. To confirm statistically the number of the neurons responsible
for the activity the heights of the EPSP's were plotted in a histogram
(fig. 3,19C). Two peaks appeared of 3 and 4.1 mV and this suggests

that the recorded EPSP's were produced by two different neurons, Sl and
S2,  The mean sizes of the two EPSPs selected visually were shown to be

significantly different with a t test (P =0,01),

The potentials of 81 and 82 are about five times smaller than
Ml in the distal nerve branches. Similar EPSP's recorded in the
proximal flexor corresponded with the action potentials classified as 81
and 82 in the middle and distal nerve branches. Repeated penetrations
of the flexor muscle fibres showed that these axons innervate
approximately 60" of the distal and middle flexor but have fewer endings

(30 to 4C”") in the proximal flexor.

Slow 3 (S3).
This is an a>on with a similar diameter to the other two slow
axons but which was found only the proximal flexor. This axon also

fires spontaneously at a lower froquoncy and produces larger EPSP's



Fir.. 3.19

Records from the mesothoracic flexor tibiae muscle in the dissected
femur of an immobilized locust. The femur was filled with haemolymph
and a small amount of added saline. The flexor motoneurons were

reflexly excited by tibial extension,

A, 1st trace; Intracellular record from the middle flexor,
2nd trace: Extracellular record from a distal nerve branch.

The larger EPSP could be due to Ml or M2,

B, Ist trace: Intracellular record from the proximal muscle
fibres,
2nd trace: Extracellular record from the main distal nerve
branch.
The EPSP's smaller than that from S3 are probably due to SI
and 52 since they correspond with very small action potentials

in the distal nerve branch,

C, Histogram of frequency against amplitude for slow EPSP's
measured from the records shown in A,  The two peaks indicate

the presence of two axons labelled SI1 and S2,
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Fie. 3.20
Records from the mesothoracic flexor tibiae muscle in the dissected
femur of an immobilized locust. The femur was filled with haemolymph

and a small amount of added saline.

A, Ist trace: Intracellular record from the proximal flexor
2nd trace: Extracellular record from the middle nerve branch
3rd trace: Extracellular record from distal nerve branch

II = Inhibitor 1, 12 = Inhibitor 2.

B. Tension records from only the distal part of the flexor muscle.
To stimulate the muscle a hook electrode was placed on the
proximal part of N5B2 while the nerve branches to the proximal
and middle flexor were cut to eliminate tension from these
parts of the flexor muscle. The N5 was cut at the mesothoracic

ganglion to eliminate spontaneous activity to the flexor.
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(7 - 10 mV) than the other two slows (fig. 3.19B). EPSP's from S3
cannot be correlated with any action potentials recorded in the middle

or distal nerve branches even when the noise level is low.

Inhibitory axons (II; 12),
These are two a”ons producing inhibitory post synaptic
potentials (iPSP's) in the fibres of the whole flexor tibiae imascle

(fig. 3.12, Table 3.5).

Stimulation of various parts of the animal excites these

neurons which soens to have a low threshold. IPSP's were recorded from

an intact animal where the flexor muscle was immersed in a mixture of
haemolymph and saline.  Under these conditions hyperpolarizing IPSP's

could be seen for more than 30 min.. Activity of these neurons recorded
from proximal, middle and distal flexors is shown in fig. 3.20A, The
action potentials recorded simultaneously in the middle and distal flexor
can be identified as inhibitory since IPSP’s were recorded at the same

time from the proximal muscle fibres. Inhibitory axon number 2 (12) was
identified as the axon which produces the larger (3 - 4 mV) hyperpolJarizatic’

and action potential. Axon Il produces smaller IPSP's (I to 2 mV).

To establish the distribution of the inhibitory nerve endings
twenty distal, twenty middle and twenty proximal muscle fibres were
poVictrated in five different animals. The conclusion was that the two
IPSP's always appeared together in the samrie muscle fibre and that the
inhibitory axons innervate approximately 60-65% of the distal, AO-45" of
the middle and less than 30" of the proximal flexor. Since the distal
flexor receives a larger number of inhibitory endings, relaxation is very
obvious in this part cf the muscle (fig. 3.20B). Active tension

increments produced by the slow axons were reduced' in size when axon II



was stimulated. When the threshold of 12 was reached the twitch
contraction of the flexor muscle decreased by about 50" if the fast axons

were not stimulated (see arrows).

Cobalt sulphide fills of the two inhibitory cell bodies are

shown in fig. 3.8,

Dorsal Unpaired Medium neurons (DUM).

Two of the DUM neurons, with cell bodies on the dorsal side of
the mesothoracic ganglion have axons which bifurcate and send branches
into both right (R) and left (L) legs (fig. 3.21A). To study these cells,
nerve impulses wore initiated in the DUM axons innervating the flexor
tibiae muscle by stimulating the contralateral flexor nerve branches.

Since other neurons supp”-ying the flexor muscle are Unpaired, electric
stimulation of the contralateral nerve does not lead to their excitation
in the ipsilateral leg. This technique was used by Grossman et al. (1972)
and Hoyle et al. (1974.) to study the DU neurons in the metathoracic leg

of the cockroach and the locust.

In the mesothoracic leg when the left flexor nerve branches
(LF, fig. 3.21A) were stimulated nerve impulses of about"the same size
were recorded in the right flexor (RF) and the right extensor (RE) as
fig. 3.21B shows. These action potentials were almost certainly recorded
from the branches of the sam”axon since they drop out at a single threshold
stimulus amplitude. When the intensity of the stimulus was increased
another action potential, smaller than the first one, was recorded in the
contralateral flexor nerve branch (RF) but not in those of the extensor.
The difference in absolute latency between action potentials recorded from
the points RE (proximal to the femur) and RF distal, is caused mostly by
the difference in distance (approximately 1 cm) between the recording

electrodes, although there may be also differences in conduction velocity.



The records in fig# 3.21B suggest that the flexor muscle
receives axons from two DM neurons, called D1 and D2, The axon coming
from DIl also gives a branch to the antagonist extensor muscle, in
contrast with the metathoracic leg where it was found that the homologous
DM neuron gives a branch only into the extensor muscle (Hoyle et al, 1974

named DUMET}),

In the experiments described above, when the froquoncy of the
stimulation was increased (4 - 20 Hz) the action potentials recoraed
contralatcrally were unable to follow the stimulus pulses 1:1.
Prolonged stimulation of the axons can cause failure due to a fatigue
phenomenon. To eliminate fatigue effects in these experiments, the
records were taken in the first 0.5 sec, of stimulation and the failure
frequency was considered to be the frequency at which the first action
potential failed to show a 1:1 response to stimuli. Stimulation of the
extensor nerve on one side of the animal (IE, fig. 3.21A) and recordings
from the contralateral extensor (RE) show that the nervo impulses follow
the stimulation 1:1 up to 4 to 8 Hz.  When the frequency was increased
the spikes began to fail (fig. 3.22A). Some of the impulses persist
at higher frequencies of stimulation but their number falls dramatically.
When the same experiment was repeated for conduction from the flexor
nerve branch IF to RE , nerve impulses do not fail until the frequency
exceeds about 16 Hz (fig, 3.22A last trace). The fact that nerve
impulses failed at a higher frequency when they were propagated from
IF to RE than when they run from IE to RE is also shown in fig. 3.22B
which demonstrates the percentage of spike failui'es in the first 5s of
the stimulus. To investigate this failure phenomenon further nerve
impulses initiated at point IF° were recorded in branch IF2 and RE.

Figure 3.220 shows that nervo impulses in both extensor nerve branches

follow stimulation frequencies higher than 14 Hz.  IVhen the frequency



Fig.

A,

Fig.

A

3.2 1.

The experimental arrangements for the study of the flexor DM
cells. Both mesothoracic femurs of an immobilized locust
were dissected to expose the nerve branches of the right (R)

and left (L) flexor (fl.t.m) and extensor (ex, t.m) muscles.

IF
RF

left flexor. IE = Left extensor,
Right flexor RE = Right extensor.

Top trace simultaneous record from RF while a stimulus was

applied to IF. This stimulation and recording situation
is indicated by the label IF n RB. All traces are identified
by the same convection (including Fig. 3.2 2.). Acomparison

can be made in RF ofthe action potentials produced by axons
DI and D2 with thoseof Cl and SETi.

3.2 2.
Ist, 2nd and 3rd traces show the failure of action potentials
in the branches of DI in IE during stimulation of increasing
frequency. In the same animal no failure occurred at the

frequency of 16 Hz when the stimulus was applied to IF
(4th trace).

B. The relationship between the percentage of spike failure in

the first 5s of applied stimulation and the frequency of
stimulus, plotted for two different routes LE rURE and
LF n RE in the same locust. The standard deviations are

from 15 repetitions,

C. Simultaneous records from RE and IE while the stimulus was

applied to IF at two different frequencies. Notice in lower
pair of records that the action potentials of DI in IE have

disappeared.
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rises to 16 Hz nerve impulses fail in the ipsilateral extensor (IE) but
persist in the contralateral extensor nerve (RS). This suggests that
the low frequency failure point is in the extensor nerve branches of

axon DI and the high frequency failure point is proximal to the flexor

nerve branches of the same neuron.

Similar properties were described by Parnas (1972) for a
differential block of high frequency in the branches of a single axon
innervating two crustacean muscles. Although there are significant
functional and anatomical differences between the insect Dllj neurons
and the excitatory motoneurons in crustacea it seems that the properties

of the bifurcation points of these axons are similar.

Cobalt chloride perfused through failed to stain the cell
bodies of DI and D2. Similar difficulties were found by Grossman e t al.
(1972) who failed to back fill the DUH neurons in cockroach. One of
the contributary factors could have been the small diameter of the
peripheral axons of these neurons. However Hoyle ct al.(1974 ) derived the
complete morphology of DUMEIT by combining pictures of several neurons

which were partially stained by intracellular injection of cobalt.

3. Mechanical pronerties

Most of the previous work on the mechanical properties of
locust muscles has been done on muscles bathed in various physiological
salines. However salines may affect the mechanical properties of the
muscle fibres. For example. Burns and Usherwood (1973) found that
tetanic tension of the mesothoracic extensor tibiae muscle is about
5.5gi' while this tension can rise up to 15 to 20gr under in vivo
conditions as described below (and also see Aidley, 1975). Hoyle (1973)

shows in his records that the isometric force developed by the fan of
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the metathoracic extensor muscle when the SETi is stimulated in locust
saline changes dramatically after equilibration. Changes in concentration
of Ca** ions can also affect the tension produced by the flexor tibiae
muscle (see previous pages) or the extension tibiae muscle (Aidley, 1965).
In this work the mechanical responses of the mesothoracic flexor tibiae
muscle were investigated under "in vivo" conditions to avoid any such
misleading effects. To achieve these conditions the mesothoracic leg

was mounted (as in fig. 3.1) and the flexor muscle was stimulated
electrically or mechanically stretched as described in Methods, No
saline was used during cutting of the nerves or the tendon, which were
done by local microoperations. The animal was left long enough to recover
before any experiments were undertaken. The blood circulation was not
disturbed and none of the trachael systems were damaged. The fact that
there were no alterations in the recorded twitch contractions after 4Sh

shows that the muscle was kept in good condition.

In behavioural terms, passive extension or tetanic contraction
of the flexor tibiae muscle occurs very often, for instance in walking
during retraction of the leg a tetanic contraction of the extensor muscle
produces a force which passively stretches the antagonistic flexor muscle.
During protraction, the opposite occurs and the flexor muscle flexes the

tibia by producing a tetanic contraction.

Passive stretch of the flexor muscle
In the mesothoracic leg, an imposed extension of the tibia
causes an increase in the length of the flexor muscle. The increase
of muscle length in relation to the femur tibia angle (FTA) 1s almost
linear (fig. 3.23A), To obtain this data the tibia was extended slowly
to different angles and the increase in muscle length was measured with

a pointer mounted on a micromanipulator.
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A,

The relationship between flexor muscle length and

1"amiir “ibia opgle (FTA). 6 ft/salih.wt K
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Changes in flexoH muscle tension during passive tibial
movement at different angular velocities, as indicated

at the top left of each record.
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FIR. 3.24

A,

B,

Tension from the mesothoracic flexor tibiae muscle recorded at

the distal end of the tibia (see Methods and Fig, 3.1).

Scale bars = 2g muscle tension. 16 I\

‘Sara r i i cU./,
Passive tension: Changes in muscle tension caused by passive
tibial extension from 90° to 175° in steps with an angular
velocity of 150 °/s.
Active tonsion! Twitch contraction of the flexor muscle induced

20 or 30s after the passive extension. The sensitivity of the

pen-recordor was reduced while twitch contractions were recorded,

The tension recorded in A plotted against flexor muscle length,

b- peak passive tension, & - plateau tension,
¢ - amplitude af twitch. The data were obtained from 15
experiments on each of three different locusts. The muscle

length in nm was calculated from Fig, 3.23A since the FTA was

known.
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In a free walking animal the tibia is extended rapidly from
70° to 130°, with an average angular velocity of 150°/S in an animal
walking at a speed of 2 steps/second (st./s), with an average angular
velocity of 2I*P/s when it walks at a speed of 3 st/s and 430°% when
it walks at 4 st/s (Burns, 1973). To simulate these movements, a
consteint velocity was imposed on the tibia of an immobilized animal by
a lever. Muscle tension was monitored by the probe of a tension
transducer attached between the lever and the end of the tibia as
described in Methods, Fig. 3.23B shows the changes in muscle tension
when the tibia was extended at different angular velocities. The
overshooting during lengthening or shortening of the flexor muscle depends
on the velocity of the stretch or release. Similar properties were
described by Gaisser and Hill (1924) in a frog sartorious muscle, who
found that these responses also persist in a tetanized muscle. In their
simple viscous elastic model they attributed the overshooting to the
viscous components. During extension of the flexor muscle in normal
walking, the muscle cannot be considered completely relaxed, although
most of the flexor motoneurons are silent, because there is probably a
residual tension in the tonic fibres of the muscle. Similar effects

in the mesothoracic extensor muscle were described by Burns (1972),

To investigate changes in muscle tension during the stretch of
the muscle, the isometric length tension curve was plotted", by extending
the tibia from 90° to 175° in steps with a constant velocity of 150°/S.
Although the mesothoracic tibia operates from 30° to 130°, the angle
of 180° was avoided because at that angle (maximum FTA) forces developed
by cuticular formations may affect the estimates of the rmiscle tension,

since these were measured from the tibia. Typical records from the above
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procedure are shown in fig, 3.24A and the results of an analysis of
fifteen experiments on three different animals are shown in fig, 3,243

(curves a b).

Active tension produced by the flexor muscle

Active tension increments were induced in the flexor muscle
by stimulating N5 (see methods) while the length of the muscle was
increased by extending the tibia with an angular velocity of 150°/S
(fig. 3,24A). The twitch contraction reduced in strength when the
muscle was stretched. The pealc of the active tension (fig. 3,243,
curve c¢) occurred at the normal length of the muscle for an FTA of 90°
to 100°, Similar curve was plotted by Aidley (1975) for the locust

mesothoracic extensor tibiae muscle.

In walking, tetanic forces due to high frequency activity in
the flexor muscle, cause a fast flexion of the tibia in protraction.
Strong flexion of the tibia is vital also in other behaviour patterns
such as climbing or grasping. To simulate these conditions the flexor
muscle was stimulated through N5 (see Methods) at different frequencies
for 20 sec, and tetanic forces were measured at the end of the tibia
which was kept at a FTA of 90°. The stimulus voltage used was high
(15 - 20 V) to ensure that all the flexor motor axons were excited.
This meant that the inhibitory axons were also excited, but relaxation
of the flexor muscle is not significant. Usually the inhibitors have
little inhibitory effects when muscles are contracting under the influence

of activity in the fast fibres (Usherwood and Grundfest, 1965),

The tetanic tension produced by the flexor tibiae muscle rises
quickly (see Table 3,6) and produces a plateau for 5 - 8s for frequencies

of stimulation higher than 30 Hz and then slowly fatigues to about 50"
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of the peak tension in a further 12 - 15s. To investigate the components
of this tetanic tension the proximal part of the muscle (proximal and
middle flexors) were stimulated separately from the distal part (distal
flexor). These two parts were chosen because they receive many different
axons (fig. 3.12), Tension froiiii the proximal part (fig. 3.25B) was
recorded by cutting NSB2 immediately distal to the middle nerve branch
(denervation of the distal flexor). During high frequency stimulation
(50 Hz) hho tetanic tension rises very rapidly and in 20 sec. fatigues

by about 60" of the peak tonsion. To record active tonsion only from
the distal part of the muscle the apodeme between middle and distal
flexors was severed to eliminate tension produced by the rest of this
muscle. During stimulation at a high frequency (fig. 3.25C), the distal
flexor produces also a fast rising peak which fatigues about 35 - ™%

of the peak tension in 20 sec.

The half rise tires, half decay times and the twitch/tetanus
ratios at a frequency of stimulation of 50 Hz for the distal part, the
rest and the whole flexor tibiae muscle are shown in Table 3.6. The
tetanic tension in the proximal and middle flexors rises and decays faster
than that in the distal flexor. This suggests that the proximal muscle
fibres are more phasic than the distal fibres and this is also supported
by the fact that the proximal flexor has larger diameter muscle fibres
(Table 3.1) and also receives larger motor axons than the rest of the
muscle (Table 3.3). Similar anatomical and physiological characteristics
can be seen in the antagonist extensor tibiae muscle (Burns and
Usherwood, 1979) where the distal part of the muscle is less phasic than

the proximal part.

The study of the contraction which each individual motor axon

causes in the fibres of the flexor muscle would require excitation of



fkiscle tonsion recorded from different parts of the mesothoracic
flexor tibiae muscle while they were stimulated for 20s (for the
duration of the horizontal line) at frequencies of 20, 30 and

50 Hz.  The muscle was bathed in its own haemolymph (Fig. 3.1).

A, From the whole flexor muscle. The tension transducer was

attached to the distal end of the tibia,

E, From the middle and proximal floxor. The distal part was
denervated by cutting N5B2 immediately distal to the middle

nerve branch,

C, From the distal flexor. The flexor apodeme was cut between
middle and distal flexors to eliminate tension developed in
the two proximal parts.

Vertical calibration = 12,Ig muscle tension.
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Table 3.6.

Mechanical characteristics of active contractions of the
mesothoracic flexor tibiae muscle. The muscle was in its
olm haemolymph and excited through N5. Recording
conditions were almost isometric (transducer compliance =
0.05 mm/g). No significant changes of the rise and

decay times were observed at higher stimulus frequencies

(120 Hz).



Table 3.6.

'/Thole Prox, &
Flexor middle Distal
Muscle flexor flexor
Twite h/Tetanus 0.225 0.172 0.L42
ratio
Half rise time(50Hz) 30 60 395

(ms)

Half decay time(50Hz) 100

(ms) 50 90

The above numbers are the average values of records

taken from three different animals.



these axons from their motoneuron cell bodies. This technique which

has been described above (fig. 3.9) is suitable if there is only small
number of motoneurons, but in this case the total number of excitatory
and inhibitory axons detected is [4, a fact which makes the use of this

technique almost impossible.
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1. Introduction

In vertebrate limbs the Golgl tendon organs are well known
as receptors for active muscle tension (e.g. Houk & Henneman, 1967).
Tension receptors have also been found on the apodemes of leg muscles
in Cancer (MacMillan & Dando, 1972) and Limlus (Eagles, 1978). However,
no receptors directly sensitive to muscle tension.havé so far been
identified in the legs of insects, although there is physioclogical
evidence for their existence in the locust (Burrows & Horridge, 1974)
and in the stick insect (Bisslar, 1977). In addition to receptors for
joint position and movement (Burns, 1974; Coillot & Boistel, 1962) the -
insect leg is well supplied with campaniform sensilla which detect
cuticular stress (Pringle, 193%) and it has been suggested that the latter

receptors also function indirectly as muscle tension receptors.

Tn this paper we describe the anatomy of sensory nerve branches
in the femur and report a single receptor cell attached to the flexor
tibiae muscle of the prothoracic and mesothoraciﬁ legs of the locust,
which responds to passive and active tension in the muscle, and which is

capable of mediating reflexes in the femoral muscles.,

2., Materials and Methods

The present work was performed on the mesothoracic leg of the

adult female locust, Schistocerca americana gregaria, The leg was

removed from the animal and mounted ventral side down on Tackiwax. In
order to measure isometric tension in the flexor tibiae muscle the tibiae
was disarticulated, cut to a Imm stump and attached to a silicon strain
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the muscle, In some experiments the tibia was left intact to ensure
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that the muscle lengbh remained within its natural range and the femur-
tibia angle was measured visually against a protractor scale. The
dorsal cuticle of the femur and the extensor tiblae muscle were removed
and the whole leg was immersed in circulated, oxygenated saline
(Usherwood & Grundfest, 1965) at room temperature. Records of activity
from the sensory nerves in the femur were made with a glass suction
electrode, gold plated to increase the signal to noise ratio. Passive
tension was produced in the flexor tibilae muscle by extending the tibia
or by stretching the muscle directly with a lever on ibts apodeme which
was abtached to the armature of a small relay. Actbive tension in the
flexor muscle was induced by stimulating the motor nerve (V582).
Neural activity was recorded in magnetic tape and either photographed
from the oscilloscope screen or photographed from an ingtantaneous

frequency display.

In order to study reflexes mediated by the tension receptor
the leg was fixed and dissected in the same way, but was left attached
to tﬁe locust, Nerve 5B2 was cut at the proximal end of the femur (see
Fig.4.14) and motoneuron activity was recorded from the proximal side of
the cut and from the extensor tibiae motor nerve, Tension was developed
in the flexor tibiae muscle by stimulating V5B2 distal to the cut, All
branches of n5 were cut except the one from the tension receptor which
was monitored to check recebtor function. In some experiments the femur-
tibia joint and nerves’SBlb and 5Ble were left intact. The tibia was
then moved with a galvanometer motor driven by an electronic ramp
generator so that the flexor muscle was both passively stretched and

reflexly excited via the chordotonal organ.

The anatomv of the sensory nerve branches in the leg was

determined by perfusing cobalt chloride peripherally down the nerves
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Anatomy of the sensory nerve branches of the mesothoracic
leg of the locust. A « dorsal view of branches of nerve
5B in the left femur, B - anterior view of branches of
nerve 5Bl in the right proximal tibia, C - posterior view
of branches of nerve 5B2 in the right proximal tibia.

A1l nerves numbered are branches of nerve 5B, MTR = muscle
tension receptor, CS = campaniform sensilla,

S = gubgenual organ, G = coxa, F = femur, T = tibia,
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Fige 422.
Morphology of the flexor miscle tension receptor (MTR).
A « branches of nerve 5Ble filled with cobalt sulphide,

B = diagram of the same preparation, Scale bar = IOOFm.
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and precipitating it as cobalt sulphide. This was done by sucking
the cut end of the nerve into a glass suction electrode filled with

0.5 M cobalt chloride,

3 ™ Re SU.ALS__

Anatomy.

In the femur of the prothoracic and mesothoracic legs of the
locust the extensor tibiae muscle lies under the dorsal cuticle while
the larger flexor tibiae muscle lies in the lower half of the femur,

In structure both muscleg are a combination of pinnate and fusiform type
and they are composed of a number of discrete muscle bundles or units
(defined by Hoyle, 1955) attached to a common apodeme. The flexor

tibiae muscle consists of 10-12 antericr muscle bundles attached to the
cuticle in a row of approximstely circular discrete insertions, the same
number of posterior bhundles with elongated insertions tending to merge
into one another, and a singlg proximal bundle with a ventral insertion
very close to the trochanter. There is no accessory flexor corresponding

to that in the metathoracic leg,

A single large nerve trunk enters the femur from the coxa. I%
is formed by the fusion in the coxa of nerves 3B2 and 5Bl (Campbell, 1561)
and divides into two major branches in the femur, n.5Bl and n.5B2 as shown

in Fig. 4.1A,

Nerve 5Bl: This nerve innervates the chordotonal organ (Burns, 197 ) and
then gives off two more branches in the femur before passing into the
tibia where it innervaztes sensory hairs woer the joirt, the subgenusl

organ and cuticular receptors a little further down the tibia (Fig. 1B).

The first of the two major branches (n.5Bld) carries the only motor axons
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in the nerve and supplies the extensor muscle. The second branch
(n.5Ble) separates from the main nerve half way along the femur and runs
along the anterior dorsal surface of the tibiae muscle for a short
distance before dividing into two smaller nerves. The first of these
(n.5Blel) continues along the surface of the muscle and then dives down
between two flexor muscle bundles to innervate hairs on the anterior
face of the distal femur, The close association hetween the nerve and
the muscle at this point suggested that there might be sensory receptors
invelved, but none could be identified. The second half of the nerve
(n.5Ble2) gives rise to a small branch connected to the flexor tension
receptor (Fig, 2) and one innervating a small field to cuticular hairs
before passing along the anterior cuticle to innervate dorsal
mechanosensory hairs including the very large ones immediately dorsal to

the femur-tibia joint,.

Nerve 5B2: This nerve contains the motor axons of the flexor tibiae,

the retractor unguis and the tibial muscles. It gives rise to ona

sensory branch in the femur, the lateral nerve (n.5B2a) which innervatés

the multipolar joint receptors (Williamson & Burns, 1972) and sensory

hairs in the posterior face of the femur. All the remaining sensory

fibres in the nerve originate in tibial or tarsal receptors. Upon

entering the tibia n.5E2 divides into three branches (Fig. 4.1C) the

first of which supplies three groups of five campaniform sensilla and

some sensory hairs, The remaining branches continue to the tarsus, forming

the dorsal and ventral nerves (Kendall, 197C).

Flexor tension receptor: This receptor is a single large multipolar cell
located at the base of the second or third most distal anterior bundle of
the flexor tibiss musclc. It is about 69Pm long and 2Cum in diamcter

(Fig. 4.2) and has four major dendrites which branch profusely to connact



with more than seven muscle fibres over a distance of about 60qun.

Some of the fine processes of the dendrites attach to the surface of

the outermost flexor muscle fibres within 2qu of their attachment to

the cuticle, while most of them pass between the fibres at the same

level so that their sites of attachment are within the muscle. No
direct connections between the cell and the cuticle were found., From
its shape the receptor cell can be classified as a type II mechanosensory
neuron (Zarwarzin, 1912) or a multiterminal cell (Finlayson, 1963). Tt
is similar in shape to those found in the abdomen of Orthoptera (Slifer

& Finlayson, 1956) but unlike them it is not attached to a single

gspecialised nuscle [ibre,

The anatomical features described above are almost identical
in the prothoracic and mesothoracic legs of the locust, but are different
from those of the metathoracic leg. In the latlter, the chordotonal
organ is distal in position, Brunnert!s organ is present, the proximal
tibia has a specialised buckling region and fewer campaniform sensills
(Heitier & Burrows, 1977) and nerve branch 5Ble is absent, No structure

corresponding to the mesothoracic flexor tension receptor could be found.

Fhysiology

In order to evaluate the sensory contributions of nerve branches
described above, their activity was monitored in the femur of an isolated
leg while the tibia was passively flexed and extended over the 90°-120°
range used in walking (Burns, 1973). Recordings from the distal parts
of nerve 581 (Fig. 4.3.E) and 5B2 (Fig. 4.3D) show activity from tibial
receptors which may be responding to vibration (subgenual organ) and
cuticular stress (campzriform sensilla).  Activity in n.58%a, the only

sensoty branch of n.5B2, comes from the multipolar joint receptors



Records made from sensory nerve branches in the isolated
mesothoracic femur of the locust while the tilbia was
moved passively., Records are from: .A -~ n,5B1 proximal
(chordotonal organ), B =~ n.5B2a (Multipolar joint
receptors), € = n.5Ble (flexor tension receptor),’ ,
D - nerve 532 distal (tibial receptors); E = nerve 5Bl
distal (tibial receptors). F shows the movements of the

tibia between a femur~tibia angle of 90° (trace up) and

120° (trace down)s, The gain was different for each trace.






A - pasgsive tension in the flexzor tiblae muscle when the
muscle was stretched from 10.5 to 10.8 mm 1@ﬂgth for the
duration of the bar, B = peak (a) and plateau (bj passive
tension in the muscle when stretched to different lengths
at 1.4 cm/s, C = the relationship between musele length
and femur-tibia angle (FTA), D = instantaneous frequency-
display of the tension receptor response when the muscle was
stretched from 10 to 1l.5 mm Jlength for'the duration of the
bar, E - spike frequency in the receptor axon in the first
10s after extending the tibia to the angle shown (a) and in

the subsequent 100s. All experiments were done on legs of
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Responses of the tension receptor to twitch contractions
of the flexor tibiae muscle. A - maximal isometric
twiteh of the whole musele, B = isometric relaxation

due to single stimilus to the inhibitory axons, C ~ near
isotonic twitch of the muscle with the femur-tibia angle
recorded, D and E -~ instantaneous frequency plots of
responses to lilsometric twitches of two different strengbhs

In the part of the muscle to which the receptor is

attached. The calibrations are the same for all records.
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responding directly to tibial position (Williamson & Burns, 1973).

Nerve 5Bl shows the highest level of activity (Fig.4.34), most of which
vcomes from the chordotonal organ in response to tibial position (Burns,
1974).  However, after cutting nerves 5Blb, 5Blc and 5Bl to the tibia,
gome sensory activity can be seen coming from n.5Ble (Fig. 4.36).

This activity comes from a single small axon with a spike amplitude only
3~5 times the noige level and some 30 times amaller than the spike from
the large sensory hair afferents running in n.5Ble. It persiste when
all the branches of n.5Ble are cul distal to the multipolar cell but
ceases when the nerve is cul proximal to the cell, It is also greatly
increased by any mechanical disturbance to the flexor miscle near to the

cell, Thus the axon almost certainly originates in the multipolar cell.

The receptor axon is continuously active at 5-10 spikes per

.second when the flexor tibilae muscle is fully relaxed, but when the
muscle 1s stretched by rapidly extending the tibia the firing frequency
inereases in a response which has both phasgic aﬁd tonic components
(Fige 4.4D).  The phasic response is confined to the first 0.5s after
the muscle is stretched and also appears as a transient reduction in
firing frequency below the rest level when the muscle is relaxed. If
the musele is stretched to different lengths within its physiological
range by increasing the femur-tibia angle (FTA), both the tonic activity
in the receptor axon and the activity in the first 10 seconds after the
g?vement increase nonlinearly (Fig. 4.4E). The relationship between
muscle length and FTA is almost linear (Fig. 4.4C) showing that the
non-linearity in the response must reside in the muscle fibres or the
receptor. It also suggests that the apodeme 6£ the flexor muscle is
fairly stiff where it attaches to the tibia since 2 completely flexible
apodeme would result in a sinusoidal relationship between length and

FTA. TFrom the responses to passive extension o6f the muscle it is not



possible to show that the effective stimilus is muscle tension rather
than length, although the firing frequency in the receptor axon

(Fig. 4.4B) appears to be very closely related to the passive tension

in the muscle (Fig. 4.4B).  The close similarity between the
instantaneous frequency in the receptor axon (Fig. 4.4D) and the passive
muscle tension during a quick stretch (Fig. A.AA)-alsé suggests that the
phasic component of the response may be entirely due to the mechanical

properties of the muscle.

The resvonses of the receptor to active contractions of the
flexor muscle do show thet it is primarily sensitive to muscle tension.
If the muscle 1s made to twitch isometrically by stimulating the
excibtatory sxons in n.5BR after cutting the nerve branches to the rest
of the mugcle, the receptor activity increases (Fig. 4.5A), but if the
tibla is free to move so that conditions are isotonic, the receptor
does not respond (Fig. 4.5C). When the region of the muscle containing
the receptor twitches under isometric conditions the frequency in the
receptor nerve accurately follows the tension, with a lag of about
40 ms (Fig. 4.5D, E). The response frequency increases with incressiag
rest tension in the muscle (Fig. 4.6) when the muscle is passively
stretehed, although this reduces the amplitude of the muscle fibre
movement. The receptor also responds to the reduction in tension
induced by stimulating the inhibitory fibres in the flexor motor nerve

(Figs 4.5B).

Like the chordotonal organ (Burns, 1974) the responsiveness
of the tension receptor depends on its environment during the experiment.
It is most responsive in haemolymph with the tracheal system functioning
and its sensitivity is similar in circulated, oxygenated saline.

Howsver, if the saline i1s still, or is not oxygenated the responses of



the receptor to isometric twitches disappear, leaving only the responses
to passive tension. This may be the result of a loss of phasic

responsiveness,

Reflexes mediated by the tension receptor.

If the tension receptor normally participates in the
coordination of leg muscles it should be possible to demonstrate that
its activity has an influence on motoneuron firing pattefns, This was
attempted by developing tension in the part of the muscle connected to
the receptor and looking for reflex responses in the flexor and extensor
motoneurons.  Typical results are shown in Fig. 4.7. This demonstrates
firstly that the receptor responds well to maintained contraction of the
musele (Fig. 4.7A), which is more like the natural behaviour of the
miscle in the intact locust, and secondly, that this patbern of receptox
activity causes a reflex activation of a number of slow {lexor
motoneurons (Fig. 4e7B) and a transient'inhibition of the slow extensor
motoneuron (SETi) (Fig. 4.7C). These positive feedback reflexes orto
the flexor neurons were found in 18 out of 20 cases, while the inhibition
of the SETi occurred in 6 out of 7 cases. In the remaining animals the
signs were reversed, so that the flexor.reflex became negative and the

SETi was excited by the receptor.

The reflex onto the SETi is less clear than the flexor reflex
and can be demonstrated more convincingly by looking at its effect on
the normal resistance reflex of the intact leg, With all the sensory
systems in the leg intact the SET1 is usually activated when the tibia
is passively flexed and its firing frequéncy depends on the velocity of
the movement (Fiz. 4.24).  When the flexor tension receptor axon is cub

the resistance reflex is considerably enhanced (Fig. 4.23), suggesting



Fig, 4:6.

Responses of the tension receptor to igometric twitch
contractions of the flexor tibiae muscle at different
rest lengbths., A = typical records at the rest lengths
marked, B = increase in receptor firing frequency
above resting rate. The dotted line shows the maximum

natural length of the muscle. Bars shew * [ standerd devialzon .
Data G-m ) -ﬁvcf'ﬂ-nmcn{.s on B antmals
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A - activity in the tension receptor axon during a
maintained flexor muscle contraction, B and C « reflexes
evoked by the receptor in the flexor motor nerve (B) and
the slow extensor tibiae (SETi) motoneuron (C) in response
to active tension in the distal part of the flexor muscle,
as shown in the lower traces. The flexor motor nerve was
cut half way along the femur and stimulated distal to the
cut to induce a contraction in the part of the muscle
containing the receptor. The cut prevented the flexor
reflex from affecting the receptor., Calibrations are the

same for all records.

Fig, 423,

Influence of the flexor tension receptor on the resistance
reflex in the slow extensor tibiae (SETi) motonewron.

A - resistance reflex in intact leg, B ~ resistance reflex
with the tension receptor axon cut. ILower traces show

imposed movement of the tibia.
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the removal of an inhibitory input. When the chordotonal organ is

also removed, the resistance reflex disappears altogether.

L« Discussion

The resulbts show conclusively thatl the prothoracic and
masothoracic femurs of the locust contain a gingle neuron whose axon
rung in nerve 5Ble2 and which is a tonic receptor for tension in one
off the distal bundles of the flexor tibiae muscle., There seems little
doubt thet this muscle tension receptor (MTR) is the large multipolar
neuron located at the base of one of these bundles. The properties of
the receptor are very similar to those of the single unit investigated
by Bissler (1977) in the stick insect. Bissler was unable to identify
the neuron responsible, but comparison with the locust leg suggests that
the large nucleus he found on stick insect nerve F1R1 is the correct
choice. The locust MTR may be analogous tc the large multipolsr neurons

found at both ends of the tiblal flexor muscle of Limulus polvphemus

(Bagles, 1978; Eagles & Gregg, 1978). However, in this animal the
cells at the insertion of the muscle are reported to be recepters for

muscle length rather than tension.

The MTR is morphologically very similar to the mulbiterminal
stretch receptors attached to abdominal muscle fibres in many species of
insect, in centipedes and in scorpions (Finlayson, 1976).  In Rhodnius
(Hemiptera) the abdominal receptors resemble the locust MTR in that
their dendrites are attached to a mumber of muscle fibres (Anwyl, 1972)
but in most insects so far examined each receptor is connected to only
one mascle fibre. If the muscle fibres concerred are nart of fhe main
segmental muscle the receptors could function similarly to ths femoral

MTR and monitor tension, but if they are innervated separately the



3
i¥2

receptors may functicn as segment length detectors.

The locust MTR differs from tension receptors on the leg
muscles of crustaceans and vertebrates in that it is a single cell
located in a contractile region near the fixed end of the muscle rather
than a multicellular organ located in the tendon.  Although this means
that it can only monitor tension in a small region of.the muscle this
is also true of a single neuron in the vertebrate Golgi tendon organ
which usually monitors the tension in a restricted number of muscle
fibres (Barker, 1967) all of which may be separately innervated
(Reinking et al., 1975). In both receptors the sensitivity to active
tension is greater than to passive force applied to the tendon because
much of the passive tension is developed in connective tissue or muscle
fibres not connect;d to the receptors (Houk, 1967). There is currently
no evidence that the neurons on the crustacean tendon organ are
differentially sensitive to different parts of the muscle although the
fact that the neurons are distributed along the'length of the apodene
" in a pinnate muscle (MacMillan & Dando, 1972) would seem to place them-

in a good position to do so.

Since the locust flexor tibiae muscle is also pinnate in form
it 1s not clear why the MIR is located on the muscle fibres rather than
the tendon. It may be that this position confers a special sensitivity
to local contraction of the associated fibres, although there was no
indication that these fibres are innervated differently from others in
the same region, This region of the muscle is more tonic than the more
proximal parts so that sensory feedback of flexor muscle activity may
be divided between the MIR responding to tension in the tonic distal
fibres, the cuticular campaniform sensilla responding to stress from

the more powerful phasic fibres and the chordotonal organ monitoring



movements of the phasic proximal part of the flexor (Burns, 1974).

In spite of the fact that the MIR is only a single cell it
mediates a strong positive excitatory reflex onto the flexor motoneurons
and an inhibition of the slow extensor motoneuron powerful enough to
interfere with the reflex from the muech larger chordotonal organ.
Similar positive reflexes have also been found in the abdomen of the
caterpillar (Weevers, 1955) where the single celled MRO receptor excites
parallel rmuscles. The locust MIR reflexes are opposite in sign to the
equivalent reflexes in the stick insect (Bissler, 1977), the crab
(Clarac & Dando, 1973) and in mammals (Granit & Str8m, 1951).,  However,
the sign of such reflexes may change with the behavioural state of the
animal, Thus Macnillan (1976) reports that the crab tension receptor
reflex.is sonebimes reversed when the animal is active and chordotonal
reflexes in the stick insect femur change sign with changes in the stats
of arousal on the insect (Blssler, 1976). In a few locusts negative

feedback rellexes from the MTR were found,

The positive feedback may be part of a load compensation reflex
similar to that mediated by campaniform sensilla in the cockroach
(Pearson, 1972), A similar load sensiﬁive reflex has been reported in
the metathoracic leg of the locust (Burrows & Horridge, 1974) and was
ascribed to muscle tension receptors which were not identified, Ir the
megsothoraciz leg it is possible that the MTR excitation of the flexor
motoneurons is also a mechanism for distribufing loads over the whole
muscle,  Unlike the extensor motoneurons, most of the flexor neurons
innervate only restricted areas of the musele (Theophilidis & Burns, in
preparation), The muscle bundle containing the MTR does not anpear to
have its own unigue motor suvply, bubt it lies in the Jdistal part of the

muscle which shares few of its motor axons with the more phasic proximal
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parts. Thus tension developed in the distal muscle fibres may cause

the MTR to reflexly excite motoneurons supplying other parts of the
muscle, producing a contraction which will reduce the load on the distal
fibres. In this connection it is interesting that it is the distal psrt
of the flexor muscle which is most used in posture and in walking
(Theophilidis & Burns, in preparation), so the MTR reflex may be able to

provide additional tension when it is needed.
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5. RESISTANCE REFLEXES

A, Methods

The locust was fixed ventral side down, in the middle of a
platform made from plasticine (4 % 4 x 2cm). The femur of the
mesothoracic leg was mounted horizontally on the same platform in such
a way as to allow free movement of the tibia in a vertical plane
(fig, 5.1.). The rest of the legs were also mounted on the platform.
The animal was left in this position for five or six hours to settlie
before any experiments were undertaken, Then the femur of the leg
under investigation was dissected, as describéd in fig. 2.1B. Care was
taken not to destroy any of the sensory nerves from the main femoral
mechanoreceptors. A constant velociby movement, between 900 and 120°
vas imposed by a lever-on the tibia at three different angular velocitiss
(see Chapter 2). The movement of the tibia produced resistance reflexes
in the femoral muscles which were recorded from the nerve branches of the
flexor and extensor muscles using hook or suction electrodes. Cross
reflexes and reflex activity from the DUM cells were recorded from the

contralateral leg.

B. Results

Reflex excitation of the flexor tibiae motoneurons (F1TiM!'s)
is a variable phenomenon which depends on the strength of the sensory
inputs and the excitability of the animal, ﬁost of the reflexes studied
in this section are resistance reflexes which tend to resist passively
imposed femur-tibia joint movements by excitation of the motoneurons
innervating the femoral muscles,  Sensory activity responsible for
these reflexes is shown in fig. 4.3. where it can be seen that most of

the proprioreceptors detecting femur-tibia movement and position are



Fig., 5.1

The arrangement used to record femoral reflexes produced by

tibial movement.,

T
F

P
M

I

k]

tibia

femur

protractor

shaft of the pen motor connected to the tibia wvia
the lever (L). The axis of the rotation of the
shaft and lever were in line with the tibial
articulation. To record activity from the DUM
cells, or cross reflexes the contralateral leg was

also dissected.
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Fig, 5.2
Records from the mesothoracic flexor tibia muscle in the dissected
femur of an immobilized locust. The femur was filled with haemolymph
and a small amount of saline was added and replaced with fresh
oxygenated saline every 3 to 5 min. All leg sensory inputs were
removed except from the chordotonal organ. Tibial movement Qas
imposed with the arrangement described in Methods.
Top trace: Intracellular record from the proximal flexor muscls
fibre .
Middle trace:  Extracellular record from the middle flexor nerve
branch,
Bottom trace: Tibial position.
Angular velocities were: 1: 380/3, 2:'750/3,

3: 150%/s.

At the higher velocity (3), the three large FEPSP's can be identified
as from Fl since they are not correlated with any of the action
potentials in the middle flexor nerve branch. Small EPSP's in the

proximal flexor could be due to Ml.
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active during imposed extension of the tibia and, except for the
chordotonal organ (CO), they are not very active during flexion, The
O is the most important sensory input in the generation of resistance
reflexes involving femoral motoneurons. This is demonstrated by the
fact that removal of this mechanoreceptor abolishes most of the

registance reflexes,

Reflexes are not only dependent on the strength ol the sensory
inputs to the central nervous system but also on the excitability of
the animal, To avceid variation in the responses caused by differencss
in the behavioural state of different animals the locusts were fixed fs
in fig., 5.1) aﬂd experiments undertaken after six hours. This was an
attempt to bring the excitatory state of each animal to about the same

Jevel.

Motoneuronal activity was recorded from the three parts of the
flexor tiblae muscle to allow identificétion of the different flexor
motoneurons., The tibla was extended from 90 to 120° at constant angular
velocities of 380/8, 750/5 and lSOO/S which correspond to the average
velocities at which a locust extend its tibia when walking at speed of

0.5, 1 and 2 steps/s (calculated from Burns, 1973).

Excitatory flexor motoneurons,

The flexor motoneurons are excited during passive extension of
the tibia indicating a negative feed back frém the leg sensory receptors.
The fast flexor motoneurons fired continuously only when the tibia was
extending at frequencies which depended on the veloecity of the extension.
The intermediate motoneurons responded to the extension of the tibia in
the same way as the fast axons but often their activity was prolonged

after the end of the extension. The slow motoneurons were spontaneously



active and increased their firing frequency when the tibia wag extended.

Typical records demonstbrating resistance reflexes are shown in
fig. 5.2 where a full cycle of the imposed tibia movement can be secn.
This figure also demonstrates reflex excitation of motoneuron Fl, which
has a large axon innervating only the 30% of the proximal flexor (fig.
3,12), Fl is a high threshold motoneuron which is excited only by fast
tibial movement and produces a maximum of three spikes. The relation
between firing rate of Tl and the anpgular velocity of tibial extension

is given in fig. 5.3A.

The large action potentials, in fig. 5.2 (second trace), are
responses of motoneuron F2 to the imposed extension of the tibia,
Responses of motoneuron F2 also can be identified, in fig, E.AA which
shows intrécellular records from the proximal muscle fibres and nerve
records from the middle and distal nerve branches. Axon ¥3 has heen
identified as the motoneuron whose branches innervate only the proximal
and middle flexors (fige. 3.12). This motonsuron seems to reach threshold
when the tibia is extended at velocities greater than 380/3 (fige 54340,
Below this value F2 is usually silent but in some animals the threshold

was lower,.

A similar pattern of reflexes as that of F2 is shown by
motoneuron F4 (fig. 5.4B). Axonel branches from this motoneuron have
been identified only in the middle and distal flexor (fig. 3.12). This
motoneuron was sometimes completely inactive but when it was active it

responded to tibilal extension of all the velocities as can be seen in

fig. 5.3B.

Figurcs 5.4A and B demonstrates the two most comnon patberns
of resistance reflexes recorded from the flexor tibia motoncurons. The

main difference between these two patterns is that in the first case,



Fig. 5.3

Typical responses of the mesothoracic flexor tibiae axons in
relation to the angular velocity of tibial extension. The axons
are usually activated in groups where some of them are fully
active and others suppreséed. These graphs were plotted from
animals in which each particular axon was fully active, For each
axon the above curves represent records taken from at least two

different animals from 10 different imposed extension movements.

Bars sLow * | standard Ae\n'ah;u .



e

_ET

94

G4

(S/16ep)ANoojeA Jeinbuy

oGt
|

274
j

O

8E
|

|
o
-

(ZH) Aouanbai4




Fig. 5.4

Typical records used to identify most of the mesothoracic flexor
tibiae motoneurons in resistance reflexes produced by extending
the tibia of three different velocities, 1: 380/%, 23 750/%,

3: 150%/s.

A, The most common flexor motor pattern produced by tibial extension.

lst trace: Intracellular record from a proximal muscle fibre.

2nd trace: Extracellular record from the middle flexor nerve
branch.

3rd trace: Extrapellular record from the main distal flexor nerve
branch,

4th trace: Tibial position, downward movement = extension from
90o to 120°.  Action potentials of the inhibitors
cannot be confused here since they usually activated
immediately after the end of the extension movement
(Fig. 5.5B). The identification criteria for the flexor

motoneurons as described in Chapter 3.

B. An extreme case where although most of the flexor axons were
silent F4, F3 and F2 were active.
1st trace: Extracellular record from the middle flexor nerve branch
2nd trace: Extracellular record from the main distal flexor nerve
branch

3rd trace: Tibial position.
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F2 is the dominant active motoneuron while F4 is silent (8 locusts)
and in the second case (fig. 5.4B) their roles are reversed (3 locusts).
In both cases motoneuron F3 is activated by fast tibial movements,

producing one or two spikes (fig. 5.44; B and fig. 5.3B).

Among the motor axons which innervate the distal flexor only
M3 is activated during slow tibial movements (fig. 5.44), F5 and Fé
are activated by the faster movements. The frequency~angular velocity
curves from these motoneurons are shown in fig, 5.3C; D. lMotoneuron
M1l is activated usually by the fash tibia movement and when the

angular velocity increases, paradoxically the activity of this

motoneuron decreases (fig. 5.44 and fig. 5.3D).

Motoneurons S1 and S2 which innervate the whole flexor muscle
(fig. 3.12) fire continuously with frequencies of 5 to 10Hz, When the
tibia is passively extended to 120° the firing frequency of these
motoneurons becomes 15 - 20 Hz and remains at this value without any
adaptation, as long as the extension is maintained (fig., 5.5A). This
firing frequency is almost independent of the velocity at which the
tibia is moved. Motoneuron S3 in the proximal flexor responds in a

gimilar way.

Reflexes in the fast flexor tibiae motoneurons often habituate
if the mechanical stimulation of the femur tibia propriocreceptors is
applied for prolonged periods. This phenomenon ig demonstrated in
fig. 5.6. Habituation could cause variation in the results described
above and for this reason most of the records were taken in the first

five ecycles of stimulation.
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Flexor inhibitory neurons.
The Il and I2 motoneurons inmervate the whole flexor muscle

(fig. 3.12). These neurons have a very low threshold and can be easily
activated by touching different parts of the animal. They are silent
in 8 quiescent animal at a femur-tibia angle of 900, however they are
excited by imposed tibial extension (fig. 5.5B). Neuron Il and I2
remain silent during the extension of the tibia from 900 to 120° but they
are activated immediately after the end of this movement.  Their firing
frequency depends on the velocity of the extension and it declines
rapidly from a peak frequency immediately after the tibia stops moving,
When the tibia is flexed these neurons are silent. In the six animals
examined, two failed to show any responses of the inhibitory neurons to

the extensicn of the tibia,

D.U.M. neurons,

It is a difficult task to monitor actiﬁity f&om the flexor
DUM cells (D1 and D2) during movement of the tibia, because most of the
D.U.M. action potentials are masked by the activity from the larger flexor
tibiae motor axons. It has been shown (section 3) that the D1 neuron
(DUMETi) innervates the flexor and extenson tibiae muscles on both sides
of the animal. Using this property the above difficulties were
eliminated by recording activity from D1 in the extensor nerve from the
contralateral side to the reflexively excited flexor motoneurons, The
D1 spike was identified from an action potential produced every second
by stimilating the extensor nerve from the side on which the tibial
movement was imposed (fig. 5.7A).  The D1 neuron is not excited by
flexion or by extension of the tibia at any of the angular velocities.
Occasionally it fires at aboul one spike every two or three seconds,

D1 can fire with a burst of increased frequency up to 5 or & Hz whenever



Fig. 5,
Records from the mesothoracic flexor tibiae muscle in the dissected

femur of an immobilized locust (conditions as in Fig. 5.2).

A. 1st trace: Intracellular record from a distal muscle fibre.
2nd trace: Extracellular record from .the middle flexor nerve
branch.
3rd trace: Tibial position.
Notice the size of the action potentials produced by axons Sl and
52 (2nd trace), They are very small and very difficult to
distinguish from the noise level of the record, especially when

other larger axons are activated.

B, 1st trace: Intracellular record from the distal muscle fibre,
2nd trace: Tibial movement.
Angular velocity: 1: 18%°/s; 2: 38%s; 3: 78%/s.
T1 = inhibitor 1, I2 = inhibitor 2. |
Axons I1 and I2 were identified also in the other parts of the
muscle using éimilar method to that described in Fig. 3,20,
In this preparation the thresholds of the inhibitory axons were very
low and the activity of the excitatory motonsurons was correspondingly

low (see small group of EPSP's),
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Fige 5.6

Records from the mesothoracic flexor tibiae muscle in a

dissected femur of an immobilized locust (conditions as in

Fig. 5.2).

1st trace: Intracellular record from the proximal flexor.

2nd trace: Extracellulaf record from the middle nerve branch,

3rd trace: Exiracellular record from the distal nerve branch

Lth Lrace: Tibial position. Downward movement of the trace =
tibial extension, Angular velocity of movement

780/8-

Fach record was taken after the number of cycles of tibial

movement shown at the left side of the figure.
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Pig, 5.7
A and B. Records from the extensor nerves in both dissected

mesothoracic femurs of an immobilized locust (conditions as in 5.2).

A, Responses of the DUM cell (D1) and the extensor SETi from one
side of the animal (1lst trace), to the movement of the opposite
mesothoracic tibia (2nd trace) imposed at two different angular
velocities (380/3 first record, 3000/5 second record). The
1arge“action potentialf repeated every second is an artefact
due to a stimulus applied to the ipsilateral extensor nsrve in

order to identify axon DI which runs in both mesothoracic

extensor nerves.

B. Reflexes produced in the extensor tibiae neurons (CI, SBTi,
1st trace) by extension or flexion of the tibia of the same

leg as indicated in the 2nd trace.

C. Peristimulus time histogram plotted for the SET1 from similar
records to those in A, Tibial movement of the opposite leg
ag indicated below the histogram.

Duration of ploet = 3s.
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the insect is aroused (fig, 5.74; see arrow). Similar behaviour is
shown by the DUMETi neuron in the metathoracic leg (Hoyle.et al., 1974).
Activity from neuron D2 was not recorded due to the fact that its action

potential is very small and is hidden by the activity of the other axons.

| Extensor motoneurons,.

Resistance reflexes in the mesothoracic extensor tibia
motoneurons were reported by Burns (1974) and in the metathorscic by
Usherwood gt al. (1968) who found that extension of the chordotonal
apodeme invariably activated the SETL and the resulting frequency of
firing and duration of aclbivity increased with the rate of streltch of the
chordotonal Qfgan. This is also shown in fig. 5.7B where it can be seen
that extension of the tibia also excites the common inhibitory neuvron (CI).
The CT, which innervates the extensor but not the flexor tibiae muscle;
responds only whnen the tibia is extending, in conbrast with the flexor
inhibitors (fig. 5.58) which are inactive during this tibial movement.
Reflexes from the SETi1 and CI motoneurons are very reliable and they

persist for more than 50 cycles.

Cross reflexes.

The slow and intermediate axons to the mesothoracic flexor
tibiae muscle of the ipsilateral leg are excited during constant velocity
movement of the contralateral mesothoracic tibia. However, these cross
reflexes only occur in animals with a relativély high central excitatory
state and the phase relationships between motor output and contralateral

input are not wvery precisely defined.

Stuiies of the extensor motoneurons show that the S5Ti is also
excited during the movement of the contralateral mesothoracic tibia

producing more reliable cross reflexes (fig. 5.7A), a fact which makes



this motoneuron a better subject than the flexor motoneurons for
studying contralateral reflexes., TFast movements of the conlralateral
tibia (BOOO/S) produce a weak reflex activation of the SETi. This
neuron responds to both extension and flexion of the contralateral tibiac
but it seems from fig. 5.7C that its response is stronger during

extension which is opposite in signe to the ipsilater reflex.
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6, MOTONEUROUAL ACTIVITY DURING WALKTING ON A TREADMILL

A, Methodg

The thorax of the locust was fixed ventrally on a small
platform (2 x 12 x 2mn) made from balsa wood. This platform was firmly
attached to the end of horizontal mounting rod which wag held
horizontally in a magnetic stand (fig. 6.1). A treadmill was put under
the animal so that the locust was able to walk on it. The treadmill
was made from light foam perspex (Rohacell), was free to rotate under
the animal and was 20cm in diameter and 8cm wide, The weight of the
wheel was counterbalanced with a lever so that the upthrust on the legs
of the locust was approximately egual to the animal's weight., Tight
card was glued to the outer rim of the treadmill to provide a non-slip
surface for the tarsi of the locust. The legs were free to move except
for one mesothoracic leg, the femur of which was mounted on the balsa
platform (fig. 6.1) and dissected as in fig. 2.1B, This leg was

deafferented by cubting the sensory nerves always at the same point,

When they were required, care was taken to leave all the main
sensory inputs intact, while a constant velocity movement (see chapter 5)
was imposed on the mesothoraciec tibia to excite femoral reflexes. In
this case the ramp generator produced a trigger pulse before the
beginning of each ramp to start analysis by a microcomputer (Burns, 1977)
which generated a peristimulus histogram. Neuronal activity was
recorded extracellularly with hook electrodes and postsynaptic potentials
in the muscle were recorded with glass micropipettes filled with 3MKCI.
As an indication of the walking activities of the animal, the movement
of the contralateral femur (proiraction, retraction) were monitored with

a capacitive movenent detechor (Sandeman, 1967).

The treadmill was also used to study an intact unrestrained



Fig, 6.1

The arrangement used to record from the mesothoracic extensor and
flexor tibiae muscles and nerves in the dissected femur of a
tethered locust walking on a treadmill, The transmitting wire
(0) of the Sandeman Transducer (S.T.) was fixed to the
contralateral femur to monitor protraction and retraction of this

leg. (Horizontal movement of the fermr),
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leg during walking, In this case, the animal was fixed with its
pronotum glued dorsally to a metal saddle at the end of a vertical
holding rod. All the legs were free to walk on the treadmill placed
under the animal, Pairs of AOPm copper wireg were implanted into the
main femoral muscles to record muscle activity during walking. The
movements of the femur of the leg under investigation or of the
conbralateral leg were also monitored. Electrophysiological data was
gtored on tape and was analysed from film using a semi~automatic
analyser (Burns and Delcomyn, 1976) in conjunction with a general
purpose digital computer. Histograms were plotted on a graphical

output device.

B. Results

In the study of the use of the flexor tibiae motoneurons during
walking, it is important to identify the activity of each individual
motoneuron. This requires separate records from the three different
parts of the flexor muscle., ' In order to obtain such records from a
walking animal, it was found necessary to immobilize the mesothoracic
leg and to allow the locust to walk with the remaining legs on a
treadmill (fig. 6.1). The femur of the fixed leg could then be
dissected to expose the sensory and motor nerves (see Methods). Under
‘these conditions "walking" was defined as the occurrence of regular
stepping movements in the free legs an of alternating bursts of activity
in the antagonistic muscles of the clamped fem&r. Walkinz on the
treadmill was stimmlated by touching the abdomen of the animal with a
fins brush. In a clamped leg it is nossible for abnormal forces to be
developed which may cause high freguency firing from the femoral and

tibial proprioceptors. For this reason the main senscrv nerves were
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cut, so eliminating reflex effects on the motoneuron activity. Since

the deafferented flexor motoneurons of a locust walking on the breadmill
are activated 1ﬂa¢\p;agqigﬁrh§ with the extensor motoneurons it will be
interesting to know if this pattern is related with the alternating

bursts produced by the antagonistic femoral muscles in a free walking

Jeg. . Tf there are any similarities between the activity of a deafferented
and a noérmal leg these studies will 2lso provide valuable information

about the activity of the flexor motoncurons in a normal walking animal,

In order to establish this, the activity of the femoral wderentns in a

dearferented and a normal leg were compared,

Activity in a deafferented leg.

Typical records taken from the nerves of femoral muscles in
a deafferented leg (fig. 6.24) show that the extensor and flexor
motoneurons fired in alternating bursts. In order to determine the
time relationship between the activily of theze moltoneurons phase
histograms were plotted for 13 steps from an animal waiking at speed of
1 step/s. In the case of the extensor muscle the compound activity of
the SETi and FETiL was plotted, while for the flasxor muscle the combined
activity of all the axons which innervate the distal flexor was plotted
(fig. 6.34). These histograms show that in a deafferented femuar,
although the extensor and flexor motoneurons produce a reciprocal firing
‘pattern there is an overlap between their activities. Usuwally the end
of the flexor burst overlaps with the beginning of the slow extensor
burst. Fig. 6.2A4 shows also that there is a variation in this overlap
and sometimes the activity of the small distal flexor motor axons can be
prolonged even in the hurst of the antagénistic TETi. In an animal
walking slowly (fig. 6.2C) the interval frequency of the flexor burst

was low enough to allow identification of axons in the distal nerve




Fig. 6.2.

Records from the mesothoracic extensor and flexor tibiase muscles and
nerves of a tethered locust walking on the treadmill.

A, PRecords from a deafferented dissected femur,
1st trace: Extracellular record from the extensor nerve
2nd trace: Extracellular record from the main distal flexor

nerve branch.

The distal axons cannct be individually identified since they fire

at a high frequency.
3rd trace: Horizontal movement of the contralateral femur,.
Upward movement of the trace = protraction;

downward movement = retraction.

B. Blectromyograms (EMG's) recorded from the femur of a free leg
(see Methods).
1st traces EMG's from the distal flexor
2nd trece: EMG's from the proximal part of the extensor muscle.
In this case the wires were very close to the
proximal flexor and the activity from the flexor F1
was recorded as cross talk, '

3rd trace: The movement of the contralateral femur,

C. 4s in 4,
lst trace: Extracelliular record from the middle flexor nerve
branch, |
2nd trace: Extracellular record from the main distal flexor
nerve branch,

3rd trace: movement of the contralateral leg.

In both A and C small action potentials in the 2nd trace occurring
between the flexor bursts could be due to the flexor inhibitors.
From A and B it is obvious that the SETi always fires at the
beginning of’ the retraction of the contralateral leg in both
deafferented and normal legs.
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Fig, 6.3
Phase hilstograms plotted for 12 different steps in a
deafferented leg (A) and a normal leg (B) of a tethered

locust walking on the treadmill,

A phase of gzero was defined as the first spike of the burst of
activity in the distal. flexor motoneurons. Each histogram

includes all the active excitatory motor axons.
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branch. In this case the flexor burst started with a spike from FO
which immediately after was followed by F5 and M3. The activity of

M3 is usually prolonged after F5 stopped. Notice also in fig. 6.24 and
6.2C (third trace) that although no movement could occur in the clamped
mesothoracic leg, the alternating bursts recorded in the deafferented
femur correspond in time with the stepping movement of the contralateral

femur. {in antiphase).

To check that the recorded sctivity in the extensor nerve is
really a walking pattern rather than unrelated firing of the femoral
motoneurons, the records obtained from the mesothoracic extensor
motoneurcns of deafferented preparation (fig. 6.,2A) were compared with
the newcograms described by Burns (1972) for the extonsor nerve of a
normal free walking locust. He reported that the SETi fires
conbinuously during early retrvaction and the FATiL is activated at the
end of this peried as also can be seen in fig. 6.2B (second trace ).

This firing pattern is very similar to the activity recorded from the
extensor nerve in a deaflferented leg of a locust walking on a treadmill,
However in the deafferented extensor motoneurons there are differences
ha 6’Le @ewp\ad w'\l’tq\». Jourets it and a variation in burst length
vhich probably are caused by the fact that nol only femoral and tibial
proprioceptors are absent but also the coxal receptor can no longer

detect movement since the femur is immobilised.

Activity from an intact mesothoracic leg walking on the treadmill.

In order to obtain an indication of how much the pattern
produced by the flexor and extensor motoneurons in a deafferented animal
walking on the trendnill differs from the pattern in an alrost frae

animal, a comparison was made with the activity from an intact free leg.
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For this purpose myograms and neurograms were recorded from the

femoral muscles of a tethered locust walking on the same treadmill

(see Methods). Recordings were mede with copper wires implanted in

the distal flexor and the proximal part of the extensor nuscle (fig. 628),
This technique for recording muscle potentials is not accurate as far

as identification of individual motor axons is concerned., However this
disadvantage of myograms was reduced since the number of the motoneurons
vhich innervate the distal flexor is already known (Chopter 3).

Activity such as that in fig. €.,2B was recorded from six different
animals and £ilmed at high speed. These records show that the flexor
burst in the distal part of this muscle consists of a large action
potential which appears at the beginning of the burst snd is followed by
another tw action potentials of different sizes. The similarities
between this firing pattern and the pattern produced in the distal nerve
of a deafferented animal walking at the same speed on a treadmill

(fige. 6.2C) suggest that there is a close relstionship betwsen the
bursting pattern of the distal flexor motoneurons in a deafferented and

a normal walking leg.

Activity histograms for the antagonistic femoral muscles
plotted by a computer are shown in fig. 6.3B. These show that in a
normal walking leg, immediately after~the end of the extensor burst, a
short flexor burst appears. The bursts of the distal flexor and
extensor muscle form a perfect reciprocal pattern. The bursts of the
extensor motoneurons in a normal leg are longer than in a deafferented,
with significantly larger number of spikes. The burst of the distal
flexor motoneurons are shorter with fewer spikes in a normal leg than
in a deafferented., The conclusicn here is that the difference in f'iring

pattern between a deafferented and a normal leg concerns mainly changes

=



70

in length and internal frequency of the alternating bursts of the
extensor and flexor muscles while the sequence in which the motoneurons
are activated in both muscles seems to be independent of the peripheral
sensory inputs. Therefore the activity from the flexor motoneurons in
a deafferented preparation can reasonably be considered as normal for
further investigabtion bearing in mind that this activify is slightly

higher and more prolonged than the normal.

A1l the above evidence sugpgests the existence of an internal
programme which drives the femoral motoneurens during walking on the
treadmill, One could argue here that the sensory inputs from the other
legs could cause intersegmental reflexes which may generate these
alternating bursts in the deafferented femur. In order to eliminate this
possibility the same experiments were repeated on animals where the
prothoracic and metathoracic legs were amputated at the coxal joint.

Under these conditlions the remaining éontralaterq; mesothoracic leg was
able to step on the treadmill while the flexor and extensor tibiae
motoneurons of the fixed deafferented leg produced a reciprocal patiern

similar to that shown in fig, 6.24.

Activity of individual flexor motoneurdns during walking on the treadmill.
The composition of the flexor burst in a deafferented leg can
now be analyzed in more detail. The identification of the individual
flexor motoneurons was based on records taken from the three different
parts of the flexor muscle in a locust walking on the treadmill. Neuron
F2 fires continuously throughout the flexor burst as can be seen in
fig. 6.2C vhich shows action potentials recorded from the middle and
distal nerve branches in an animal walking on the treadmill., The spike

frequency with the ¥2 burst is approximately 20 -~ 25 Hz.  The
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relationship between the activity of F2 and that of the axons which
innervate the distal flexor is also shown in this figure. It is worth
notice that the burst of F2 in the middle flexor corresponds in time
and Jength with the compound burst of F6, F5 and M3 in the distai part
of the muscle. The activiby gf axon F3 was recorded in the middle
nerve branches (fig. 6.2C). This neuron which innor&ates only the
middle flexor is inactive during walking on the treadmill and fires two
or three spikes when the animal is aroused. During walking neuron Fl
which innervates only the proximal flexor produces two or three spikes
in the first half of the pericd in which the other flexor motoneurons
are active (fig. 6.44). Muscle activity recorded from this axon in a
free walking leg (fig. 6.2B) shows that neuron F1l produces a similar

firing pattern in a normal walking leg.

Motoneurons F5, F6 and M3 which innervate only the distal flexor
are also active during walking on the treadmill, as fig. 6.2C shows.
Here axon F6 fires a single spike at the beginning of the flexor burst .
and it is followed by a compound burst from F5 and M3, Muscle activity
produced by these motoneurons in the distal flexor of a normal free
walking leg is shown in fig., 6,2B., In this case it is clear that the
duration of their burst is shorter. Axon M1 is not active in a
stationary animal but fires with a similar pattern to that of F2 when
the animal is walking (Fig. 6.4B). The slow flexors are the only
motoneurons which are active when the animal is not walking, 81 and
S2 fire continuously at a frequenxy of 5 -10 Hz and during walking this
frequency rises approximately by two or three times., Motoneuron 93
shows a similar pattern but fires at lower frequencies. Fig, 6.4B
demonstrates activity from neurcon 83 which produces a relatively large
EPSP in the proximal flexor and most of the time masks the activity of

S1 and 82 in these records.



Fig, 6.4

Records from the mesothoracic flexor and extensor muscle and

nerves of a dissected and deafferented femur of a tethered locust.

A and B, the locust was walking on the treadmill.

1st trace: Intracellular record from a proximal flexor
muscle fibre,
énd tracet Extracellular record from the main distal nerve branch
J1d trace: Horizontal movement of the contralateral femur as
indicated in B,
Vertical scale bars = A : 50 mV, B : 25 mV.

The flexor motor axons were identified as described in Chapter 3.

C and D, the locust was beating its wings continuously as a result

of wind stimulation of the head hairs.

Ce

(1) Extracellular record from the extensor nerve

(2) Extracellular record from the main distal nerve branch.

Activity from the extensor nerve.
(1) TImmediately after the beginning of flight
(2) 8 = 10s later.



iMiMUUI
1 ser.
M1
Retraction
Protraction 1 sec.
1 sec,
SETI FETi

100 msec.



72

During walking, it wag difficult to record from the inhibiters
Il and I2 due to the high level of activity from the flexor excitors.
ﬁowever IPSP'!'s were recorded imnediately after the animal stopped
walking and most of the flexor excibors became inactive, The DUM cells
seem not to be active during walking., Activity like that in fig. 6.24
from the extensor nerve Wag replayed at high smplification to reveal any
smaller action potentials, bubt none were present. Of course these
observations concern only the period when the FETi was not active.
During FETi burst it was not possible to distinguish any other activity.
It will be interesting to investigate the activit: of D1 during tke FAETI
bursts since this large axon is anatomically related with DUMETL in the

metathoracic leg (Hoyle, 1978 ).

The activity of I1 and I2 and also D1 and D2 requires further
investigation. TImprovement of the recording methods could also supply
more detailed information on axons F4 and M2 which have not been

identified in a walking preparation.

et e R A R e

Intersction hetween motor paﬁterns and fé;istance reflexes,
The above information suggests that the pattern of activity
produced by the motoneurons of the femoral muscles during walking is a
‘product of an internal programme which functions from the moment that

the animal starts to walk. Removal of the leg proprioceptors does

affect this pattern but has been shown that it does not alfer the sequence
in which extension and flexor motoneurons fire, To investigate the
effects of the sensory inputs on this internal programme the locust was
fixed (as in fig, 6.1) and the imrmobilized leg was dissected, leaving

the chordotonal organ (the main femur~tibia mechanorecepntor) intact.

The tibia was cut transversely half way up and a constant velooiﬁy

movement was imposed on the remaining part of the tibia to excite femoral
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reflexes (see Methods)., The activity of the SETi was recorded. This
motoneuron was chosen for these experiments because identification of
its activity is very easy. This makes it possibles to plob activity
histograms with an on 1line microcomputer which required input impulses

from a windovw discriminator.

Pig. 6.5A shows an analysis of reflexes produced in the SETL
during imposed movement of the tibia in a stationary animal on the
treadmill. The flexion of the tibia produces a strong response in
this motoneuron, its activity adapts to a proleonged flexion and is
inhibited when the tibia is extended (see also fig. 5.7B). VWhen the
animal was left to walk on the treadmill while at the same time a ramp
movement was imposed on the tibia to stimulate reflexes, the SETi neuron
produced the bursting pattern typical of walking, but during imposed
flexion of the tibia there was a decrease in its firing rate (fig. 6.5C).
This suggests that the SETi motoneuron is inhibited during flexion of
the tibia, which is the reverse of a resistance reflex. A control
histogram of the'SETi activity during walking on the breadmill was
plotted while the tibiae was immobilized at a femur~tibia angle of
90° (fig. 6.5B), These experiments were done on four animals and the
most obvious reflex was that which is demonstrated in fig. 5.5D. In
two animals, when the locust was stationary after a long run on the
treadmill, the SETi of the deafferented leg failed to show any reflex
activity during imposed movement of the tibia., Sometimes in the same
preparations SET1 motoneuron fires rythmically every 400 - 500 ms in
bursts of five or six spikes (fig. 6.6A). This activity can be
prolonged for 3 to 5 min and this is very similar to the pattern with
wvhich the SETi fires when the locust walks on a treadmill at a speed
of 2 steps/s (fig. 6.24), In this case imposed flexion of the tibia

slightly reduces the number of spikes in each burst of the SETiL



Fig. 6.5

Peristimulus histograms plotted from records obtained from the
maesothoracic extensor tibiae nerve in the dissected femur of a
tethered locust on the treadmill. The femur was filled with
haemolymph and a small amount of saline was added and replaced
with fresh oxygenated saline every 3 to 5 min. All sensory input

“was removed except from the chordotonal organ.

A. Activity of the extensor SETL during the tibial movement
indicated below the histogram (upward movement of the trace =
tibial flexion) in a quiescent animal, This shows typical

resistance reflexes (negative feedback).

B, Activity of the extensor SETi from a walking animallin the

treadmill with the tibia fixed at an FTA of 90°,

C and D, Repeats of A in two, different locusts walking on the
treadmill., The sign and phase of the feedback are different

from those in A,

The right top number in each histogram indicates the number of
sweeps making up the plots,

Vertical axis = number of spikes.
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Records from the mesothoracic extensor nerve in the dissected

femur of a tethered locust on the treadmill, The chordotonal

organ was intact.

A, A self generated bursting pattern which cantinued for more
than 5 min, (1st trace).
Tmposed flexion of the tibia (2nd trace) reduced the number
of spikes in the extensor burst (SETi) but also produced
excitation of the Common Inhibitor {CI) (positive feedback),
This record represents a full cycle and this phenomenon

occurred in more than 20 cycles,

B. A repeat of A, with the self generated activity dismissed
by strong mechanical stimulation of the animal, Flexion
of the tibia produced normal resistance reflexes (negative

feedback, see also Fig. 5.7B).
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(fig. 6.6A), but flexion seems to have stronger effects on the Common
Inhibitor which fires in bursts when the SETi is silent, for as long as
the flexion lasts. When this rhythmic firing of the SETi stops, usually
as a result of a strong stimulus, the responses of the motoneuron to the

tibial movement were reversed (fis. 6,6B).

The above experiments show the effects of the femoral

proprioceptors on the reciprocal walking pattern produced by the

extensor motoneurons. To find out whether motor patterns of
behaviour other than walking can affect the resistance reflexes, experiments
were undertaken on a 'flying’ animal. Tlying'. in this case is defined
as the behaviour of an animal which, although it was firmly fixed, was
continuously beating its wings. TFlying activity was stimulated by a
stream of air on the front of the animal. The legs were free except for
one mesothoracic leg which was fixed (fig. 6.1) and dissected. The
treadmill under the animal was removed. Movement of the tibia was
imposed as described before and reflex activity from the extensor
motoneurons was analyzed with_an activity peristimulus histogram which was
initiated in the middle of the imposed tibial flexion. PReflex activation
of the SETi neuron, produced by flexion of the tibia in a non-flying
animal is shown in fig. 6.,7A. The FETi neuron is silent during this
flexion. VWhen the locust was stimulated to fly, with the leg fixed at
a femur-tibia angle of 900, the FETi and the SETi fired continuously at
a high frequency. Some of this activity was also filmed at a different
film speed to allow measurements of firing frequency to be made (fig. 6.4D).
At the beginning of flight the FETi is activated at a very high frequency
(fig. 6.4D1) which can reach the level of 300 = 350 Hz. Activity of
the SET1 is usually masked by the high firing frequency of the FETi so

there are not any indications about the activity of this motoneuron.



Fig. 6.7
Poeristimulus time histograms of the extensor tibiase motoneurons
in a tethered locust. Conditions as for Fig. 6.5 but the locust

was stimulated to produce flight activity,

A, Reflex responses of the SETi, in a quiescent animal, the

imposed tibial movement indicated below the histogram.

B. Sumzed activity of the SETi and FETL during flight of a

tethered locust. The tibia was fixed at a FTA of 90?

. Cand D. Repeats of A in two different animals during flight

activity.

The top right number on each plot indicates the number of sweeps
making up the histogram, .  The vertical axis represents the number

of spikes,
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This high firing frequency drops gradually in 8 to 10 sec to a relatively
low frequency of 50 to 80 Hz and the animal flies normally (fig. 6.4D2).
Similar firing pattern was found for ﬁhe ventilatory motoneuron during
flight by Hinkle and Camhi (1972). Contimuous firing of the FETi at
such a high frequency is umusual and similar activity has not been
observed in other behavioural patterns. The activity of the extensor
motoneurons seemg to be modulated, during flying, with small regular
changes in firing frequency in cycles of 0.3 to 0.5 sec period, This
modulation is also visible in peristimulus histograms plotted every

48 sec (fig. 6.7B) for the activity of FETi, Records taken from the
distal flexor nerve branches (fig. 6.4C second frace) show that most of

the distal flexor motoneurons are silent during flight.

In flight, movements of the tibia from 90 to 120° seem to have
only a small effect on the firing pattern of the extensor motoneurons
(fig. 6.7C, D). Extension of the tibia produces a slight inhibition
of the firing rate of FETi and when the tibié was flexed fthis inhibition
wag cancelled, These effect; can be seen better in comparison with
activity plotted from a locust with the tibia fixed at femur-tibia
angle of 90° (fig. 6.7B). There is no strong excitation of the extensor
motoneurons during flexion as it appears in a non-flying animal (fig.
6.74). Three of the five animals examined showed these effects while in
the other two cases no reflex responses occurred during the flight,
although strong reflexes were visible when flight ceased. This indicates
that although sensory inputs from the leg proprioceptors can affect the
activity of the extensor motonsurons during f£light, these effects are
sometimes completely suppressei. Similar records were obtained from the

prothoracic extensor motoneurons.
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One or two seconds before the animal stops flying or, in
cases where the animal is not flying properly, the flexor motoneurons.
were activated, firing in prolonged bﬁrst alternating with those of
the extensor motoneurons. In one animal it was found that for a few
seconds the extensor and flexor bursts were alternating at the wing besat

frequency.



7. DISCUSSION

Tt is well known from physiological evidence that many insect
muscles receive a fast, a slow and,; in some cases, an inhibitory motor
axon (see reviews by Hoyle, 1955; Bullock and Horridge, 1965; Aidley,
1967; Usherwood, 1967)s The locust extensor tibiae muscle is & typical
example which shows characteristically this pattern (Hoyle, 1955, 1978;
Burns and Usherwood, 1979). However, not all insect muscles are as
simple as this. Some cockroach muscles have been descyribed with as
many as seven or eight axons (Dresden and Nijenhuis, 1958), Many of
the neck muscles of the locust receive Innervation from six or more
different axons and some from as many as 13 = 15 (Shepheard, 1973).
Tyrer (1971a, b) demonstrated also that some locust abdominal nuscles
which might be presumed to be simple, are innervated by eight axons. In
the femur of the locust the flexor tibiae muscle, the antagoniat of the
extensor descrlbed above, had been reported to be innervated by =
considerably larger number of axons (Hoyle, 1955). Hoyle and Barrows
(1973a, b) and Wilson (1977) were able to identify six excitatory
motoneurons to the metathoracic flexor muscle but they left open the
possibility that there could be more. Preliminary snatomical and
electrophysiological studies showed that the number of axons in the
flexor nerve branches is much larger than the number of £lexor motonsurons
previously reported. This makes the flexor muscle very interesting for
further studies since it is so much more complex than the antagonistic
extensor. It also produces problems concerning the study of the
distribution of these axons on the muscle. There are three possible
innervation patterns which might be expected; a) the flexor axons
innervate all the parts of the muscle as happens in the extensor tibiae
muscle, b) each flexor axon innervates only a specific muscle bundle

or c) a compromise between (a) and (b). Hoyle (1955) suggested that



(b) was the correct pattern for the metathoracic flexor tibiae mgscle.

The purpose of this work was to investigate:

1) The exact number of axons which innervate the megothoracic flexor
tibise muscle.

R) To produce as far as possible an accurate description of the
innervation pattern for the flexor motor axons, and

3) To attempt to explain why the flexor muscle receives such a large
numbser of motor axons and how the locust uses these axons to control

the pogsition of the tibia during various behavioural patterns.

In order to understand the function of the flexor muscle it is
necessary first to study its structure and mechanical properties and then

to investigate the neuronal control of the muscle.

The flexor muscle

The two antagonistic femoral muscles of the mesothoracic leg
have very similar morphological features. However, Snodgrass (1929) gave
the extensor tibiae muscle a single mumber (106) while he subdivided the
flexor into three parts, 107 a, b, ¢, based on the morpholegical
differences between these parts., Muscle 107a is a long pinnate muscle
arising ventrally in the proximal part of the femur, 107b arising in the
base of trochanter, 1C7c¢ arises anteriorly and posteriorly in the distal
two thirds of the femur (fig. 3.2). Initially when the innervation of
the muscle was studied electrophysiologically no subdivision of the flexor
was made but it was soon found that the innervation pattern suggested a
division of the muscle into three parts identical o those of Snodgrass
and which are here named proximal flexor, middle flexor and distal flexor.
The distal {lexor which is thg largest part might possibly be divided

further but no physiological evidence was found to suggest a further
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subdivision. This division of the musecle solved many problems especially
these related with the identification of Individual flexor motor axons.
Such problsms do not exist in the extensor muscle which receives fewer
axons with a homogeneous innervation. The mesothoracic extensor was

studied as a single muscle by Burns (1972).

4 large part of both femoral muscles has 'a pinnate bundle
arrangement., This means that the fibres are shorter than they would be
in & simple fusiform muscle, It also means that they have a greater
fibre cross sectional area per unit volume and hence a pinnate muscle is
able to produce more force per unit volume than a fusiform muscle.  When
it contracts its tendon moves through a shorter distance but exerts mors
force,. Making a long muscle such as a femoral muscle pinnate is
equivalent to increasing the mechanical advantagé of its fibres and it is
not surprising that the flexor and extensor tibiae mpscles are the only
pinnate muscles in the locust, As the direction of pull of the muscle
fibres is not directly in line with the tendon, they do in fact exert
slightly less force ber unit of fibres cross gectional area than the
fusiform fibres. In a relaxed flexor muscle (FTA of 900) the pinnation
angle is not uniform and increases from the proximal to the distal end of
the muscle. The anterior part has a larger pinnation angle than the
posterior {Teble 3.,1). How this variation in pinnation angle affects
the mechanical properties of the muscle is a question which requires

further investigation.

The total cross sectional area per flexor muscle bundle is 2.5
to 3 times larger than in the equivalent part of the extensor muscle (Fig.3.3).
In the distal flexor and extenscr ruscle bundles this is mainly a resulb
of the greater number of musgle fibres, although there ls also a very

small difference between the diameters of the flexor and extensor muscle
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fibres. In the proximal flexor and extensor the difference in cross
sectional area is mainly dus to the diameter of the muscle fibres since

both muscles have almost the same number of muscle fibres in this region.

Within the flexor muscle there is a significant difference
between muscle fibresg in different parts of the muscle. The ratio of
the effective dlameter of the proximal muscle fibres to the distal flexor
muscle fibres is 1.40 while the same ratio for the extensor tibiae is 1.08
indicating only a small difference between the distal and oroximal (Toble 3.1)
extensor muscle fibres. The anterior half of the flexor muscle has a
greater cross sectional area than the posterior part (almost double,
Table 3.1). This suggests that there could be a significant assymetry
in the distribution of the forces developed by the contraction of the
muscle, This assymetry is also due to the difference in pinnation angle,
The posterior muscle bundles have smaller pinnation angles producing more
force parallel to the tendon than the anterior bundles but the force
perpendicular to the tendon is smaller than the equivalent and opposite
force developed by the anterior part. This difference in forces developed
on the tendon by the anterior énd posterior part of the flexor miscle can
be seen during tetanic contraction of the miscle since the apodeme not only
moves in the direction of the contraction but also towards the anterior |
part of the muscle. This is a very ddd structural organization which
néeds further investigation., A possible purpose for this powerful
movement of the whole flexor inside the femur.is that it would help the
flow of the haemolymph as Usherwood (1974) suggested for the intrinsic

rhythm of the metathoracic extensor muscle.

Tetanic contraction of the mesothoracic flexor tibia muscle
can develop a force of about 35g and closure of the tibiae from 180° to

30° producing a sudden reduction of muscle length of about l.2mm (12% of
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the whole muscle length).  This, in combination with the fact that the
short nerve branches which innervate the muscle arise along the stiff

N5BR suggest that high tension could be developed on the. neuromuscular
junctions. Overstretching of the neuromscular junctions may be prevented
by a protective link between the nerve branches and the surface of the
muscle fibres (fig. 3.5). This connecting tissue is shorter than the
attached axons and may absorb any tension between muscle and nerve,
protecting the neuromuscular junctions. On the surface of the flexor
muscle such "support mechanism" appeared in a few of the vigible nerve
branches while axons could be seen attached to the muscle fibres without
any support. This suggests that only a few nerve branches have this
Waupport mechanism" which produce enough resistance to equalize the
developed tension by the contraction of the whole muscle,  Another
suggestion could be that only phasic muscle fibres have this link since
they produce fast and powerful contraction, but this hypothesis requires
further investigation. Similar formations were reported by Rees and
Usherwood (1972) from electron micrographs of the retractor unguis muscle
which has similar structure as the proximal flexor and receives a very
short nerve branch from N5B2, A comparison with extensor nerve is
inevitable since this muscle receives a single long nerve which rises

from the proximal part of N5B2 and bifurcates further along the muscle.
Such a pattern provides the neuromuscular junction with a very good
suspending system which absorbes better the imposed tension. This
tension developed during contraction or stretch of the extensor muscle

is lower than in the flexor, since the extensor muscle has a mechanical
disadvantage 2:1 in comparison with the flexor (Heitler, 1977). Although
the extensor muscle has been thoroughly studied such protective mechanisms
have not been reported and it would be interesting to look further for

them.,
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The structural and anatomical differences bstween the flexor
and extensor tibiae muscles also affect the mechanical properties of
these miscles. TFor instance the peak active tension of the mesothoracic
extensor tibias muscle appears when the muscle is almost fully extended
(FTZ of 150° ~ 180°) (typical of a pinnate muscle; Aldley, 1975), while
the peak active tension increment for the flexor appears in the middle
of the normal miscle length range (FTA of 90°~100°,fig. 3.24). This feature
of the flexor muscle is typical of fusiform mscle (Weis-Fogh, 1956).
The conclusion here is that the flexor muscle behaves more like a fusiform
than a pinnate muscle, This is mainly caused by the large fusiform
proximal flexor; the effective diameter of the proximal muscle fibres
being about 40% larger than those of the distal mscle fibres in the
flexor miscle while the difference is only 8% in the extensor. This
also results from the presence of the middle flexor bundles which,
although they have pinnation arrangement, they have a very small pinnation
angle (90, Table 3.1), so they can be considered as fusiforﬁ mscle

bu.ndle Se

The marked structural differences between the proximal part
(proximal and distal flexors) and the distal part of the flexor muscle
also results in a difference in the tension developed by these parts.
During prolonged high frequency stimulation (30-~50 Hz, fig. 3.25) the
proximal part not only has a faster tension rise time but also fatigues
faster than the distal part which at stimulation of BQ Hz can maintain
tetonic tension for prolonged periods. This is a very good indication
that the proximal part of the flexor is more phasic than the distal part
although the difference is not so marked as the difference between the
retractor unguis muscle and the tonic fibres of the extensor tibiae

muscle (Cochrane et al., 1972).



The proximal and distal regions of the flexor muscle sare not
only histologically different but also receive different sized motor
axons., For example, the muscle fibres of the proximal flexor in
addition to having diameters about 45% greater than the rest of the
muscle also receive the largest motor axon (Fl, fig. 3.12).  Although the
distal flexor receives fast axons (F5, F6, fig. 3,12) the diameter of
these axons is significantly smaller (about 50%) than the proximal motor
axons. This "matching" between the size of the muscle fibres and the
size of the motor axons which innervate them may be important for the
function of the muscles. In some arthropods muscles this matching can
be achieved by separabing the large muscle fibres from the smaller as
happens in the locust mesothoracic flexor tibiae muscle (Table 3.1) or in
the abdominal adductor muscle in crayfish (Susuki s 1977) and in some
other cases. While in other arthropods museles both musele fibres and
axons develop a gradient of properties along the muscle (tapering) as was
found for the locust extensor tilblase miscle (Hoyle, 1955, 1978; Wilson,
1977; Burns, 1972) and in the superficial abdominal miscle in crayfish
(the tonic part of the abdominal flexor) as was demonstrated by Velez and
Wyman (1978). Matching of motor axons and muscle fibres was also
demonstrated in the dorsal superficial eitensor miscle (tonic part of the
abdominal extensor) by Parnas and Atwood (1966), They showed that this
part of the muscle not only receives the smaller axons but that there is
a homogensous population of slow fibres with no indication of medial or
lateral regions with different contractile prﬁperties. Of course there
are some exceptions where although strongly differentiated slow and fast
muscle fibres are known, as in the accessory flexor muscle of the crab

(Cohen, 1963), this muscle receives only a single motor axon (Doray-Raj,

1964),
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The flexor muscle is s typical example in which the different
sized muscle fibres are not randomly mixed, in the different regions of
the muscle. This differs from the vertebralte muscles where nmizture of
different sized muscle fibres occurs (Henneman and Olson, 1965)., This
matching between size of muscle fibres and axons has two posgible
explanations, |
a) The motoneurons selectively innervate only those muscle fibres which
are of the proper type, Frank (1973) ascribes malching to the postsynaptic
elements; synapses are modified according to instructions from the muscle
fibre, or b) the motoneurons innervate muscle fibres before their type
is determined and they cause the fibres to differsntiate into the proper
type by their activity or some sort of trophic effects (Atwood, 1973;

Barony and Close, 1971; Close, 1972),

Velez and Wyman (1978) working on the crayfish slow abdominal
flexor miscle suggested that axons act trophically, not through a specific
trophic substance, but by imposing a pattern of activity and metabolic
demands on the muscle fibres, The mesothoracic flexor tibiae muscle
offers also a good system on which this theory can be tested by cubting
N5 in early embryonic stage (1 or 2 instar), If the difforence in the
diameter between proximal and distal flexor remains (404) when the animal
becomes adult, the trophic role of motor axons is not important in the

development and growth of the muscle or vice versa.

To study electrophysiologically the innervation of the
mesothoracic flexor tibia muscle the axons were separated into types,
fast, intermediate and slow, according to the aplitute of the EPSP which
they produce. Since the relationship of the axon diameter and size of

EPSP has been well established by recording from single muscle fibres

(Atwood, 1963, 1967; Doray Raj, 1964) and tapering of the flexor axons



occurs only in one or two cases because they innervate specific regions

of the muscle, this classification was useful,

The mesothoracic flexor tiblae motor axons can also be divided
into three categories according to the way their endings are distributed
on the muscle.

1) Axons which innervate only specific areas of the muscle, In the
proximal flexor, axons 53 and Fl, in the middle flexor axon F3 and in
the distal flexor axons F6, F5 and M3,

2) Axons which innervate the whole flexor muscle. Such axons are the
spontaneously active S1 and S2 which mainly innervate the distal flexor
with a progressive reduction of the number of their nerve endings to the
niddle and proximal flexors. Since the proximal flexor has the largest
muscle fibres and is innervated by the largest motor axons, it was not
surprising that they do not receive many endings from the two smailer
axong, It does however receive an extra tonic input from S3.,  Axon ML
also innervates most of the flexor muscle but gives very few endings in.
the distal flexor and can be considered that innervates mainly the

proximal. and middle flexor.

Other axons innervating the whole flexor muscle are the
inhibitors I1 and I2., They innervate most of the distal flexor with
fewer endings in the middle and proximal flexors. The inhibitors usually
oceur with slow axons (Usherwood and Grundfest, 1965; Usherwood, 1967;
Atwood, 1967). Both flexor inhibitors were found to innervate the same
muscle fibre. Double inhibition of muscle fibres may provide a more
powerful relaxation of the muscle. Triple inhibitory innervation was
found in the coxal depressor muscles of cockroaches by Iles énd Pearson
(1969).  An interesting point here is that the three coxal inhibitors

of the cockroach were found to be common with other muscles, in contrast
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with the flexor tibiae muscle in the locust which is innervated by two
gpecific inhibitors. The flexor muscle does not receive endings from
the Common Inhibitor (CI) although Burrows (1973) found that a branch of

this neuron runs in N5.

Other axons found to innervate most of the flexor muscle are
the axons from the DUM cell, D1 and D2, Since axéns of DUM cell in the
mesothorax were found to run in the peripheral nerves in parallel with
the Common Inhibitor (Crossman et al., 1972) it is not surprising the’
fact that D1 and D2 run in most of the flexor nerve branches following
probably the inhibitory branches of the two flexor inhibitors. The
interesting points here are that the DUM neuron which innervates both
‘the mesothoracic flexor and extensor tibiaze muscle was found to innervate
only the extensor tibiae in the metathoracic leg (DUMETi, Hoyle et al,
1974).

3) Axons with an innervation pattern which overlaps two parts of the
flexor muscle. For example, axon F2 which innervates the proximal and
niddle flexor and axon F4 and M2 which can be found only in the middle

and distal flexorss

The way which the motoneurons innervate the flexor muscle also
match the way In which they are activated. The slow axons with low
thresholds innervate the whole muscle. The intermediate axons with
higher thresholds innervate only combinations of the three parts and
most of thé fast axons innervate exclusively specific regions of the
miscle, The fast axons with higher thresholds are probably used
separately, Tﬁis kind of innervation of the flexor muscle increéses
its functional abilities. There are behavioural patterns which reéuire
activation of the different parts of the flexor separately as will be
discussed below, However in some cases it is important to use the whole

power of the flexor muscle.



Tt is also rather interesting that although each proximal
mscle fibre receives the maximum of two or three axons, the muscle
fibres in the distal region receive a maximum of six excitatory axons
(fig. 3.17D). This suggests that the distal flexor may be able to
develop a finely controlled tension, Thus it 1s not surprising that the
tension receptor (Theophilidis and Burns, 1979) is attached almost at the
end of the distal flexor, The close relationship between the muscle
properties and the type of proprioceptors attached to the muscle is also
shown by the chordotonal organ. This receplor monitors muscle movement
(Burns, 1674) with its distal gcolopidium attached to the middle flexor,
The advantage of this part of the flexor is that it acts very like a
fusiform muécle since it has a pinnation angle of only 9° and therefore
Rroduces larger tendon movement when it contracts. Preliminary studies
with reduced methylene blue, additional to those‘of Burns (1974) showed
that the €O is also comnected distally with the flexor muscle by a fine
tendon~like branch arising from the distal scolopidium, All the above
evidence suggests that the flexor muscle is we11<coupled with some of the
main femoral proprioceptors. In contrast there are no receptors
exclusively related with the extensor muscle. Since the flexor muscle
is the largest muscle in the mesothoracic femur and innervated also by a
large mumber of axons providing a fine control, it may be expected to have
a large mumber of proprioceptors associated with its activity., The
importance of the leg proprioceptor in the control of the flexor muscle

will be discussed in the following pages.

The control of the flexor muscle

In order to understand the control of a muscle it is necessary
to study how the animal activates the motoneurons innervating the misele
in various behavioural patterns such as posture, walking, flying, etc.

The control of the mesothoracic extensor tibiae mascle during walking



has been studied thoroughly (Burns, 1972, 1973), but no information has
been published about the control of its antagonist flexor., This is not
surprising since this muscle is innervated by a larger number of axons

(12 excitors) and it is difficult to study the control of the muscle
without knowing its innervation pattern. Having established the
innervation pattern of the flexor muscle and developed a technigue which

is able to ldentify the flexor motoneurons in a tethered animal, the
further investigation of the control of the flexor motonesurons was possible,
HMotoneuronal activity was monitored from the flexor nerve branches and
muscle fibres in such a manner as to allow identification of the individual
motor axons. For this kind of recording it was necegsary to use s
dissected femur which may have altered the activity of the flexor
motoneurons. This was a compromise which was made in order to achieve
accurate electrophysiological records. In most cases it was found that
disturbances due to dissection did not very much alter the reflex

responses of the flexor motoneurons,. Tﬁis contrasts with disturbances
produced centrally by cutting the comnectives, which usually produce a
diginhibition of reflexes (Rowell, 1969) and generally increase the

efferent activity (Weiant, 1958). The problems due to the dissection
could have been avoided by recording eleﬁtromyograms (EMG's), but EMG
analysis has proved inaccurate in the study of individual motoneurons
(Runion and Usherwood, 1966). Bowerman (1977) describes as the ma.jor
disadvantage of this technique the fact that simultaneous activity of
several motoneurons may make identification of the activity of individual
axons difficult, if not impossible and additionally, activity of inhibitory
fibres may be completely overlooked as a result of thé small size or

absence of inhibitory post symaptic potentials,
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Reflex activialtion of motoneurong

The simplest way to activate the flexor motoneurons was
through reflexes.  Strong mechanical stimulation of almost every part
of the locust's body produced reflex excitation of the flexor
motoneurons but the most powerful and reproducible responses were
resistance reflexes produced by extending the tibia. To achieve
systematic activation of the mesothoracic flexor tibiae motonesurons
within the normal physiological range, the tibia was extended at a speed
matching the mean angular velocity of tibilal flexion during walking.
Tt is important to emphasize here that care was taken to activalte only
the proprioceptors which were normally excited_by the tibial movement.
Careless imposition of tibial movement in the small mesothoracic leg can
create extra strain in the coxal or tibial receptors which may alter the
original pattern of the femoral resistance reflexes. The most reliable
reflexes were produced by sensory Inpubs such as the chordotonal organ
(CO), the flexor muscle tension receptor (MIR) and the multipolar femoral
tiblal joint recebtors (fige 4e2)e The MTR reflemively inhibits the
extensor tibiae motoneurons and produces a reflex activation of the flexor
tibiae motoneuron. The other properties of this receptor have been
discussed in Chapter 4 (Theophilidis and Burns, 1979), The femur~tibiae
multiterminal joint receptors also affect the activity of the femoral
motoneurons (Williamson and Burns, 1978). The Chordotonal organ of the
mesothoracic leg seems to pfoduce the largest sensory activity and this
is not surprising since this proprioceptor consists of about 200 small
and 50 larger cells (Burns, 1974). Sensory activity, mainly from the
C0, during extension of the tibia produces an excitatioh of the flexor
motoneurons producing contraction of the flexor muscle opposing the
movement. These are typical resistance reflexes as named by Bush (1965)
and removal of this receptor inactivates most of these reflexes. The

CO mediates strong reflexes in the metathoracic extensor tibise muscle
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(Usherwood et al., 1968) and in the mesothoracic extensor (Burns, 1974).
Strong reflexes from similar receptors were described in the stick

insect by Biissler (1972) and Wilson (1965) also studied leg refloxes in
cockroaches but there is no report on the activation of the flexor tibiae

motoneurons.,

The activity of the mesothoracic flexor 'tibi.a.e motoneurons
during passive extension of the tibla is summarised in fige. 7.l4. In
the proximal flexor axon F2 is very active and produces a discharge
which lasts as long as the imposed tibial extension., The burst in F2
somebimes can be prolonged further in animals with a high excitability.
The burst produced by F2 produces a powerful co-contraction of the
proximal and middle flexor and as a consequence a large movement of both
parts which is detected by the distal scolopidium of C0., Axon 2 seems
to be an unorthodox axon because although the difference in diameter(Table 3.3
between F2 and Fl or F3 is not more than about 10%, there is a significant
difference in their thresholds, Axons Fl and F3 are activated only by
a very fast tibiai extension producing a small number of spikes but
sometimes they are silent. Axon ML has a lower threshold and is also
activated by tibial extension, producing a similar firing pattern to
that of axon F2. Activity from M2 does not appear very often in
resistance reflexes. This axon seems to have a high threshold and is
excited together with the large motor axons which probably mask its
activity in the extracellular records required for the identification of
this axon. Axons S1, 52 and S3 fire spontansously at a low frequency
in a quiescent animal and tibial extenslon produces a strong increase in

their activity.

Othar low threshold flexor motoneurons are the inhibitors 12

and I2y which respond to any mechanical stimulation of the locust's body.
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amJ
Summarized activity of the mesothoracic flexorﬁextensor tibiae

motoneurons.,

A. Resistance reflexes produced by tibial imposed extension
and flexion at a constant angular velocity of 1500/8.

The duration of the cycle is R.4s.

B, Motor pattern of the flexor and extensor motoneurons
recorded from a deafferented leg of a tethered locust

walking on the treadmill with a speed of lst/s.
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Since the inhibitors act on the flexor muscle they should be excited by
the movement of tibial flexion, as the extensor CI is excited by tibial
extension (fig. 5.7). However they remain silént during either tibial
flexion or extension and are excited only during maintained extension
(fig. 5.5B)e They usually fire in bursts in which the length and the
internal frequency depends on the angular velocity of the previous
extension, This indicates that although the inhibitors seem to be
excited by the posgition detectors of the CO there is an effect from the
velocity detectors of the same proprioceptor which occurs with a certain
delay. Other workers have also found that the inhibitory ncurons always
fire in alternation with motoneurons that innervate the same muscle
(Kennedy and Takeda, 1965z, b; Hoyle and Burrows, 1973a)., Activation
of the flexor inhibitors immediately after the burst of the flexor
excitors may accelerate relaxation of the flexor mﬁscle, as suggested for
the mebathoracic extensor tibiae muscle by Runion and Usherwood (1968).
It is worth notice here that the extensor inhibitor is also activated
during flexor burst produced reflexly by tibial extension. A similar
firing pattern was found in crayfish where motor axons of the claw closer
muscle fire at the same time as the opener inhibitor aﬁd activity in

the closer imhibitor (Weins and Gerstein, 1975).

Although there are differences in the way which the resistance
reflexes are organised in the flexor and extensor tibiae muscles the
intensity of reflexes discharge in both miscles is in most cases directly
related to the angilar velocity (fig. 5.3), éuggesting that the evoked
reflexes were driven from the velocity sensitive cells of the CO, which
has been identified as the main cause of these reflexes. It appears
that anguler velocity is the most important input variable for resistance
reflexes as was found by Ayers and Davis (1977) and Bush (1965). The

relationship between angular velocity of the movement and the instantaneous
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frequency of motoneurons activity is linear (Evoy, 1977). The slope
of the line can be taken to represent the gain of the sensory to

motoneuron pathway (Average discharge rate / unit change in velocity).

Neither exbension nor flexion of any angular velocity were
able to activate axon D1 (the homologous of the metathoracic DUMETL).
It is not known yet what synaptic input excites these neurons. Hoyle
and Dagan (1978) found sensory inputs to the DUM cells, but claimed
that all natural pathways that excites these cells are extremely labile,
Tt appears that the synaptic inpubts which drive DUMETL are ssveral
levels of interneurons removed from primary sensory inputs (Heitler and
Goodman, 1978). However, the DUM cells are active at low frequencies
which sometimes rise to 5 - 7 Hz (fig. 5.74 and Hoyle et al., 1974).
In the case of DI which bifurcates to innervate both extensor and flexor
tibiae muscles, it seems strange that one neuron innervates two
‘antagonistic muscles. However it was found that nerve impulses
transmitted in the extensor branch of D1 failed at a lower frequency than
those in the flexor branch. Thus it is possible that this is a mechanism
which at least prevents height frequency discharge of axon D1 ending

in both antagonistic muscles.

The reflexes described above do not always appear with the
same strength. In some preparations although the responses of the
flexor motoneurons always remain phasic to the imposed tibial extension,
the number of spikes in the flexor dischargeé decrease during prolonged
stimulation, This phenomenon, called here habituation, may be due to

the fatigue of the synaptic interconnections between interneurons and the



flexor motoneurons since the sensory inputs, the discharge from the QO,
is unaltered, The same explanation was given by Usherwood gt al.
(1968) for a similéf phenomenon in the SETi., Thoy suggested that this
waning represented central adaptation. Another interesting point is
that reflexes from the flexor motoneurons sometimes almost disappeared
and reappeared within seconds leaving the same strength as before.
Extensive modifications of reflexes were also found duriﬁg behavioural

motor patterns such as posture, walking or flight.

Sponbaneous activity of moloneurons

Another way of studying how the locust uses the large number of
flexor motoneurons was to record motoneuronal activity from the nervous
system of a tethered locust on a treadmill (fig. 6.1). From the details
of this method which have bsen described, it is obvious that the animal
was under rather abnormal conditions and it would be unrealistic to claim
that a natural walking pattern was recorded. However, the locust in
this situation was able to walk on the treadmill. There are of course
differences from free walking and this can be seen in the length and the
interval frequency of the alternating bursts of the mesothoracic extensor
and flexor muscles . the sequence in which the femoral
motoneurons were activated with the stepping pattern in both cases was
very similar. The activity of the individual flexor tibilae motoneurons
of an animal walking on the treadmill is demonstrated in fig. 7.1B., A
comparison in fig. 7.1 bstween A and B shows that the reflex burst of
activity in the flexor axons, produced by forcibly extending the tibiae,
is similar to the burst produced by some axons in a deafferented animal
walking on a treadmill. However, there a?e differences, for example
axon F3 which is regularly activated in reflexes was not very active during

the flexor burst in walking and was excited enly when the locust was



aroused., Axons ML and F2 fired at a slightly highsr frequency during
walking than in the reflex. Axon F4 vhich was identified in reflexes

in a few preparations was not recorded in walking. What caused this
differencs is nol known and requires further investigation. The three
distal axons were activated in the same way in both cases. Their burst
of activity usually started with some delay and usually the large F6
fires first. Spikes from axon M2 appeared very rarely and did not
produce any regular firing pattern. The slow axons which were
continuously active, increased their frequency from the moment the animal
started to walk, However it was not possible to see if the freguency

of the slows was modulated during the flexor burst since the small EFSP's
from the slows were masked by the activity of the larger axonse.

Although sensory inputs are cut off, it is interesting that the timing of
the bursts of the different flexor axons is very accurate. Most of them
end at the same time, except M3 whose activity is sometimes prolonged.
Although the inhibitors were not positively identified, small action
potentials occurred regularly between the flexor bursts where usually

the antagonistic FETi was expected to fire.(fig., 6.24, C).

In both reflexes and walking the large axons seem to have a
high threshold and produce a small number of spikes. Axons M1, M3 and
#5 which have a smaller diameter are more.excitable while the small slow
axons have a very low threshold and are continuously active. This
relationship between axon diameter and motoneuron excitability seems to
be common in muscles which are innervated by a large number of motor
axons, In the locust's abdominal muscles which receive six large and
six small axons, Hiukle and Camhi (1972) demonstrated that the firing
sequence of these motoneurons was correlated with axon diameter, In
other invertebrates such as the crab, the relationship of axcn diameter

and motonsuron threshold was also deseribed (Davis, 1971; Wiens, 1976).



Tn vertebrate muscle, Somjen, Carpenter and Henneman (1964) show that

the relative excitability of the motoneuron is determined by their size
or by the diameter of the axons and finally, Henneman, Somjen and
Carpenter (1965) and Henneman and Olson (1965) demonstrated that in the
median gastrocnemius and soleus muscle the size of the motoneuron
dictates its excitability, its excitability determines the degree of

the use of the motor unit and its "usage" in turn specifies or influences

the type of muscle fibre required.

However, in locust not all the flexor motonsurons follow this
"gize principle", For example F2, which is only 10% smaller than the
high threshold axons Fl and F3, has the same low threshold as axon ML
which is about three times smaller. Axon F6, although it is impossible
to measure its exact diameter, belongs to the group of distal axons
where the maximum diameter is no more than 11Pm (fige 3.6, Table 3.3)
and seems to have a similar threshold to F1 (25,50 Fm). Thus the
excitability of the flexor motoneurons depends on a priority factor and
this seems to be independent of the axon diameter, and may depend on
the significance of the motoneurons in behaviour such as posture and
walking., Therefore an examination is required firstly of the function
of the flexor neurons in posture and secondly of the activity of these

neurons in generating the tibial movements of walking.

a) Posture

In a standing locust, most of the time the femur-~tibia angle
is about 90° to 100°, while the angle between the tibia and the
horizontal plane is usgually 110 - 120°, ' The contribution of the
fomoral muscles to postural forces requires further investigatiocn using
tension recording techniques similar to those used in stick insects by

Cruge (1976)., However in a standing locust on a horizontal plane the
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mesothoracic extensor SETL fires at a low frequency (Burns, 1972), but
no information has been published for the slow flexor motonsurons.

The study of these neurons in a deafferented preparation, and in a
preparation with most leg proprioceptors intact (see reflexes) shows
that the slow flexors are continuously active while the extensor SETiL
has a reduced firing rate. The question then arises how is this

spontaneous slow activity used?

Since S1 and S2 were found to innervate mainly the distal
flexor, which is the largest part of the flexor muscle, it seems that
this part is more used in the maintainance of posture than is the
proximal part although the proximal flexor does.receive a tonic input.

For this purpose the distal flexor has the following advantages:

1) The distal flexor has smaller diameter muscle fibres than the
proximal flexor. This means that they can contract for prolonged
periods without fatigue (see fig. 3.25C) since it has been shown that
small diameter muscle fibres contain larger numbers of mitochondria
and therefore are more resistant to fatigue (Henneman and OlSen, 1965).
In the retractor unguis muscle and the metathoracic extensor, it was
found that fast muscle fibres (white) contain fewer and smaller
mitochondria than the slow (red) and fatigue more quickly under
sustained neural stimulation (Usherwood, 1967; Hoyle, 1978). This
property is very important in maintaining at FTA of 90° by producing

a constant isometric tonic forece.

This 1s also helped by the fact that an FTA of 90° to 100°
the flexor muscle produces its peak active tension igggément. Since
this isometric tension may be important for the balance of the animal
it is not surprising that the tension receptor (Chapter 4) is located

at the end of the distal flexor.
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2) The distal flexor is a plnnate muscle with graded pinnation angles
(Table3.1). . Such a muscle can exert powerful force with small tendon
movement which is important for finely controlled movements such as
postural readjustments. This fine control depends also on the fact
that changes in body position are detected by the C.0., which in a
quiescent animal reflexly affects the tonic activity of the three slow

flexor motoneurons and the slow extensor SETi.

The functional importance of the flexor tibla muscle in
posture depends also on the tonic activity and function of the antagonistie
extensor. However the flexor muscle seems to dominate because it is
larger than the extensor, not only having 1arger.diameter miscle fibres
bub also having about three times more muscle fibres (Table 3.1).  The
flexor muscle also has a mechanical advantage of 2:1 (Heitler, 1977)
over the extensor, It seems to be generally true of the construction
of arthropods leg that the tibial flexor muscles have more tonic axons,
This can be seen in the rock lobster where the flexor muscle (equivalent
to the flexor tibiae muscle) receives three tonic axons while its

antagonistic receives only oné (ﬁyers and Clarac, 1978).

b) MWalking

In walking the main functioﬁ of the mesothoracic flexor muscle
is to flex the tibia during protraction from an FTA of 130° to 70°.
The protraction (flexor burst) varies from 50 to 110 ms in duration
while the retraction (extensor burst) is.from 120 to 400 ms long in an
animal walking at a speed of 2 to 5 steps per second (Burns, 1973).
This shows that the duration of the flexor burst must be much shorter
and more constant than that of the extensor burst. This rapid flexion
of the tibia may create problems in the accurate firing time of the

flexor motoneurons and the spesd of muscle contraction.



The flexor motoneuron activity during atbempted tibial flexion
in a deafferented leg of an animel walking on a treadmill is shown in
fig., 7,1B. The main components of the flexor activity consist of axons
F2 and M1 which are firing continuously during flexion. F6 usually
fires immediately after the first action potential of the burst of F2
and it is followed by F5 and M3. Thus the large motoneuron innervating
of the proximal and middle flexor are used as much as the smaller neurons
innervating the distal part, This is odd since according to the Ysize
principle", as hasbeen discussed before, one might expect that the gmall
axons having lower threshold would be used more than the larcger motor
axons innervating the proximal and middle flexors. What is the flunction
of the two first parts of the flemor muscle when such large motoneurons
as F1l, F2 and M1l are active at an alnost constant frequency during the

flexion burst?

During protraction the flemor burst causes a shortening in
muscle length of about 7 = 9% in a time of approximately 50 ms in a
locust walking at a speed of 5 st/s. This fast muscle contraction can
only be produced by the proximal part (middle and proximal flexors) for
the following reasons:
a) The proximal flexor containg exclusively the largest muscle fibres
of the flexor muscle (Table 3.1) arranged in parallel with the flexor
tendon so they can produce maximum movement of the tendon during fast
muscle contraction and driven mainly by ¥1 and F2 can produce a
considerable acceleration of the tibia., The middle flexor has a similar
function since its pinnation angle is only 90 and it is thus nearly
parallel to the tendon. In contrast, the distal flexor with its greater

pinnation angle is able to produce less movement and more force.

b) The proximal and middle flexors have faster rise and relaxation



times and the twitch/%etanus ratio is larger than in the distal flexor
(Table 3.6). Fast relaxation is also important in the short flexor

burst to eliwinate the residual tension which could cause strong
opposition to the following extensor contraction., All the above evidence
suggests that the proximal flexor activated by Fl, F2 gnd Ml is ideal

to produce the fast flexion of the tibia during walking.

However fig. 7. B shows that the distal flexors are also
actbive. The fact that there is a delay before their activation suggests
that the distal flexor may be used to reinforce the proximal part of the
muscle during flexion. Reinforcement of the proximal flexor at the end
of the flexor burst may be important because ¢ 1) The high firing
frequency in F2 may produce fatigue effects in the large, fast contracting
muscle fibres of the proximal flexor, especially in slow walking locusts
where the burst of F2 is prolonged and 2} A high level of tension in
the flexor muscle at the end of the retraction may be required when the
Jeg touches the ground and rigidity may be important as will be discussed
below, It must also be borne in mind that the flexor tibiae muscle is

used in entirely different ways in prothoracic leg. Here the flexor
| muscle is active during retraction and flexion of the tibia produces
propulsive force. The requirement for tension from the distal floxor is
thus mich greater. Of course, locusts do not spend their lives walking
on flat, horizontal surfaces. They usually walk on uneven surfaces and
they climb, Under these variable conditions an increase in tibial
flexor force is essential and maybe caused by extending the activity of

the motoneurons innervating the distal flexor.

There is no information in the locust about the motoneuronal
patterns during other walking situations. Pearson (1972) demonstrated

in the cockroach that an effect of increasing the resistance to



100

retraction, making the animal drag e weight, was an increase in the
average discharge rate of the slow axon innervating the coxal depressor
mscle, Cruse (1976) found in the stick insect that the function of

the different groups of mscles and the function of the whole leg can
vary considerably depending on the type of walking situation. His
conclusion was that the neuronal programme itself is changed, when the
walking situation changes. The fact that the locust mesothoracic tibiae
miscle has such a large number of motoneurons and is subdivided into
parts with specialized mechanical and physiological properties increases
the possibilities for changes in the neuronal programme required by

various behavioural patterns.

Fig., 7.1B shows that all the flexor motoneurons except the slow
flexors are silent during attempted retraction.' The activity of these
motoneurons increases when the animal starts to walk and contiaues right
through the periods between the flexor bursts. In contrast, in the
extensor nerve the SETIL is activated only for a short period before the
FETi is active. Thus the tonic tension of the flexor muscle opposes
tension produced by the SETi in the extensor., The fact that in a normal
walking animal the mesothoracic tibia keeps extending from the beginning
of the retraction means that the extensor muscle must dominate. At the
moment where both extensor and flexor tibiae slow neurons fire together
in the first half of retraction the flexor muscle acts against the
extensor and must produce a very rigid femur-tibia joint., Rigidity of
the femur~tibia pivot is probably very important at that particular
moment to support the body weight and ensure stability. One result of
the approximately alternating tripod gait used by the locust is that
for at least half of the retraction the animal is supported by only three
legs and as a result the mesothoracic member of the thrse must carry more

than one-third of the body weight (Burns, 1973).
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All the above evidence suggests that the flexor motoneurons
have more complicated functions than those of the antagonistic extensor.
It can be seen that different motoneurons are used in a standing animal
from those which cause the fast tibial flexion which occurs during
walking, However the most interesting point is that some of the flexer
motoneurons active at the same time have different functions. This
kind of neuronal control where synergistic motoneurons have independent
functions can also be seen in the locust neck muscles nos. 57, 53, 59
and 60 (Shepheard, 1972). When they act as a single muscle unit in
response to the activity of the common excitors during the fast phase
of head movement, their function clearly differs to the functions carried
under.control of motoneurons providing specific innervation to different
muscles within the group (Shepheard, 1974). Similar functional
separation also occurs in crabs where the eye muscles produce three
types of movement; optokinetic, compensatory and protective withdrawal
(Burrows and Horridge, 1968a, b)., The first two involve the same
motoneurons which are excited in different proportions fTor the different
directions of movement while the third involves additional moltoneurons

although the same muscle participates in all movements.,

Muscles with complicated innervation receiving a large number
of motor axons and subdivided into synergistic parts are not common in
arthropods. Homologous muscles in other insects are, of course,

“ similar, PFor instance, the flexor tibiae muscle in the cockroach was
also found to be divided into three parts (143 a, b, ¢) by Carbonell
(1947). Dresden and Nijenhuis (1958) showed that this muscle is
innervated by 11 axons. Muscle 143a raceives only two axons. Muscle
143b and 143c¢ recsive 9 axons and thney have some 4 or 5 axons in common
whereas two axons are confined to.143b and two or three to 143c, A few

other arthropods muscles with similarly complicated innervation have
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been described, For example, the coxal depressor muscle of cockroaches
(Pearson and Iles, 1971), the group of protergal muscles of the cervical
selerites in the neck of the locust (Shepheard, 1973) and some of the
abdominal muscles which innervated by eight axons (Tyrer, 197la, b). Iu
the crustacea the complexity of the abdominal flexor and extensor muscles
is also high (Kennedy and Takeda, 1965a, b; Parnas and Atwood, 1966).
Multifunctional muscles also exist in vertebrates, Henneman and Olson
(1965) clajmed that since both the M.G. and the soleous miscle cause
extension their contribution might be expected to differ with respect to
maximun tension, speed of contrasction, amount of shortening, economy of
action and degree of usage. The same authors fiﬁally speculate that

fnature discovered long ago that two heads are better than one",

Tnteraction betwesn proprioceptive reflexes and motor patterns

Most of the discussion above was based on results taken from
deafferented preparations. However the sensory information from the
leg proprioceptors during tibial movements was found to be repeatabls over
prolonged periods. The main effect of these sensory inputs on the
femoral motoneurons of an immobilized animal was in the form of negative
feedback (resistance) reflexes, Resistance reflexes, apart from the
fact that they sometimes habituate (fig. 5.6) appear to be very regular
in the flexor and extensor tibiae motoneurons (see also Wilson, 1965).
However it appears that during centrally driven movement, the whole reflex
organization is arranged to facilitats it, and no opposing neurcnal
activity is generated (Barnes et al., 1972; Barnes, 1977; Ayers and
Davis, 1977). This does not mean that sensory inputs are not important
in the control of movement, In some cases the centrally produced
rhythms can be modulated by sensory feedback (Burrows, 1975; Wendler, 1974

Wong and Pearson, 1976) and by orienting cues (Camhi, 1970)., The
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forms of modulation of the walking rhythm found in cockroaches include
variations in the frequency of cycling and in the proportion of the

cycle occupied by the propulsive and returnstroke movement of an
appendage (Pearson and Iles, 1970; Pearson, 1972; Delcomyn; 1973).

The way in which the resistance reflexes were modulated in a centrally
driven motoneuron was studies here in a tethered locust (fig, 6.1) with
only the C.0. intact in an otherwise deafferented, fixed leg. A
centrally programmed motor activity of the SET1 was produced during
walking on the treadmill and it interacted with sensory information
produced by tibial movement (stretch or release of the C.0.). TFig., 6.5
shows that resistance reflexes of the SETi were not only cancelled but
that the sensory input produced a positive feedback during tibial flexion
inhibiting the SETi, functioning to enhance tibial flexion during walking.
Such reversal of reflexes were also described byBissler (1976) in a
decerebrated stick insect fixed on cork plate. He demonstrated that
ramp-wise stretching of the femoral chordotonal organ excites the slow
extensor tibia in an "inactive" animal (an animal which only moves the -
stimilated leg) while in "active" animals (animals which move also the
other legs) the same stimilus decreased the firing rate of thig motoneuron.
It is worth noticing the similarities of Bissler's Mactive" stick insect
and the tethered locust where five of the legs were free to move,

walking on the treadmill.

In an inverted dissected animal Hoyle and Burrows (1973b) were
able to produce a sequence of alternating flexion and extension movements
of the tibia closely resembling those seen during locomotion, by
stimlating the connectives between the ganglia, Dafing this particular
action they found that although the fast extensor to the tibia is not

used in walking, its membrane potential is driven more negative by IPSP's

during the flexion part of the cycle. However Burrows (1973)



demonstrated that during tibial flexion in a quiescent locust the FETi
received EPSP's, This shows that for the metathoracilc extensor FETIL

at least, the reflexes reversed during this self generated tibial
movement., Similar rhythmic activity can also be recorded from the nerve
of the mesothoracic SET1 of a tethered locust immediately after a long
run on the ﬁreadmill. The rhythmic bursts which occur last for a
prolonged period and can be stopped only by a strong stimulation of the
animal. Is this self generated pattern related to the walking central
programme or is it a rhythmic activity of the motoneurons caused by the
excited state of the animal?  TImposed tibial flexion during this peried
not only reduces the number of spikes in the SETi but also excites the
Common Inhibitor (fig. 6.6A). When the bursting pattern ceases
resistance reflexes reappear. THis reversal of reflexes supports the
idea that the spontaneous rhythmic bursting is caused by a mechanism
related to the walking programme although it is not known if the flexors
were activated, Tig. 6A and B also confirm the .fact that resistance
reflexes were reversed during the centrally generated walking motor
pattern, Of course in the extensor bursts the FETi is not active but
it may be that the threshold of this neuron is higher than in walking or
the strength of the central input is not enough to activate this neuron
when the animal is stopped. Pearson (1972) also found that the large
ﬁotor axons to the levator muscle of cockroach are active during walking
but when alternating bursts between levatér and depressor occurs in an

immobilized animal the large axons were inactive.

The interaction betwsen the femoral sensory input and another
cenbrally generated firing pattern, flight was also studied in the
extensor motoneurons, At the beginning of flight the excitatory
extensor motoneurons fire at an unusually high frequency which gradually

drops to a level of about 50 - 80 Hz (fig. 6.4D)., This is an unusually
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high firing frequency for the mesothoracic extensor motonsurons,
especially the FETi which generally acts as a high threshold motoneuron
in other behavioural motor patterns (walking = Burns, 1972). Why and
how the locust can achieve this prolonged high firing'activity of
extensor excitors is not known but it seems that iIn f£light this firing
pattern would ensure that the mesothoracic leg is kept extended. The
flexor motoneurons are practically silent. A similarly high activity
level also appears in the abdominal muscles and falls after 10 sec,
(Hinkel and Camhi, 1972), It seems that the centrally produced flight
pattern modulates the activity of femoral and abdominal motoneurons and
probably many others essential for the balance and orientation of the
animal, An umsually high excitation of extensor tibiae motoneurons and
an inhibition of the antagonistic flexors, controlled by a central
programme was also found by Godden (1972) in a completely different

behaviour in the stick insect, Thanatosis.

During flight, imposed tibial flexion or extension (stretch or
release of the C.0.) generally has no effect on the excited extensor
motoneurons. However, in some cases tibial extension causes an inhibition
and flexion a small excitation of the extensor motoneurons (fig. 6.7).
This shows that sensory inputs produce wesk resistance reflexes indicating
that during flight, reflexes on the extensor motoneurons were dramatically
reduced but not reversed, During flight, resistance reflexes have no
functional meaning since the leg is kept continuously extended and
imposed tibial flexion is unlikely. What causes this suppression or
cancellation of reflexes requires further investigation., Kennedy st al..
(1974) found in crayfish that sensory inputs to intraganglionic
interneuronc were suppressed when the interncurcns were excited by
stimilating command fibres, They suggested that this was due to a

presynaptic inhibition. Presynaptic inhibition was also suggested for
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locust motoneurons by Burrows snd Horridge (1974). They found that
when motoneurons have inputs in common, indicating driving from a common
interneuron, the post synaptic potentials to one but to others can be

dropped out; as if gated presynaptically.

The study of the function and the innervation of the
mesothoracic flexor moboneurons was achieved by recording motoneuronal
events peripherally from the flexor nerve branches and muscle fibres.
Although valuable information was obtained, it is not poasible with this
technique to study the intraganglionic connections of the flexor
motoneurons themselves. For this purpose further investigabion is
required, primarily by intracellular recordings from the cell bodies
of the flexor tibiae motoneurons and their associated premotor
interneurons (Hoyle and Burrow, 1973a, by Burrows and Hoyle, 1973;

Burrows 1973; Burrows and Horridge, 1974).

In the investigation of the neuronal control of the movement,
modelling of the neuronal connections responsible for the specific
behaviour patterns is very popular (Pearson, 1972; Pearson and Iles,
1973; Burns, 19723 Burrows and Horridge, 197/ eﬁc.).‘ Tt was not
thought that the information on the drive to the flexor motoneurons was
sufficient to justify the comstruclion of a model. However, any attempt
at modelling the input connections of the femoral motoneurons must be
based on the following information.

1) There is not enough evidence about the nature of the synaptic
coupling between the femoral and tibial sensory inputs and the flexor
motoneurons. The minimum latency for proprioceptive resistance reflexes
in the mesothoracic leg was found to be 20 to 25 mg for the flexor axon
F2, This suggests that at least one interneuron was interposed as was

also found by Burrows and Horridge. (1974) who showed in the metathoracic

leg that reflex pathways and patterned central commands act on
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interneurons and not directly on the motoneurons, It is not yetl

known certainly if there are monosynaptic connections hetween femoral
motoneurons and leg sensory inputs. Wilson (1965) found a latency of
less than 10 ms in the proprioceptive leg reflexes of the cockroach

and he suspected monosynaptic connection with many parallel input fibres
converging on a flew motoneurons. Such monosynaptic coupling with a
ganglionic delay of approximately 10 msec, has beeﬁ reported in locust
only between wing stretch receptors and flight motoneurons (Burrows,
1975)s  In the cockroach, Wong and Pearson (1976) have also discovered

a monosynaptic reflex between the trochanteral pair-plate afferent and
the slow depressor neuron.

2) There is no direct synaptic coupling between mesothoracic flexor
motoneurons ( Wilson, 1977). No evidence was found by Hoyle and

Burrows (1973&) for either directly or indirectly mediated cross excitation
or inhibition between any of the different types of flexor neurons in the
metathoracic ganglion in spite of their strong synergistic behavioural
action, They suggested that the synergistic action of many flexor
motoneurons is not achieved by close coupling of the motoneuronal level
but by inputs from higher interneurons which are either common or are
themselves closely coupled. This is in contrast to the motoneurons of
other miltiple innervated insect musclés, for example those involived in
flight, in which electrotonic coupling between the motoneurons themselvss
is implicated (Kendig, 1968; Bentley, 1969b), Monosynaptic
interconnections were found between motoneurons of the crayfish claw
muscles, Three meurons whose activity contributes to closing the claw =
the Fast (FCE) and the Slow (SCE) Closer Excitors and the Opener
Inhibitors (0I) - are linked by mutual excitatory synapses (Wiens and
Atwood, 1978,
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3) There is no information about the synaptic intercomnections between
motoneurons of antagonistic femoral muscles in the mesothoracic ganglion,.
However the associations between the extensor and different classes of
flexor motoneurons were described by Hoyle and Burrows (1973a, b) in the
metathoracic ganglion. They found a positive feedback between these
neurons with a latency of 20 = 25 ms which suggests that there are one
or'more interneurons interposed between the extensor and flekor
motoneurons,
) The excitatory flexor motoneurons can be separated into four groups
according to the way in which they function in reflexes and walking
(fig. 7.14, B).
A) Axons Fl, F2 and ML which activate mainly the proximal and
middle flexors. Ml and FR2 are active in long lasting bursts,
B) Axons F6, F5 and M3 which activate exclusively the distal flexor
usually do so with short bursts.
C) Axons Sl, S2 and S3 are responsible for the tonic activity of
the whole flexor.
D) Axons F3, F4 and M2 have high thresholds and are probably used

only in extreme cases,

The funetional separation between flexor motoneurons would
suggest that there are four different interneurons (or groups of
interneurons) which drive the motoneurons in each group. The only way
to obtain more accurate information about this kind of organization is
to record intracellularly from the cell bodies within these groups.

This grouping of inputs will be confirmed if common inputs are found
exclusively between the motoneurons in each group. In the metathoracic
leg Burrows and Horridge (1974) found by recording simulbanecusly fromn
the slow extensor (SETi)} and the Posterior Intermediate (PIF1Ti), the

Posterior Fast (PFFITi) or Iateral Fast (IFF1TLi) flexor motoneurons
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that all three motoneurons, but certainly not all flexors, receive

IPSP's when there are EPSP's to the SET1, and wvice versa, so that one
record resembles a mirror image of the other. The three motoneurons
described above (two Fast and one Intermediate) could be homologous to
either group A or group B. Hoyle and Burrows (1973b) described four
different functional interneurons connected with the metathoracic flexors.
Hovever further investigation is required to reveal more about the

jinterncurons which drive the mesothoracic flexor tibiae neurons.

The conclusion that the slow motoneurons are driven separately,
which was obtained by recording peripherally, was confirmed by Burrows
and Horridge (1974) in the metathoracic ganglion recording intracellularly
from the cell bodies of the slow motoneurons. They found that the fast
and slow motoneurons mist always be excited by separate interneurons
which derive their exditation from phagic and tonic receptors.

5) The flexor motoneurons are active in resistance reflexes when the
ipgilateral leg is stimilated but the contralatersl reflexes of these
neurons seem to be very weak. Therefore it seems that the regular
alternation of the two sides in walking is centrally coordinated.
However since it has been shown that ipsilateral reflexes are cancelled
or reversed during some centrally produced behavioural motor patterns
and switching of reflexes has also been found, it is premature to claim
that cross reflexes are not important in walking.  Whether the cross
reflexes are as weak in a walking animal as they are in a quiescent one
is a subject for further investigation. A locust walking on a
treadmill is a good preparation in which to study further the function
of reflexes during walking. For instance cross reflexes can be
investigated by imposing a movement on tﬂe immobilized contralateral
tibia and recording the effects of this movement on the motor pattern
produced in the ipsilateral leg while the remaining four legs can walk

on the treadmill.
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Resistance reflexes and the motor pattern produced by a
tethered locust walking on the treadmill were mainly used to activate
the flexor neurons in order to study the way which this large numbsr
of axons is used (fig. 7.14 and B)., However since there is a large
number of neurons there is still the posgsibility that some of them may
operate in a different manner during other behavioural'motor patterns.
To complete this study it would be necessary to investigate these
posgibilities further. TFor example, how do leg sensory inputs other
than the G0, such as the coxal proprioceptors, influence the activity
of flexor motoneurons. This would be answered by imposing a levation-
depression or protraction=retraction movement on the femur of a fixed
locust, or by immobilizing the femur and moving the rest of the body
through the appropriate angles, since the method used here for
identifying the flexor moloneurons requires a fixed femur., The activity
of the flexor motoneurons could be further investigated on the treadmill
and it would be interesting to find out which flexor motonsurons are
mainly used for pdsﬁural readjustments. This could be achieved in a
tethered locust by tilting the treadmill or moving it sideways or up and
down, Since the locations of the axons on the flexor muscle are known
it would also be possible to study, using myograms or neurograms, the
way which the flexor axons are activated in a free locust walking ot
climbing, this is not only for the mesothoraciec but also for the
prothoracic flexor muscle. Since there are strong similarities between
the way in which the flexor motoneurons respond in reflexes and the way
in which they are activated during walking, it would be interesting to
find out if the. interneurons which activate the separate groups of
flexor motoneurons are always active in the same manner, whether they

are excited by the central programme or by the peripheral sensory inputs.
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