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f | ABSTRACT R v

The neuronal mechanisms underly; g jumping in the locust werenmestigated using a
preparation which enabled intracellular recording from rhoracic neurons during bilateral Kicks
(a behavior with'a motor program similar t6 that for a Jump) The main aim of the study
was to test the existing hypolheses that a) the jump is trlggered by the activity of a palr of &
identified metathoracic‘ internetrons, the M -neurons, whrch inhibit hindleg flexor

motoneurons, b) the excitability of the M-neurons is increased by proprioceptive feedbackf
. . . .

from the hindleg d‘{rring_thc program'’s co-contraction phase, and ) the M-neurons eventually °

discharge when the proprioceptive input depolarizes them beyond threshold, or when there is '

-
’

additional input from exteroceptive stimuli.
| In support of the M-neuron's proposed involvement in the triggering process, these

neurons were found to discharge powerfully at the time flexor activity was terminated. Also,

mJecung strong depolarizing current pulses into an M-neuron could trlgger extension of one

l

leg However, suppressmg the M-neuron's drscharge did not prevent krcks from bemg

triggered. The M-neurons cannot, therefore, be solely responsxble for terminating ﬂexor

actmty An addmonal pair of interneurons was identified which may f/#tion in this role.

N

Contrary to the hypothesis that the M-neurons are . gradually dcpolarrzed by
\ :
proprioceptlve input durmg co-contraction, they were f ound to be hyperpolarlzed at thlS time.
Furthermore the proposal that exteroceptive stimluli are able to trigger jumps was not upheld
bec%use these S[lmflll failed to elicit klcsl;slor to evoke drscharges in the M -neurons durmg '
co-contraction. The evidence mdrca_tes that trigger actlvrty in the M-neurons is produced by
excitatory input from a central intverneuronal system. The neurons which make up this'trrgger :
system Were'riot identr‘f ied, but many possible cémdidates have been found. .
Kicking and jumping are khown to be dependent on feedback from hindleg
proprioceptors. To deterngne which receptors might be important, af ferem recordmg
sunrulatron and ablation experrments were performed. The main finding was that tonic

feedback from the femoral chordotonal orga’n Was required for both the co-contraction and.

trigger phases to occur. The way in which chordotonal input is integrated by the central

-



_circuits to generate the motor program for kicks and ju_mps remains to be determined.
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I. INTRODUCTION

l&. CELL{J_LAR. MECHANISMS UNDERLYING BEHAVIOR
The. reallzauon that individual nerve cells can have unique identities has contributed
greatly to the present.level of understanding of the cellular mechamsms underlymg behavior.
© Wiersma (1952) in his-studies of the cravflsh nerve cord was Lhe ﬁrst to demonstrate that |
"smglc neurons could be reliably 1denuﬁed from ammal Lo’ ammal and that specmc funotxons
“could be ascribed 1o these cells: Since that't lee and partlcularly in the f;s' 15 years Lhere has
bcen a rapld increase in-ihe catalogued number of 1denuﬁcd ncurons (e g. Hoyle 1977), due
.mamly 10 1mpr0vemem< in techniques for 1mracellular recordmg and cell staining. Although
identified neurons are also ki ™wn-in verlebrates (notable examplcs bcmg LheM_aulhngr cells in
the brainstem of fish and amphibians, Faber and Korn 1978), most .knowle‘djg‘c‘ of l‘hc. rolc of
single cells in detérmining bchavi‘or has come from smﬁies of invcrlebrates. The édvantagés o'f".

invertebrat®wpreparations are numerous. Apart from Q\ic;:s factors such as availability and

low cost, invertebrates on the whole possess simple nervo *systems containing relatively few

herve cells which commonly are organized into‘ discrete gan lia. The numbcr of n‘eino’nsiin“
@ese ganglia can be very low. For example,v lhcre' are 'only"nin; cells in the cércliac ganglion of
Cra.bs a_nd lobsters (Watanabe 1958; Tazaki énd Cooke 1979)/Tllirs combined with Lhe‘oftcn
large 51ze cof the ncuronal cell bOdlCS famluatcs the id uﬁcauon of smgle nieurons and. '
‘enables _their penetrauon wnh mlcroc Queeﬂe{/ln addmon m'traccllular recordmgs can be
made from more thaﬂ”cﬁ%"zll/: a time .and. thus dctalls of svnapuc 1meracuons and
connectivity can be determmed Perhaps the greatest appeal of mvertebrate preparauons
,though is that despue the relative SlmphClly of \their nervous systems they dlsplay a wxde L

,,:

“variety of behaviors. More0ver, these behaviors often continue to be expressed after Lhe '
*
' anima'l' has been radicallv dissected, or lLS‘ nervous system competely isolated.
Vne field of mteresl in analyzing the cellular basis of behavlor has been to determme

mechamsms by whlch patterned motor activity is gcneraled and by whnh various behav10rs



are initiated and subsequently modulated. Studies in these areas have yielded findings of
widespread significance, and indeed some have been established as general concepts applicable
even to higher mammals. Here the major findings arrsmg from studies of 1dent1f1ed
invertebrate neurons will be briefly considered.

'.5__:.Central Patterri Generation ' o ST o LR
In many animals the basic features,of rhythmic movements, such as those involved 1n
‘ locomotton m'asu@gtron and resptratron are produced by central neuronal systems termed
dcentral pg‘tﬁ‘rn generators (CPGS Delcornyn 1980) These are ensembles of neurons which are
- capable of generatmg the correct temporal scquence and phasmg of motor activity in the
complete absence of sensorv ufeedback Consrderable progress has been made towards
elucidating the cellular organization and functronmg of CP(JD in 1nvermbrate< (l\rtstan 1980'

. Selverston and Moulln 1985; Getting 1986) and this has revealed a wrde drversr*y of

v ’mechamsms for producmg patterned motor output The normal pattern may arise as an
R : W

R

'emergent property of the network of neurons, or its generatron may depend on’ xntrmsrc

, v

properties of neurons within t_he oscrllator. Thus, for example, the pattern and nature of
synaptic connectivity between interneurons is mainly responsible for producing the swimming
rhythm in Tritonia (Getting 1981, 1893a,b; Getting and’ Dckin 1985). Complex synaptic
interactions (multicomponent PSPs) between groups: of cellsp giving rise to- circuits of
recipro.cal inhibition paralleled by delayed excitation, are the basis of the CPG in this‘sys‘them
/
The importance of 1ntr1nsrc cellular properties for pattern generatlon is hrghhghted in the
lobster stomatogastrrc ganglion. Here, membrane char,acterrstrcs of individual neurons,
including postinhibitory reb'ound“ properties and ability to 'ge"nerate'bu.rSting -pacemaker
.Pote‘nt’ials vand plateau potentials, make important contributions to —‘the__ generation _of the

‘pyloric thythm (Millcr anZ Selverston 1982 1985) However, it would not be cor'r:cct‘ to

L ‘.__fs.uggcst that ltlre fun. \ninc of CPGs depends soIely on the oscrllatory properues of either . -

mdlvrdual neurons ar of th < network as a whole because elements of both pattern generatmg

1



3

— B
T

mechanisms are in‘corporated in\t\o most systéms (e.g. Getting 1983c: Selverstoh et al. 1983).

A notable feature of all CPG networks that have been examined to date is an
unexpected degree of complexity in their circuitry. An extreme ‘example'is in Tritonia where 79
out of -132 possible ;nonosynaptic connections between the 12 neurons of the swim network

-

have been found to exist:(Gellin‘g 1986). One consequence of this ‘complexity is that There is

. often a certain amount of ‘redmldancy in the underlying oscillatory mechanisms such that

components of the network can be removed, of circuits disrupted, without abolishing

-rhythrhicity (e.g. Miller and Selverston 1982; Getting >1983b; Robertson and Pearson 1985).

“components are combined (Getting-1986). - |

~

Also, the wide diversity in circuitry in the different systems makes it difficult to generalize
about the organization of CPGs. However, the various circuits do appc‘ar to be constructed -
from a common set of component mechanisms, so that the organizational differences between

6séillatory ‘sySLé‘ms'is simply a rcflection of the particular way in which these basic

W

Initiation of Behaviors by Single Neurons

A

Individual identified interneurons, or groups of such/neurons, have been found to play -

o

important roles in the initiation ofvvbvchz‘;vi‘.or. In most kné)yvn gxamplcs these neurons are
involved. in initiating rhythmic movements by activating. pérticular *CPGs. This has been
defnonsg%ated in leeches (e.g. Weeks and Kristan 1978; Weeks 1982; Broﬁf uehrer and Fiesen
1986; I\iusbaum 1986), molluscs (e.g. Granzow and Kater 1977; Rose and Benjamin 1981,

Fredmén and Jahan-Parwar 1983; McCrohan 1984), crustaceans (Davis and Kennedy

1972a,fb) and insects (Ritzmann et al. 1980; Bickér and Pearson 1983; Pearson et al. 1985;

. Boyaﬁ et al. 1986). HoWever, individual neuron$ can also elic_it behavioral responses iriv‘olving

brie?’, non-thythmic' patterns of motor aciivity. Often these can be classified as startle or
escape 1esponses. Classical examples are the G-type fast starts elicited by Mauthner neurons in
teleost fish and amphibian larvae (reviewed by Eaton and Hackett 1984)-and the short latency

téilflips in crayfish produced by spikes in either the medial or lateral giant fibers (rdviewed by'

\\




Wine and Krasne 1982).

.

The existence of identified neurons which can initiate behaviors led to the formulation

- <

of the command neuron concept (Wiersma and ‘Ikeda 1964; reviewed by Kupfermann and

Weiss 1978). According to this idea, a particular behavior is switched on by an indiyidual

»

command neuron or a discrete g}oup of neurons (command system). In order to be desi'gnated

A e
as having such a command Tunction, it was proposed that a neuron should be both necessary ... "

and sufficient for the initiation of the behavior and that it be active during the-normal
execution of that behnvior (Kupfermann and Weiss 1"9"/'8). While many neurons in the various
motor systems meel the sufficiency criterion, t"ew have also been found to be necessary for
evoking the, behaviorsl response (e.g. Olson and Krasne 1981; Fredman and Jahan-Parwar
1983). Moreover in operational terms it has oftere been drfflcult to define individual cells as

4

: bemg command neuroits because in some., mstances these neurons receive excitation from thc,
CPG they activate (lelctte et al. 1978) or may actually be members of the CPG network
itself (Weeksand Kristan 1978; Davis and Kovdc 1981). Nevertheless the concept has proven
useful in that ’1t _has *focused much attention on the functlonal organxatlon of neuronal
systems underi)mg behavror and on the role of mdlvrdual neurons wrthm thsese systems
The Role of Sensory Input in Controlling ~Moto""r‘Activkity; ‘ R 8 i

Although CPGs can produce rhythmic movements without phasic sensory feedback, it
has long_been.recognized that this feedback is necessary to [ iner-tune the centrally programmed
. movements and to compensate for environm‘entally' produced perturbations (e.g. Delcomyn
v1'985). However, a érowing number of studies indicate that the influe ' c exerted by sensor’y
input on central neuronal networks extends béyond this. For instance, ‘n the flight system of
“the locust ‘wing pronrioeeptors ap'pcar to be intimately involved in generating the‘normal
pattern of rhythmic activity (Pcarson et al. 1983; Mohl 1985a,b; Wolf and Pearson 1987).

Indeed, phasic input from the wing stretch receptors is able to r}todify the central flight circuit

by abolishing activity in some neurons and altering the phase at which other ncurons discharge




(Reye and Pea”rson 1987). As another example, rhythmically"st_retching a vmuscle receptor
organ at the base of the crayfish walking leg gn entrain the central walking rhythm produced <
by Lhe thoracic ganglia (Slllar et al. 1986) One of the reccptor organ's two sensory neurons
trlggers leg remotion and exci‘cs remotor motoncuron\g during the stance phase; the othf
mggers leg promotlon and ir. the swing phase. A similar situation exists in the walkrn_g
} system of the stick insect where feedback from the '.fcmoral chordotonal organ during the
stance 'phase initially exciles tibial flexor motoncurons, but later, towards the end of the
phase, inhibits these ;noroneurons and excites the extensors Lo produce the swing phase
(Bassler 1988). The major difference between t- syste-'m and that of the crayfish is that
there is no evidence that walking is produced by a CPG in the stick insect. Nevertheless, in
the walking systems of both animals sensory inputf has at least two imporlam'functions D a)
o reinforcc ongoing motor activity, and b) to cause a switch from one phase of motor
activiry to another. In the crayfish,.the deafferented thoracic ganglia can produce a rhythmic

pattern of motor output, but this does not appear to represem a ‘specific behavior in the

intact ammal (Srllar ct al. 1987). Thesc workers concluded that the CPGs of the walking legs

A

are only. loosely organrzcd to producer a basic recrproc: Vs .hu' Lmdx,r \.}'PL mf m‘n-.c oi scnsory ;v‘ L
 feedback are reorgirniz:cci'ik) produce an adaptive rrrotor' pyaucrn. | | |
In addition to being important for patterning motor output during a given behavior,
sensory input can direct the CNS to produce motor patterns for entirely diffcrcnt behaviors,
such as different modes of locomotion. In the cockroach, presence or absence of sensory
feedback signalling leg contact with the substrate determines whether walking or {light »will be
prc'duced in response to a cercal wind pdff (Ritzmann et al. 1980). Similarly, swimmiag in
“the crab is inhibited, and walking facilitated, bv feedback from conta&sensitivc‘
mechanoreceptors in the leg (Bévengut et al. 1986). In Tritonia, sensory inputs of different
strengths . are able to switch the ncural circuitry of the swim oscillator into various
configuratinns. Thus weak srimuli produce only reflexive withdrawals from the .animal, but

stronger stimuli reorganize the central network to produce swimming behavior (Getting and



Dekin 1985). « R , ‘
These few examples illustrate the major contribution that sensory input can make to
the patterning of motor activity in invertebrates: Perhaps, in time, this impqrtance will bc::
- revealed to be a general phenomenon.
C‘I—I:émi.cal Modulation of Neural Circuits ;
| .Neurotransmittcrs, ncufomodulators and néurohormones can also act on cenft;“al
networks of neurons to alter the patterns of moto,rAacii'vi},y vthey‘ 'prpdku.c.e. Thése actions cover
a broad spectrum from very general to highly specifié ﬁio&lulatoiy effects. Thus, for instance,
the blood-borne serotonin released from identified neurons in \the leech serves to prblong the
dﬁrau’on of S\:imming gctivity, increase the frequcngy at which bouts of swimming occur and
deércase the response time bctwecn stimulus presemation and the onse[ of swimming (Willard
1961; }\IIS[Z{H and Nmbaum 1983; Lent and Dickinson 1984). These effects are just part of

the way in Wthh serotonm orchestrates the CHUIC fecdmg behavxor of the leech (Lent and

chkmson 1984, 1988) Ammerglc ,cells in Lhe'cercbral gangli'a' of gastropod molluscs

I
<

potentiate fecdmg motor oulput from the buccal ‘ganglia by modulatmg the . intensity and

. durauon and in. some species also the ratc, of feeding movcmems (Berry and Pentreath 1976;

Gl]leue and Dav1s 1977; Weiss and Kupfermann 1978). Ammcs released at central synapses in
the crayfish exert specific modulatory actions on transmission in the pathway from sensory

afferents to the lateral giant fibers and are thereby able to set the level of«/excitability of the

escape response (Glanzman and Krasne 1983). Another example of a specific effect is in the’

moth Manduca in which a_circulating peptide: hormone is -responsible for activating the
neuronal circuitry for a defensive reflex at a particular stage of the insect's development
(Levine and Truman 1983).

Central networks can also be tuned by the actions of neurotransmitters in much the

same way as they are by sensory inputs. A number of néural inputs to the lobster and crab ,

slomatogastric ganglion release various amine and peptide neurotransmitters which influence

g8
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the pyloric pattern generator (reviewed by Marder 1984; Marder et al. 1987). These inputs
alter both the voltage-dependent membrane properties of oscillator neurons and the strength
and functional importance of synaptfc interactions between neurons in the network. The
consequence of this is that even simple neuronal networks can produce a variety o_f patterns
of motor acti\}ity and thereby may participate in several different behaviors. This, too, may
prove to be a finding of general significance.

¥

' B. CELLULAR ANALYSIS OF BEHAVIOR IN INSECTS R

Insects have pro"vén to be particularly valuable for éllgctroph_\r'si_ological eirialyscs of the

céllular mechanisms underlying behavior. They possess a relatively complex and highly ordered

~ nervous system containing on the order of .10° nerve cells. Individual ganglia in the nerve cord
may have as many as scveral thousand ncurons. This complexity endows insccts with a rich
behaviOfal' rcpen'o'ire and.ycl c'ioes‘not p.r'eclvude‘ an examination of the cellular organization of
their nervous systems, Recent work on motor systems in insects has concentrated on

determining the mechanisms which underlie behaviors such as walking, posture, flight and

v

respiration.- These behaviors are all coordinated by the thoracic ganglia and are therefore

amenable to intracellular investigation since the thoracic CNS .is- readily accessible and will

continue to produce motor output after dissection. Recordingsl can be made from the

interneurons involved in each behavior and the connections between different neurons can be
determined. Here, I shall briefly review the categories and Tunctions of these various tharacic
interneurons, before considering what is known about neuronal circuitry for motor behaviors

in insects.

Interneurons in the Thoracic Ganglia .

Nonspiking Interneurons , -

Nonspiking inierneurons, first discovered in insects by Pearson and Fourtner

(1975)_, are abundant in the CNS of these animals. For example, they are thought to

. a

i
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- comprise more than half of the total neuronal complefnent in the t\horac:i‘c‘ ganglia of
locusis. As thei.r name implies, nonspiking }nterneurOns do not generate action potentials
or possess axonal processes. Instead they communicate with .postsynaptic cells by graded
release of transmitter in resp_onsev to tonic changes in membfane potential (reviewed by

Pearson 1976, 1978; Siegler and Burrows 1980; Burrows 1981; Wilson and Phillips 1983).

e )

In such grgded int?:ractions, the relationship betwee_n the pre- régd postsynaptic voltage is
~commonly of high gain and’/quile)line.ar (Burfo'ws 1980), so that there is a continuous
r_elqtiqnship be:r.w‘een'input'and'ou"tp.ut (Pearson 1976). This pfovides high sensitivjty and
accuracy an'd ensures that there is minimal loss of information. Also, sinice under resting

conditions nonspiking cells often release transmitter tonically, it is possible for them to

signal slight changes in membranc potential in _bdth deﬁ{olarizing and ’hyperpol_arizing"‘v

directions. This has led to the idea that much of the processing performed by nonspiking

interneurons may take place locally within discrete regions of the neuron's dendritic field.
< .

- The important consequence of this is that individual interneurons may not act as single

functional units in the circuits in which they participate.

-

Nonspiking neurons have been shown to possess a wide sphere of inflaence, i.e.

. r
single neurons can.exert actions (sometimes of opposite sign) on many different

motoneurons and are Lhereby able to call fortd coordinated patterns of motor activity
’(Burrows 1980). This makes them particularly suﬁable for< the rcgulationl 6f postu;e
(Siegler 1981), although they are t;yl no means limited'to such‘roles. Nonspikin)g
interneurons have, for eiample, been fouﬁd to be important in the rhythm generating

°

system underlying walking in the cockroa_ch (Pearson and Fourtner 1975).

Spiking Local Interneurons ~

‘.Spiking loca; interncurons are those neurons which generate action potentia%s, but

— ' :
whose processes are confined entirely to one ganglion. Such neurons are known to be
involved in processing mechanoreceptive and proprioceptive information from the

thoracic legs of the locust. Discrete populations of spiking local interneurons have been

s
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aidéntified -which act as primary integrators of input from clticular hairs and

campaniform sensilla on the legs (Burrows and Siegler- 1982; Siegler and Burrows 1983).

Individual neurons within these populations have discrete receptive fields on the surface
-of a leg which may be wholly excitatory, or made up of excitatory and inhibitory regions

(Burraws and Siegler 1985). Combinationg of these spiking local interneurons synapse

~

" with leg motoheurons.such thaf these, 100, possess specific receptive fields (Siegler and

-~

Burrows 1986). The receptive ficlds of antagonistic motoneurons are complementary and

.

-

reflex constituting an avoidance response. This coordination is further enhanced because

combinations of the spiking local neurons also make inhibitory synapses onto those

nonspiking interneurons which would excite motdneurons to opposc the desired reflex’

(Burrows 1987b). These local reflexes gre also called into jction during‘lociomotion Lo
enable a leg to step over an obstacle that it may have encougfered. ’
Proprioceptive information from joint receptors fn the hindleg is also integrated

~‘by these identified populations’lof’ spiking locahlln\eurons (iBurrows 1987a). Furthermore,
pfopriocéptivé ;afferen‘ts Eynapse directly with leg Mmotoneurons so that there are parallel
pathways by hich this sensory information is processed. These pathways mediate
resistance reflexes of the leg (i.c. 10 counter imposed movements). The -function of the
interneurons may then be to mediate the inhibitory arm of the reflex by inhibiting
antagonistic motoneurons. In addition, they may distribute the integrated information
mo?e\\gidely to'nonspiking and intersegmental interneurons so as to elicit appropriate

il .

coordinated responses in this, and other, legs. There is thus a considerable degree of

complexity in the mechanisms of interneuronal integration of sensory inputs and in the
B 1

circuitry underlying the local reflex adjustments of posture and locomotion in insects.

Intersegmental Interneurons

The vast majority of idéntified neurons in insects are those classified as

intersegmental interneurons, i.e. cells whose axon or axons project from the ganglion in

-

<

!
so tactile stimulation of a particular region of the hindleg can ‘elicit a'coordinated local

M~
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which they originate. Such interneurons have beén described in all of the 9Major sensory
bt , | ; ,

pathways and in various motor roles too (see Rdbértson 1987 for review)'. A feature that
has em~Tged from studies of the structure and function of intersegmental neurons is that
the parucular morphology of some classes of these cells Ci{] be correlated with the type of
, e

connection, i.e. excnatory or mhlbltory they make thh‘other neurons (Pearson and
‘Robertson 1987) Commonly when analyzmg systems of neurons in msccts a particular
cell's resp_o‘nse 10 sensory sumuh and its discharge pattern during a behavior are known,

' but‘ information afnout ‘its connectivity or -synaptic action s not. Thns, to be able to
predict what a neuron's svnapuc function will be based on its structure alone makes it
possible to suggest Wthh Other neurons‘ it is likely to connect to. This predlctlve power is
of great.value when attempting to construct a plau51ble circuit for a behav1or

Circuitry Underfying Behaivibr :

“ ~Although many interneurons in insects have now been .associated with particular

behaviors (reviewed by Robertson 1987), detailed kndsv'lnge of the underlying‘ qﬁcuitry‘ exists

b

only for the flight and jumping systems in Orthopterans (crickets, locusts and grasshoppers).
Mare than 50 interneurons ‘are now known to be involved in 'gcnerating the flight rhythm in
locusts and many of the connections between these ‘\neuron’s have been elu.cidated (Robertson
and Pearsop/ 1982, 1983, 1985a,b). Also, much is kn(S;Nn of the v;ay in which ‘various
proprioccpl;vs.inputs from the wings cohtribtfté to thcvgeneratior'l and shaping 61" the flight
| rhythm (e g. Prarson et al. 1983; Mohl 1985a,b; Reye and Pearson 1987; Wolf and Pearson
.1987) In addmon neuronal mechanisms for producing compensatory steermg movements
during flight have been discovered. Descending sensory signals from the >rain which indicate
deviatior;s in course influence both pre-motor ipterngur_ons angl motoneurons in the flight

system and are thereby able to bring about corrective steering responses (Reicert and'Rowell

1985, 1986; Reichert et al. 1985).

&

-~



The locust jump, which' is the subject ‘of the present investigation, is often cited as
the behavior in insects for which there is the most complete‘underslarrding of Lhe underlying
neuronal meclranisms (reviewed by Pearson 1983; Pearson and O'Shea 1984; Robertson and
Pearson 1985b) Jumping is of partrcular interest because it is a ballistic movement which
resulrs from a rather stereotyprc motor program. Moreover, there is much evrdence to indicate
that sensory feedback is necessary for the performance of ,rhe, program. Before reviewing the

-

neural mechanisms controlling this behavior, some essential background information will be
“ ~ ’ M t .

N

presented. /-
Locusts jump’(and kick) by rapidly’ extending the tibiae of the hindlegs. If' this leg

_extension were produced only b‘yr.the rapid contraction of the extensor tibiae muscles (Fig.

~

1 1), the musclc would not be able to develop its maxrmum force. .Since* locusts commonly

perform Jumps and krcks 1o escape from Lhreatcnrng snuauons or to defend themsclves it is

B

necessary that Lhe largesr force possibl¢. be delrvered raprdly This_ is aclneved by allowrng the

. extensor muscle to develop tensron slowly under 1sometr1c condruons whrle the leg is held i

the fully ‘flexed posmon by the antagonrsr flexor trbrae muscle (Brown 1067) This stage of

..:;‘rr motor program is called the co contracuon phase (Godden 197> Herrler and Burrows

1977a) The small flexor muscle 8. able LO resrst the l”orce produced by rhe much larger and,_.

: more powerful extensor due to a number of structural specralrzauons of the hindleg._ Prrstly

e

the geometrv of the fe‘moral-ubral ]Oll’l[ is such that when the trbr-a is™in the fully l’lexed‘
position the flexor muscle has a 1arge mechanrcal advanrage over the extensor (Henler 1974)

Secondly, there is a catch mechanrsm (the lump Fig. 1. 1) assocrated with the flexor tendon -
which only becomes operational Qv.hen the leg is in f ull flexron The bromechanrcal aspecrs of
" jumping have been thoroughly_ inves'lgated (Benne‘t—Clark 1975).:During the prolong‘ed period

of flexor and extensor co-contraction rlie_ work done by the extensor muscle is stored. in the =

distortion of elastic’ cuticular elements in the hindleg.” Ballistic leg. extension finally occurs

when this stored energy is rapidly released by the sudden relaxation of the flexor muscle. Thrs BN

P>

has been termed the trigger phase of the program-(Heitler and Burrows 1977a) Altnou'gﬁ this
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nShi Extensor tibiae ‘
muscle ’ ’

Chordotonal organ
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Fig. 11 Diagram of the femur and proximal tibia of . the hmdleg Only those

muscles, nerves and sense organs of particular relevance to the present study are shown

(adapted from Henler and Burrows 1977a).
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sequence of events entails a'relatively long o \approx_imately 500 ms) until the 1 ¢ tﬁe
. —

movement is produced, this disadvantage is presumably outweighed by the agnsiderable power

amplification, and hence velocity amplification, achieved by the mechanical system during the

kick or jump (Bennet-Clark 1975;. I,-Ieitler and Burrows 1977a). -

The hindleg extensor tibiac muscle is innervated by two excitatory motoneurons - one
fasi and onc slow motoneuron (Hoyle 1955). The flexor 'muscle is innervacﬂfdo' by nine
excitatory and two inhibitory motoncurons (Burrox&:'s and Hoyle 1973; Burrows and Horridge
1974). The cell bodies of theéc motoneurons arc all located in Lhc metathoracic ganglion. ,;\L
the “ime this investigation Qas initiated, it was thought that excitation of the f{ast CXIG,HS(T
motonecuron during co-contraction was produccd by positive feedback [ .m various
proprioceptors in the hindicg (Heitler and Burrows 1977b). Activity in the flexor motoneurons
was thought to be maintained by two mechanisms - a cer}tral excitatory conncction between
the fast cxteﬁsor motoneuron and the flexors (Hoyle and Burrows 1973), and reflex excitation
from several hindleg sense organs {Heitler and Burrows 1977b). A very recent study (Heitler
and Briaunig 1988) has shown that although these circuits do exis‘t, they are not chieﬂf
responsible for producing the pattern of activity in the motoneurons. This new evidence is.
first considered in Chapter 5.

The current state of knowlcdgé of the ncuronal rhechanisms involved in producing
kicks and jumps is covered in detail in the introductions (_}f the relevant experimental Chaplcrs
91" thi‘s thesis. Here, dnly a bfief review of these mechanisms will be provided. Heitler and
Burrows (1977a) concluded that the iriggcr phase of the kick. OT jump motor program is
produced by the sudden inhibition of the excitatory flexor motoneurons and the excitatibn of
the inhibitory.motoneurons. A subsequent study {Pearson et-al. 1980) identified a pair of
metathoracic interneurons, labeled the M-neurons, whose physiological characteristics and
synaptic .‘dnneclivity indicated they might be = nonsible for Lrigge_ring the jump by inhib%:ing

the excitat ty flexor motoneurons. Based on these, and later, findings a model was proposed
. -~

to explain hcw various exteroceptive and proprioceptive stimuli might summate to produce a
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trigger dischafge in the M-neurons (Pearson et al. 1980; Steeves and Pearson 1982). The only
other interneurons which have been implicated in the control of jumping are the C-neurons

—(Pearson ‘and Robertson 1981). These mesothoracic integneurons make mg)nbéynap[ic
cxcilafory connections with hindleg'flcxor and extensor motoneurons and their function is
thought to be to initiate the co-contraction phase in aroused animals.

The "present investigation was undertaken to ex’te'nd the above findings, and, more
specifically, to test the validity of the model first proposed by P’earson et al. (1980) to explain
how kicks and jumps are triggered. In t’he‘ second chapter, the involvement of the M- and
C-neurons in the motor program is examined I . récording from these interneurons during
kicks. In addition, many other meso- and metathoracic interneurons are described whiqh may

+ also be ‘involved in producing kicks and jumps. In the third chapter, the importance of the
Mzﬁeurons was examined by testing whether they - - necessary and sufficient for producing
tfiggcr activity. The possible role of ex'eroceptive and proprioceptive inputs in generating the
discharge in ﬁhe M-neuron during the trigger phase was then in\;esligated (Chapters 4 and 5).
The mechanisms by which flight motor activity is coépled to the jump were. studied in the
sixth chapter. Finally, the impliéations of ‘Lhese new findings are discussed and a revised

scheme of the neuronal system underlying jumping and kicking in the locust is presented

(Chapter 7).
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1. INTRACELLULAR RECORDINGS FROM INTERNEURONS AND MOTONEURONS

DURING BILATERAL KICKS : IMPLICATIONS FOR MECHANISMS CONTROLLING

THE JUMP!

A. INTRODUCTION

. The neuronal .necnanisms controlling the ]ocqst jump have received considerable
attention in past years. The activity of both motopeurons (Godden 1975; Heitier and Burrows
1977a) and interncurons (Pecarson, Heitler and[1 Steeves 1989; Pearson and Robertson 1981)
during jumping has been examined, as has the involvement of sensory mechanisms in ihe
jump (Heitler and Burrows 1977b; Slecycs and~Pcarson 1982). The jump consists of several .
distinct phascs: 1) an‘ initial flexion of the hindleg tibiac to bric. ~ 1em into the posigion for
jumping, 2) a co-comractién of the amagoriist flexor- and extensor ubiae mu§clcs of the
hindleg, during which Fime considerable force 18 gcneréted by isometric contraction of the
large extensror muscle, and 3) a sudden inhibition of the flexor activity allowing the tibiae to
rapidly cxtend duc to relcase Ef‘g the energy storedkin clastic clcm‘cms of the femoral-tibial
joint. These safnc pﬁascs are eﬁc{cm dﬁring kicking (Hgiilcr and Burrows 197ﬂ7a)..

- -

Currently, the proposed ncuronal circuitry controlling kicking a: jumping (sec

/

t7

Pcarson 1983) involves only ‘two pairs of thoracic interncurons, the C- and M-neurons. The

C-ncurons are considcfed to cause the initial locking of the tibiac inlb full flexion by

synchronously activéting the flexor and .extensor muscles at the onset of co-contraction

(IPecarson and Robertson '1981). "As yet, however, no. recordings have been made from:

C-neyrons during the rest of co-contraction leading to cithlcr_ a kick or a jump. The

M-neurons are thought to be .rcqponsiblc for LHC sudden inhibition of flexor activity which
\ :

triggers thtj jump (Pearson et al. 1980). The M-ncurons make monosynaplic inhibitory

connections with flexor motor~urons and receive depolarizing input resulting from visual,

'A version of this chapter has beenv published. Gyvnther IC, Pearson KG (1986) ]
Exp Biol 122:323-343

-
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auditory and tactile stimuli, all of which are quite effective in eliciting umps from intact

animals. However, because the M-neurons have a characteristically high)threshold for acticn

9
.

-potential éeneration, they are rarely induced to spike even upon simultaneous prescntdtion of
such stimuli. The M-neurons also receive dep‘p;larizing'input from hindleg propr;oceptors and
it has been proposed that the gradual increase in the strength of this input during
co-contraction brings each M-neuron closer to its threshold for spiking, thus aIIowing/it to
discharge action potentials in response (o other_ sensory stimuli (Steeves and Pearson 1982).
According to this idéa, the propriocepfxlve informatf_on gates M's activity and ensures :\’vthat
each M-neuron will discharge (consequently inhibiting the flexors and triggering,lhf\:vj/ungp)
only when sufficient force has been generated within the appropriate femur. (, J\
h T

The main purpose of the present study was to examine more closely Lhe proposed

roles of the C- and M-neurons by recordmg from the neuropllc processes of these cells during
the producuon of bilateral hmdleg kicks. In addition, the pattern of S/w-puc input to hindleg
motoneurons was examined and recordings from other interneurons within the thoracic ganglia
were made to determine whether some of theée may also play a role in prodﬁcing the kick.
Further evidence is presented which supports the idea that the M-neurons are the trigger
neurons for,[ihe jump. However, their ac;ivity' is not gated in a simple manner by
proprioceptive feedback as proposed in’carlier studies. This, together with the finding that

other inte. acurons are strongly activated during u kick, indicates that the circuitry controlling

the jump is not as simple as has previously been proposed.

B. MATERIALS AND METHODS
All experiments were performed on adult male and female Locusta migratoria reared
in a long-established colony at the University of Alberta. The sex of an animal had no

influence on the results of this study. Experiments were carried out at room temperature

(22-24C) . ~
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EMG Recording from Intéct Animals

A Details of the procedure used to record flexor- and extensor Libiag: mtisclc activity in
intact locusts have been described~previously (Pearson and Robertson 1981), Briefly a pair of
50 um copper wires, insulated except for their tips, wds implanted into the extensor muscle o’f

/“"
one hindleg. Flexor activity could still be recorded in this manner and was evident as the

smaller ar’npli}/ude activity in our recordings. The animal was then tethered to an overhead
support by way of a cotton thread attached to the pronotum This arrangement permitted the

locust freedom of movcmem Over an arca of about 50 cm diameter. Jumps cither occurred

spomaneously or were elicited by making loud noises or by lightly touching the.animal's body.

. . N
Preparation of. Animals ) '

Animals were pmned dorsal slde up on a cork board and thelr hindleg femora fixed

firmly in place with plasticene” The tibiae of these legs, cut so that only their proximal third

remamed mtact were usually allowed unrestricted movement. However, for some experiments®

"\ a metal rod mounted on a manipulator, was used to prevent full flexion of onc of the tibiae.

" e

N

A combined myogram of the flexor and extensor tibiae mpscle ergtivity of each hindleg was
obtained \by implanting a pair of 200 pm copper wir_é clectrodes into the extensor muscles.
Thcse qléclrodcs could also be used to antidromically stinihlale. the fast cxtensor tibiae
toneuron. The thoracic ganglia were cxposed by removing the gut, ventral diaphragm and
overlying muscles '(sec Pearson et al. 1980 for details of the dissection): Iril the majority of
experiments, nerves 3 and 4 qf bothJ the meso- and metaLhorz’icic ganglia were cut $0.as to
denervate most of the thoracic flight musculature and thereby improve thg stabim:' c;f the
preparation. These ganglia were then supported on a rigid stainless steel plate and‘*k;gt
covered with lotust saline (in mM: NaCl,147; KCL,10; CaCl, 4; NaOH,3; HEPES,lO).
Bilatcral kicks of the hindlegs were evoked by génll-y stroking or pinching the animal's
abdomén, mouthparts or antennae with a pair of forceps. It was possible to evoke kicks from
approximately 8‘0% of these fully dissected animals. A kick could casily be disﬁnéuished from

"}5 -

~ ~
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\ rapid tibial extension because zominucd simultaneous activity of flexor and extensor musclés
(co~-contraction) did not occur during the latter, and because kicks produced an audible
"click ". Instability of intracellular iccordings during kicking Yvés general: not a problém. It
was only rarely that the violent movement of the tibiae during kicking dislodged a
microelectrode from within a cell, All,electrica‘l rece ngs wgré stoyed on magnetic tape and

later displayed on a Gould ES1000 chart recorder.

111fra¢ellulqr Recording and bye-filling

. All record_ings from motoneurons and imerneuroné were made by penctrating their
major neuropile processes. Glass microelectrodes were filled with either 1M potassium acetate
or a 5% aqueous -solution of the dye L.ucifef‘Yellow. Lucifer stainifig enabled the morphology
" of a penctrated neuron to be determined foilowing recording of its physiology. Al;bter staining,
'“v_thc' gariglia ;vcre fixed for 30 minutes in'a 4% solution of paraformaldchyde, dehydrated in
alcohol. and vt,hen leared in methyl salicylate for 15 minutes before being ,view'ed as
wholemoums. ’ | |
| The ‘criter;ia’ for recogni;ing penetfations 6f fast extensor motoneurons (FETi), flexor "
motoneurons, and M- and C-ncurons have .Jbeen descrin prcviouysly (Pearson et al. 1980;

Pecarson and Robcrt§0n 1981). The cells could be recognized so reliably that dye-filling was

"+ not necessary for their identification. All other inter- and motoneurons, however, v .re always

@

L] T

" stained fc;llowing recording.

C. RESULTS . .

Y

Motor Patter_h_s During Jump§ and Bilateral Kicks

Altﬁough jumping and defensive kicking in locusts are re‘lated behaviors, there, are

distinct diffefences between them. On= of :he more obvious is that jumping involves both
. metathoracic legs Whereas kicking usually involves just one. Another is that, before jumping,”
g . .
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a freely moving locust assumes a crouched position with both hind coxae depressed, such that
i /
the femora lie pérallel to the substrate. When the tibiae extend during the jump, force is
directed downwards and backwards (Godden 1969, 1975). Defensive kicks, however, can be
)

accurately directed towards a source of irritation by rotation of the leg about the
thoraco-coxal , joint. Here the force of the exter;ding iibia is often directed upwards and -
baCkwards. There has been no"comprehensive EMG study of all muscles involved in j'umping
a_n_d kicking, and consequently a detailed account of the differences between the motor
progréms for these two behéviérs is not available. However, in as far as the ‘ac‘tivity of the
metathoracic flexor- and extcnsdr tibiae muscles is concerned, there is good evidence 10
suggest that the motor programs for jumping and kicking in .Lhe locust are very similar
(Godden 1975; Heitler and Burrows 1977a; Plliiger and Burrows 1978). From here on in this’
thesis the term "motor program for a jump or kick" is used to mean only this pattern of
flexor and extensor activiiy. |

Tﬁe preparatién for intracellular recording in thc ocust involved such an extensive
dissection tﬁat it was necessary to qﬁestion whether thé behavior elicited from these dissected
animals ‘resembled anything seen in .intact, freely moving ldcust_s. A\;comparison of the
rhyograms recorded during jumps by intact animals and restrained kicks by dissected animals
showed that the main featires of the motor patterns for these behaviors were very similar
(Fig. 2.1A) and closely resembled those described in detail by Heitler and ﬁurrows (1977a).
Typically, a period of flexor activity of abom 50-500 ms duration was followed >by
ce-coniraction of the fléxor and extensor muscles, as indicated by a péric;d in which spikes
. occurred in botﬁ muscles. Spikes in the extensor muscle EMG were due to the activity of the‘
"singllye fast extefisor matdneuron innervating that leg. Co-contraction lasted for a period of
somé 300-800 ms (mean.for a jump=2340 ms, mean for a kick=450 ms) énd ended with a
sudden c;ss;ﬁon of flexor activity. Usually extensor ‘activity .continued for a short period

(about 20 1:s) after the termination of activity-in the flexors.
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Fig. 2.1 Electromyographic recordings from hindleg flexor and extensor tibiac

o

muscles of locusts during jumps and bilateral kicks. A Top trace - EMG from an intact locust
during an unrestrained jump; bottom trace - EMG recorded from one leg during a bilateral
kick by a locust dissected for intracellular recording. The large spikes’in both traées were due
to activity in the single fast extensor tibiac motonepron The small amphtude splkes were
caused by acuvxty in the flexor tibiae muscle. Except for the: shortcr durauon of the sequence
durmg Jumpmg the motor programs for kicking in the dlssected animal and jumping in the
" intact animal were similar. Each began with a period of flexion (commencing at ariows)
followed by a'co-cor‘ltraction of both the flexor and extensor musclés. As illustrated he_re, the
motor program often ended with a rapid burst of 4-7 spikes in the cxtenéor muscle. The -
‘»mo-veme.ni aftifact in the top trace (arfowhead)’ was caused by the an‘ :al jumping. B EMG
recordings from a dissected locu'sl'dﬁring a bilateral kick of the hindlegs (top trace - right leg;
| Bdttom trace - lefi leg). All the featurés of thé motor program are as described in A. Note.
the simultaneous burst in the extensor muscle of cach leg which terminated the kick sequence.
Note also that the kicks were triggered simultaneously in the two lcgs as mdlcatcd by the' '

synchronous cessation of muscle activity.
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Although the femora o1 e hindlegs wé;re held fixcd so that they could be neither
depressed nor rotated upwards, as would normélly occur during a jump or kick,/the grea’I
majqpily of kicks elicited from the dissected animals involved the synchronous extension of !
both hind tibiac (Fig. i.lB} rather than just ohe as is usual for a defensive kick. This,
together with the basic similarity between the pafterns of motor activity seen in intact and )
dissected animals, indicated that the behavior observed in dissected locusts resembled jumping
more than it did defensive kicking. For this rcasoil it may be more correct to -refer to this
behavior as fictive jumpiﬁg. Howcver, in order to r\“elain conslistcnc_\: with the terminology of
earlier studies (e.g. Heitler an“d Burrows 1977a,b) thi‘%‘ fictive jumping is referred to as kickigqg\
throuéhout the tvhesis. It shou]d.be borne i mind then that, if there is any difference between
the neural mechanisms for jumping and kicking, the results of this study are li_kely to have
m?)fc direct relevance to the jump system than to the system underlying defensive k' ng.

Despite their overall similarity, there were minor differences between the motor
programs seen during kicking in dissected animals and jumping in intact animals. The total
duration of the program for an intact animal’s jump was usuallf shorter than that for kicking
in a dissected animal. This was duc to shorter periods of both initial flexion and
co-contraction in the intact animal. In some highly aroused locusts, co-contraction * _an nri
with an initial activation of flexor motoneurons alone but with synchronous :.tivi.on ol

FETi and flexog motoneurons (sec Pearson and Robertson 1981). This was nev.- ahseryed in

i

dissected animals.

A major difference petween the .m010r programs recorded iln this investigation and
those reported by others was that the extensor muécle commonly displayed two phases of
activity. i‘hroughput most of co-contiaction spikes occurred in this. muscle at a more or less
constém frequency of 10-40 spikes}s and on a few occasiohs almost 60 spikes/s (Fig. 2.2D).
Someiunes the muscle spikes occurred ih-.cliscrc}c‘ groupé of 2-3, but with their overall
frcqucx:¢y éﬁll in the 10-40 spikes/s range. The final bhase of co-contraction, howevéf,

usually involved a higher frequency of activity in the extensor muscle just prior to the jump

i | ’ Py
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or kick (Fig. 2.1A,B). The timing of this final burst was variable. Usually it commenced
before; and extended just beybnd, the termination of flexor éc[ivity. Occasionally Yit ‘began
after flexor activity had ceased. The number of spikes during the final extensor burst was
typically 4-7 and they occurred with a frequency of 70-130 spikes/s. A noticeable feature was -

that the burst often began synchronously in both legs (Fig. 2.1B).

Recordings from Motoneurons During Bilateral Kicks

The motoneurons driving the power-producing extensor and power-controlling flexor
muéclqs of the hindleg constitute the output stage of the neuronal circuitry controlling the
‘jump.v""As such, a carchl analysis of the synaptic input that these motonecurons receive during
bilateral ki‘cking can reveal much about -the‘underlying mechanism of the jump. Presented
here are recordings, made during kicking, from the neuropile processes of the fast extensor
libiac motoneuron and a variety of the nine excitatory flexor motoneurons. ;‘ll previous
recordings (Heitler and Burrows 1977a,b) have been made from neuronal somata and

\

consequently provide an attenuated view of vnaptic events.

Fast Extensor Tibiae Motoneurons

The pattern of activity séen in FETI during kicking was varia.ble. During weak
kicks, FETi displayed a slight plateau of depolarization interru.pted by pértial meml?rane
repola.rizations (Fig. 2.2A). No final, higher frequency bL'xrsL occurred during these kicks.
More commonly, FETi displaved the same biphasic pattern that was often observed in t.he
EMG recordings of: extensor muscle activity, with a period of relatively low frequency

spiking followed by a rapid burst of action potentials in the cell. During the first phase

of co-contraction, action potentials could occur at either a fairly constant frequengy or in

"

groups of 2-3, with the groups separated by ro‘ughly constant intervals. Two such
‘biphasic patterns were evident. In one, FETi showed a plateau depolarization throughout
mest of co-contraction before receiving a marked, often pulse-like, depolarization

accompanied by a rapid burst of 4-7 spikes just preceding the kick (Fig. 2.2B). In the
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Fig. 2.2. Intracellular recordings from the fast extensor tibiae motoneuron during
kicks. Top traces - intracellular recordings; bottom traces - EMGs from flexor and extensor
tibiae muscles of the irinervaled legs. AA weak kick in which no final bﬁrst occurred in the
motoneurgn.v B,C Examples in which FET;s_activity concluded with a markéd depolarizatjqn
and rapia burst of spikes. D A sequer;ce in which FETi received. a ramp depolarization‘
throughout co-contraction and fired at highér than norfnal frequencies. The patterns of

activity showr. in B,C were those most commonly observed.
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othef, it received a weak ramp-like depolarization throughout co-contraction leading to
,

the distihct final burst (Fig. 2.2C). In both cases, the duration of the higher frequency
burst of *spikes was in the range of > -100 ms. Another pattern of FETi activity seen in
one animal duripg co-contraction consisted of a much stronger ramp depolarization which
did not end with a Tapid burst of action potentials (Fig. 2.2D). In these cases, the spike
frequency was usually higher than normal throughout co-contraction. At times the ramp
could be interrupted by marked membrane repolarizations. Except for this last cxample,
~ each of the described patterns of activity could be observed in a single preparation, but
the patterns shown in Fig. 2.2B,C were the most common. The boundaries between the
various patterns were not so clear cut as to suggest functionally separate motor programs.

The recordings do suggest, however, that FETi could receive two distin‘cl inputs:
1) a tonic or ramp-like excitation throughout mostp(co-comraction and 2) a final
phasic excitation just prccediné the kick. This cooclusion was supported by observations
of the pattern of synaptic input to FETi when kicks were elicited from the contralateral
leg but prevented in the ipsilate.ral‘ leg. (It was possible to prevent one hindleg from
kicking by placing an obstruction between the tibia and femur so that the leg was unable
to flex fully.) Throughout most of co-contraction ot" the opposite leg, FETi innervating
the obstructéd leg was ofien quiescent. On no occasion was it continuously depolarized
and active during co,-.contraction\.of the opposite leg as%it normally would have been. This
suggested that FETi's normal pattern of activity during the first part of co-contraction
was not due to a bilaterally symmetrical central excitation but more probably to a sensory
source, as proposed by Heitler and Burrows (1977b). However, the ipsilateral FETi was
consistently dcpolarxzed above threshold at, or near, the time of the final burst of spikes
in the opposite leg. This depolarizatioh was usually weak with only one or two spikes
resulting (see Fig.. 2.5), but sometimes as many as six occurred. As mentioned, the exact
timing-of this input was variable. In/most czves it coincided with the burst in the opposite

FETI, but in others it occurred just before this burst started or just after it had finished.
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Flexor Tibiae Motoneurons

Each flexor tibiae muscle of the locust is innervated by nine excitatory
motoneurons (Burrows and Hoyle 1973), which can be classified physiologically as fast,
intermediate or slow flexor motoneurons. Although no attempt was made to record from
all nine flexors in this study, numerous recordings during kicking were made from
neurons in each group. There is a basic similarity between the groﬁps in their patterns of
activity and because of this it was felt that a complete cataloguc’ of flexor motoneuron
Tcsponses was not necessary.

Two examples of flexor activity during kicking are shown in Fig. 2.3. A striking
feature, secn in all flexor motoneurons, was the large plateau depolarization they received -
throughout co-contraction. The initial d‘epolarizaiion leading to this plateau could occuf
gradually, in a ramp-like manner (Fig. 2.3A), or more quickly, following several
summating excitatory postsynaptic potentials (EPSPs)(Fig. 2.3B). In some mot(;neurons,
the rise time of this pléteau was so rapid that»it became difficult to distinguish the
individual EPSPs. It is iniportam to note that the flexors received this initial
depolarization independently of activity in FETi, as indic-ated by the absence of e;(tensor
spikes in the myogram at the time the {lexors became active. Conséquently the central
excitatory connection that exists between FETi and the flexor motoncurons (Hoyle and
Burrows 1973) could not have been respbnsible for initiating flexor activity. This
connecticr)g‘ probably'docs contribute some cxcitation to the flexors d.uring%o-contraction;
however, and may account for the oscillations in ‘membrane potential sometimes seen
superimposed on the plateau depolarizaliqn in recordings of fi'exor activity. These
oscillations corresponded on a 1:1 basis with FETi spikés seen in the accompanying
myogram. This correspondcncér‘ declined, however, as the co-contraction sequence
continned, 'm'oét probably because of a rapid decrease in the strength of the central
FETi-flcxor interaction which occurs- with repeated spike activity in the fast extensor

tibiae motoneuron (Heitler and Burrows 1977b).
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Fig. 2.3. Intracellular recordings from flexor tibiae motoneurons during kicks. Top

traces - intracellular recordings; bottom traces - EMGs from flexor and extensor tibiae

muscles of the innervated legs. A Intermediate flexor motaneuron. B Slow flexor motoneuron.
Note the inhibition of the flexors (particularly marked in B) which just preceded the
termination of extensor activity and triggered the kick. The second burst of spikes in each

flexor motoneuron, 200-300 ms after the kick, caused the tibia to re-flex.
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The frequency at which flexors spiked during the plateau depolarization was
related to their physiological category, as has been rteported by Heitler and Burrows
(1977a). Fast and intermediate flexor motoneurons commonly discharged at 70-90
spikes/s during co-contraction (Fig. 2.3A) whereas slow flexors reached diécharge
frequencies of 200 spikes_/s or more (Fig. 2.3B). | N

The most important feature observed in all flexors during kicking was their rapid
inhibition which terminated co-contraction andJLrigger’cd the kick. Its timing relative Lo
.the end-ef extensor activity in the ipsilateral leg was variable, occurring over a range 6f
betweeﬁ 4 and 67 ms prior to the last spike in the EMG. So, too, the timing of flexor
inhibition telative to the start of the final high \\f\reqﬁ‘e‘n'by\bmst in the ipsila\Eefal FETi was
variable. Examples have been recorded in which it occurred as much 'as 20 ms before the
-start of the final burst.in FETi. However, it was more usual for the in‘hibifidn 10 occur
after this burst had commenced and while it was still in progress (mean=15.7 ms

following the first FETi spike of the burst). This degree of variability in timing of the

two phenomiena - the flexor inhipition and the final FETi excitation - suggested that

these events did not have a commo derlyi}dg origin.
Recordings from Interncurons' During Bilateral Kicks
To gain more insight into the cellulér mechanisms for patterning motor activity for .
the jump, he activity of numerous idcntific‘d. imerneu.rons in the .meso’- and metathoracic
‘ganglia was recorded during bilateral kicks.. Ifxitial efforts concentrated on the C- and
M-neurons because they are known to be intiinately invdegcg} the mechanisms By which the
jump motor program is initiated and by which’ the. jump is triggered, respectively (Pearson
and Robeftson_ 1981; Pearson et al. 1980). No attemp‘t\\v’vas made to elucidate the connections.
~,

between these and other interneurons. i
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The M-neurons

Intracellular reco‘rdi.ngs from the M-neurons revealed two previously unreported
features : 1) throughout the period of initial flexion and the subsequent co-contraction
the M-neurons were hyperpolarized by selveral millivolts, and 2) at the end of
co-contraction they received a strong, pulse-like depolarization caﬁsing thcm‘{o discharge
at extremely high frequencies. i |
| It has been reported that the M-neurons (Fi‘g. 2.4A) are gradually depolarized
. during co-contraction and then, due to the bccurrence of visual and auditory stimuli, are
causec—l‘ to disCha;ge in a burst (Steeves and Pearson 1982). In contrast, no slow
depolarization wz;s ever observed in an M-neuron prior to a kick. Instead, a
hyperpolarization of up to 6 mV was consistently noted (Fig. 2.4B,C). The magnitude of
this hyperpolarization depended on both the site and quality of the intracellular
pcnctratién. In recordings from the central processes of the cell (Fig. 2.4B,C) the
hyperpolarization was very obvious. In recgrdings from the transverse process, proximal

to the point where it bifurcates into the ascending axon and the large lateral branch, the

hyperpo'lﬁrization Wa§.¢ess marked (Fig. 2.4D), as was also true in cases where the cell
B2 . ‘

~had been injured fg;_;”‘e’nc'l_gation. It was possible that this pattern of activity in the
M-neurbn mgy not have been the same as that during kicks in Lhc; imac’t\énimal,.due to
the absence of proprioceptive inform_atioh from a;fl"erenl fibres projecting from the
hindleg femur and tibia to the central ncfvous System (CNS) via nerve 3 (in most
experiments this nerve was cut). Ho'wever, these same features of M's activity rwere
evident even wh‘en all peripheral nerv'es'were left intact. For this reason the recordings
presented here are considered to be typical of the M—neuron's\rio\fmalA activity.

The initial flexion movements of fhe ‘two hind tibiae did not always occur
synéhronousl)ﬂ Flexion in one leg could someti-.gies precede the other leg by as much as

500 ms. The onset of the hyperpolarization in an M--~tzo1. appeared to coincide with the

beginning of flexor activity in whichever leg was first to flex. Thus, it was not always
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Fig. 2.4. Intracellular recordings from lhe.M-ncuron during k‘icks. Top traces -
intracellular recordings; bottom traces - EMGs from hindleg flexor and extensor muscles on
the side to which the M-neuron sent its major branch. f/x Diagram of M's structure vyithin the
metathoracic ‘ganglion. B,C Re@ording_s from central processes during kicking. The exact sites
of penetration were not determined but judging from spike amplitudes, the recording in B was
from a finer central process than was the recording shown in C. D Recording from the
transverse process of M, proximal to the point where it bifurcates into the ascending axon and
the large lateral branch. The recording site was quite close to the spike-initiating zone. The
M -neuron fired at frequencies of 250-400 spikes/s during its burst (the individual spikes
cannot be discerned here). Note the hyperpolarization (evxdent in B,C, but less SO in. D)

which com:nenced at or near the time of tibial filexion. Scale-bar, 10 mV in B and D, 20 mV

in C.
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coincident with flexion on the side to which the M-neuron sent its major branch (whicfl
here is termed the ipsilateral side though it is actually the side contralateral to M's soma).

The duration of the hyperpolarization in M was variable, being dependent on the length

‘of the initial flexion and co-contraction periods combineg.

The depolarization that each M-neuron received just prior to a kick could occur
even in Ee\ complete absence of visual, auditory and tactile stimuli. It was triphasic in
form, with a rapid ramp depolarization leading to a pronounced pulse-]ikf;‘ excitation,
followed by a slow ramp repolarization (Fig. 2 4B ,C). The pulse phase usually lasted
40-90 ms, durmg which time the cell discharged at frequencies of 250-400 spikes/s. It was

common for an M-neuron to continue spiking as its membrane gradually repolarized.
<

s )

As was suggested by the variability in timing of the flexor motoneuron inhibition
relative to the énd of extensor activity, the timing of the M-n.eurc')n's burst relative to the
laét FETi spike was also variaﬁe. In an analysis of 42 kécks by five animals the first spike
in M preceded the last spike in the ipsilateral extensor EMG by..an average of 23.4 ms
(SD=15.7 ms). The greatest separation obéervcd'was 60.4 ms. In two kicks Ms discharge
followed the last extensor spike by periods of 4.0 and 6.4 ms, respéctivc]y. These were the
only"two occasions on which M became active after extensor activity had ceased. In these
cases, flexor EMG activity was also oBserved following the last FETi spike. During kicks
irwhichFETi's activity ended with a rapid burst, the ipsilateral M was observed to begin
firir~ before, durmg or even after this burst This variability in the timing of the
M-neﬁron s activity was present even during repeated kicks by the same animal. Again it
indicated that the M-neﬁron was not responsible for the final burst in FETi. However,

the correlative evidence of the range of times of flexor shutdown relative to the end of

“extensor activity as compared with the timing of the burst in each M-neuron was entirely

consistent with the idca that the M-ncurons provided the trigger inhibition 1o the flexor

motoneurons at the end of co-contraction.
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In ari attempt to determine whether the pattern 9f input each M-neuron received
during kicking was of a centrgl, bilateral origin or whether it depended on incoming
sensory information from the ipsilateral leg, recordings were made {1om an M-neufﬁn

V»bhilst preventing the ipsilateral leg from kicking. A kick was then elicited from” the
N
opposite leg_.‘rljp//this situation the M-neuron displayed the same pattern of activity -
im" -1+ -perpolarization followed by a triphasic depolarization - that it would have if the
locust had been able to kick its ipsilateral leg (Fig. 2.5). This result indicated that the
input to the M-neurons duriﬁg kicking was bilateral and that each M-newron was able 1o
produce its trigger dischargé without the usual proprioceptive information from the
ipsilateral leg. Hchvcr, although the overall pattern of activity was normal, it appeared
that the spike frequency attained during M's discharge was not as h.igh as when both.legs
were able to kick (comparc Figs. 2.5 and 2.4C). Insuﬂ"icient data were obtained io :
- quantily this, but it may be that the ipsilateral proprioceptive input directly or indirectly

affects the intensity of the M-neuron's burst.

The C-neurons

In intact animals the C-necurons are thought L.o initiate the motor program for a
jump by synchronously activating FETi and flexor motoncurons at Lhe_vqry' start of
co-contraction. This brings the hindlegs into the correct position “or jumping (Pecarson
and Robertson 1981). Co-~contraction is a scparate phase of th. motor program wh'ich
then follows. Because of the lower levels of arousal in dissected animals, this synchronous
activation of FETi and flexors at the start of co-contraction neve‘_r occurs. Instead, flexor
activity may precedg the stzlart of exténsor activit;f by as ;n.uch as 500 ms. This proposed
role of the'C-neurons therefore cannot be lestéd using intracellular recording techniques.
Rather, their actiyity' duriné the remainder (;f the kick motor program’ (i.c. the rgst of
co-contraction and the Lrigger activity) was studied to determine whether they might

contribute to other aspects of the jvump.
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Fig. 2.5, Intraeellular recording from an M-neuron made while the ipsilateral leg (i.e-
on the side to which the M-neuron sent its major bfanch) was prevented from ffllly flexing
and therefore could not kick. A kick was elicited from the contralateral leg. Top trace -
intracellular recording; mxddle trace - EMG from ‘the 1psxlateral leg bottom trace - EMG
from the comralatera] leg Note that M’ $ pattern of actmty was unaltered by obstructmg its
~ ipsilateral leg Note also the two spikes in the extensor muse]e of the 1p511aterz%1 leg (caused by
activity in F'E"I_'i)v which occurred close to the tiine of the extensor burst in Lhe-unobsfructed

leg.
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Commencing sometime during “the initial flexion of the leg or co-contraction
itself, the C-neurons (Fig. 2.6A) received a slow rafnp depolarization. The spike
frequen.. usually increased during this depolarization, reaching 100-200 spikes/s just
before the cell was rapidly inhibited (Fig. 2.6B). I':ron‘l 'Lhe EMG records alone it wa.s not
;possib]e to determine whether this inhibition was coincident with that which occurred in
ihe flexor’ motoneuronsev l

Because the lburst. in C corresponded to the burst in F'ETi and because C makes a
strong cxciiatory connection to FETi (Pearson and Robertsén 1981), the C-ngurons may
- have becn reséonsible for generating the final, rapid burst in FETi just prior to the kick.
However, several' observations did not suppbrl Lh}js. During some kicks C did not have
su;; a well-defined burst of spikes bu‘L instead discharged at a more or less constant
freque’ncy throughout the ramp, even thougﬁ the accompanying EMG record still showed
the rapid AFE_Ti burst concluding the co-contraction. Dur{ng ohe kick (not shown), in
whigh the C:Tneur(')n only fired spikes when at its maxim;ﬁ;rr% deApolar-ization, this discharge
'precedcd the rapid FETi burst by 90 ms. Moreover, C ;;/as then»inhibited more than 10
ms bcforé the last spike.o‘ccurred in the FETi motoneuron and so could not be solely

responsible for the continuing extensor burst. The most convincing observation, however,

was that locusts were still able to kick when the meso/metathoracic connectives had been

~ b

cut (see also Godden 1975). The motor program for kicking was not altered significantly
' | v
by the severing of these connectives, or the abdominal connectives, posteriot to the

imetathoracic ganglionic mass. Thus, even without the descending input from tﬁe
C-neurons, the rapid burst often occurred in FETI. This observation that kibking can still

occur after cutting the meso/metathoracic connectives also clearly demonstrates that the

L3

. > . . K . :
C-ncurons are not necessary for the generation of co-contraction as a whole. This was
indicated too by the finding that C usually begins to spike only late in the co-contraction

phase (Fig. 2.6B).
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! | Fig. 2.6. Intracellular recording fromithe C-neuron duiill}é/;ck A Dxagram of C' s
morpho]ogy in the meso- and metathoramc ganglia. B Rccordmg durmg a kxck Top trace -

L
intracellular recording; bottom trace - EMG from the flexor ‘and extensor ubxa@ muscles on

the side to which the C-neuron pro;ected The recordmg was made from the large transverse

process in the midline of the mesothoracic gangllon
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It would not be inconsistent to suggesl that the M-neurons wére responsible for
the rapid inhibition of the C-neurons, based purely on the timing of this event. Clearly,
i»rive‘stigati_onvof this -proposal must await simultaneous fecordings from the C- and

| M-neurons. From.anatomical evidence alone, howe\;er, it appears most unlikely that M

would inhibit C because the M-neurons do not possess output branches in those regions

‘of the mesothoracic ganglion where C is thought 1o receive its input.

Other Interneurons

Recordings from the M-neurons suggested that some interncuronal trigger system
may account for the pattern of activity seen in M during kicking. With this in mind, the
meso- and metathoracic ganglia were scarfhed for cells which might be members of this

trigger system. To date this has revealed 11 interneurons whicl discharged either during

«

co-comlraction or at the time the kick was triggered. Here the characteristics of some of

these interneurons are described. Another interest was to f{ind cells which may provide

.
-

‘ excitatofy input to the C-neurons.

The responses of two mesothoracic interneurons during kicking are lu. .ted in
v Fig. 2.7. The cell in Fig. 2.7A displayed a cﬁaracteristicallly high level of sy~ ~ti activity
‘ énd responded JLO input from scveral scnsory modalities. It received small EPSPs rom the
descending cdntralatcral movement dc‘tcctor" (DCMD) and was strongly d:; arized by
. high frequency sounds-and by tactile stimulation of the abdomen‘. Du(ring ¢ .Jontraction
it was depolarized in a ramp fashion and reached high discharge frequenci¢s (around 20}0}»
spikes)s) before beinginhi,bited prior to the kick (F%g. 2.7B). fhe M -neurons were not
responsible for the i.n}iil-aition of this neuron since flexor activity coniinued beyond tfle

last spike in the cell. Also, the intensity. of its inhibition was not of the same degree as
5

v

that seen in flexors. This is the only . - ‘neuron that has been consistently found to
discharge strongly throughout, co-contraction. L
Another interneuron that teceived input from DCMD ar. auditory and tactile

stimuli is shown in Fig. 2.7C. The similarity of “its inputs, ais¢’ - pc patiern and some
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Fig. 2.7. Intracellular rccordingé .‘from two mesothoracié imernéurons during kicks.

Top traces - intracellular recordings; bouom traces - EMGs from lhe hindleg . ﬂexor and

extensor tibiae muscles on the s:de to which the mtérneurons pro’j@cted AB D:agram of one

mterncuron& structure and 1[5 paltern of activity durmg kicking. C,D Diagram of another

2

interneuron and its dxscharge pattem durmg a kick. This cell fired at f requemtles of about 200

splkes/s durmg its burst
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features of its anatomy (such as soma positioﬁ within the ganglion, looped neurite
leading from the soma, general position of its central branches, variability in structure of
the large central proéesses and possession of a distinct lateral branch) with those of M
suggest that it may possfbiy be the mesothoracic hom‘ologue of the M-neuron. (The
‘presence of a descen'ding axon in a mesothoracic cell and the absence of one in a
meLa_thoracic cell does not indicate a lack of homology between the two neurons - see

Pearson, Boyary, _Bastiani and Goodman 1985.) This cell received a very strong

depolarizing input during the final phase of co-contraction and at about the time M ~

would be expected to discharge (Fig. -2.7D). High spike frequencie§ (also near 200
épikes/s). occurred during this depolarization. “

At presént seven interncurons within the mcl_athorécic ganglion have been
idcntif‘ied which also discharged in bursts prior to a kick (sec Fig. 2.8A,C). These cells
displayed similar paitterns of " activity during Kicks, with Lheif peak depolarizations
6ccurring 10-30 ms before the last extensor spike in the accompanying EM‘G (Fig.
2.8B,D). The cell in Fig. 2.8A also received strong DCMD and auditory inptt. /

In addition, certain spiking local interneurons in the metalbpracic ganglion were

found to discharge strongly at the end of co-contraction. The cell illusirated here (Fig.

2.9A) received a ramp-li‘ke dcpolarizatiyx and fired a high frcquency.b.grst of spikes

(abput 200 spikes/s) just preceding, and during, the final burst in FETi (I‘?Ki‘g‘. 29B). It
was then rapidly inhibited. It was also noted that the injury dischgrge that acgémpanied
the initial penetration of this neu'ron caused rapid and maintained extension of the
ipsilateral hind tibia. Consequently this local interneuron may play a role in generating

the rapid burst in FETi.
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Fig. 2.8. Intracellular recordings from two metathoracic interneurons during kicks.
Top traces - intracellular recordings; bottom traces - EMG reéordings from the flexor and
extensor tibiae muscles on the side which the cells had their predominant output. A,B
Diagram of the anatomy of one ixx@neuron and its activity pattern during kicking, C,D

Structure of another interneuron and its response during a kick.



’ﬁ«g 2.9. IntraCellular'recording during kicking from a local interneuron in the
metathoracic ganglion. A Diagram of the structure of the interneuron. B Recording of the
cell's discherge pattern during a kick. Top trace - intracellular recording; bottom trace - EMG

from the flexor and extensor tibige muscles of the leg ipsilateral to the cell.
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D. DISCUSSION

The major finding of this investigation is that the pattern of synaptic input to the
M-neurons (ther jum;') trigger neurons) is not consistent with earlier models of the jump
circuitry, and instead suggests that there is a higher order trigger system which is acuvated
just prior to a kick or jump. Support for this proposal comes from the identification of
numerous interneurons which discharge cither during éo-comraction or at the time a kick is
triggered. In this section this new cvidence is examined and its implications for mechanisms
triggeringimhe jump are discussed. First, hdwever, the motor program for jumping and kicking
is reviewed and some additional fcaiures of the program not described in previous studies are‘v ,

considered.

The Motor Program

The major features of the motor programs for kicking in the dissected locust and
jumping in intact locusts are similar. In each the program commences with la.puiod of flexor
activity, 50-500 Mdurauon followed by a longer (300-800 ms) perlod of cqo-contraction
of the flexor and extensor muscles (Fig. 2.1A). Flexor activity then ceases due to a rapid
inhibition and the kick or jump follows. Godden (1975) has described these same features in
jumping locusts, and Heitler and Burrows (1977a) for kicks in anfmals less radically dissected |
than our preparation.

The program for jumping does differ to a minor degree from kicking in that ihé_
periods of flexion and co-contraction, and consequently the durati n of the entire program, ‘
tend to be shorter. Th]S was also noted by Pflilger and Burrows (1978). Another dif ferenc‘gls
that in intact animals the motor program is of;%n initiated by synchroneus activation of the
flexor and extensor motoneurons (Pearson and I;;)bertson 1981). In contrast, this never occurs
in dissected locusts, pres:umably because of the animals' low levels of arousal. These

differences are not so great as to“suggest that kicking in the dissected preparation and’

jumping have separate undcrlying motor programs. Indeed in view of the fact that dissected

14
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locusts most commonly kick with both legs simultaneously, as if performing a jump (Fig.
2.1B), it was felt that the motor program studied in the dissected preparation does represent
the program for jumping in the intact animal.

One aspect of the motor program which has not been reported previously is that FETi -
. i < '

- often has two- distinct phases of actjkity during co*'tehtfacl}on. This is evident in EMG

records (Fig. 2.1) ‘but is especially clear in intracellular recordings from FETi (Fig. 2.2B,C).
The first phase is a weak tonic excitation which lasts Lhroughoul nllosl of co-contraction, and
during which FETi fires at a Q\lile constant frequency of 10-40 spikes/s. The second and
concluding phase of FETi's activity is marked by a stronger piﬂse-likc excitation causing the
motoncuron 10 diséhérgc at a frequency of 70-130 spikes/s.

The important question arising from these s ndies of the motor programs for: jumping
and kicking is how the patterns of activity seen in the fl2xor and extensor LIibiae niotoneurons
are generated. The» two phases of FETi's activity during co-contraction very likely have
separate origins: the tonic excitation probably stemming from peripheral reflex .mechanisms
{Heitler and Burrows 1977b) and the final phasic excitation ar>ising from a central neuronal
system with bilgteral outputs. The ]aue'r is suggested by the fact that the final burst in FETi
very often commences simultancously in both legs (Fig. 2.1B), and because the phasic
excilatory input can still be scen in a leg which (s prevented from kicking and cannot therefore
be sending relevant proprioceptive information(to the CNS (Fig. 2.5). The exact origin of this

/

central input to FETi is unknown. Because the rapid FETi burst’ pcréists after the

%

meso/metathoracic connectives have tbeen cut and, in separate experiments, after the

abdominal connectives have been severed, the neurons necessary for generating it must be

restricted to the metathoracic g~nglionic mass. This also excludes the C-neurons as the main

sgurce of the phasic ”inpu_t. Furthermore, the M-neurons, or whatever produces their

depolarization, cannot be implicated because they sometimes discharge after the rapid burst in

| ETi\‘has occurred (Fig. 2.4B). The interneurons described in Fig. 2.8 might contribute to the

v

o r'izatio_n of F%hey discharge at an appropriate phase and also possess branches

AN A . - T
Y vy . . » .
i . Q _?



50

which terminate in the laferal neu}opile in the region where branches of FETi occur. It is
e probable that the local neuron shown in Fxg 2.9 is also involved. prkes m this cell are known
K S~

o to excite F\ETKand during a kick it also dlscharges at an appropriate phase It is possible that
the proprioccpliv\e {nput which builds up during the initial stages of the motor program excites
this hypothetical ¢éntral system of interneurons, which in tur»ﬁ delivers a phasic excitation .to
both FE.Ti'motoneuron.s. Becauézz successful kicks do occur in which the rapid FETi burst is.
lacking, the neuronal system responsible for the final extensor excitation cannot b¢ ran integral
part of the kick trigger system itself, as the latter must still be producing its trigger pulse.
'Obviously, the FETi burst is not necessary for kicking or jumping"{,-to occur. When it does :
occur it probably ensures the maximum developmeht of tension in the hind femora

- immediately prior to a jump and consequently increased fc;rce ouiput during take-off.
The excitation which ‘depolarizes the flexor motoneurons and initiates the entire motor

sequence for kicking comes from an"as yet unknown central source. Although the role of

abdominal (and other) receptors excited by tactile stimuli in producing ‘Lhe flexor

//-

depojdrization cannot be ruled out for every case, there were clear eQamples in which this

epolarization occurred many seconds after the tactile stimulation of the body had ceased, i
»ihere was no strict temporal associau’on between the timc@ touching the inseép's body and
the onset of the flexor excitation. There were also times when a locust kicked several times in, -
response to the onc; tactile stimulus and'f here the flexor motoneuron displayed a strong
excitation during each kick. Once co—,co}ltraction is underway, however, Sensory feedb_ack
from the hindlegs probably maintains the depolarization of. the flexors (Heitler and Burrows
1977b).

_ The importancg_ of @ central FETi-flexor connection in generating the pattern of
‘activity irll flexors is brobably minor. As cén be seen in Fip. 2.3, thé membrane potential of
each flexor motoneuron is alrcady close to its maximal deﬁ‘(\)larxzauon before FETi even

becomes active. This central connection adds a little extra excitation to the\flexors early in

- co-contraction, but as the motor pro@i}qm continues its strength and importance rapidly
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diminish.

In all recordings from flexor motoneurons the timing of the trigger inhibition which
terminates flexor activity corresponds to the time at which the M-neurons become active.
Although simultaneous recordings have not yet been made from an M-neuron anq a fle_xor
during a kick, all t'he'avai_lable evidence continues td support the proposal that the M-neuroﬁs
act as trigger interneurons fof kicking and jumping. This is not to say, however, that the
M-neurons are the only source of the inhibitory input to flexor motoncurons. For example,
the interneuron shown in Fig. 2.7C appears to be the mesothoracic homologue of the
M-neurons and has the appropriate discharge pattern to produce fvlexor i;lhibition.

One aspect of the jump motor p‘rogram not observed in the preparation used in this
study was the C-neufon's u-prOposed synchronous .activaLion. of EFETi and the flexor
motoneuroﬁs at the bégi;ming 'ol" cb-comr‘actio-n to lock tﬁe hind tibiac into full flexion
(Pearson and Robertson 1981). 'Unfc'.)rtunately, this TeSponse nevef' occurs in dissected animals
and so it was not possible to test this proposal dn_:ririé ‘.the present intracellular investigation.
The C-neurons, however,,play no part in maintainingp_the §irﬁultaneous activity of the flexor
and exténsor muscles during the first phasé of co-contraction (Fig. 2.6). Instead, they
probably provide a general cxc‘i_tatioTn Lo thé’Sc;muscles L\Qwafrdsithe end of co-contraction and

@

so generate further tension in the hindlegs.

-

Triggering of the Jump

It has been proposed that in order for the M-neurons to become activated and trigger

2

the jump they must receive feedback from leg proprioceptors during the co-contraction phase
(Steeves and Pearson 1982). This input is postulated 10 bring the membrane pqtemiai of the
M -neurons closer to threshold, thereby acti~ . ithem directly or enabling them to discharge

~in response to auditory or visual stimuli. I this propolsal were trye, the M-neurons should

display a gradual depolarization during co-corntraction_leading to their rapid discharge. Yet

i

they do not. Instead they exhibit a maintained hyperpolafi‘i‘ation-;which is terminated by a very
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sudden and strong depolarization (Fig. 2.4B-D).

This argues avgainst the eroposal‘ that proprioceptive signals increase the excitability of
the M-neurons durmg co-contraction and instead suggests that the excitatory input to each
M-neuron arises from the sudden activation of a system of mterneurons within the CNS. Thxs
system is referred to as the trrgger system. The notion of a trigger system exciting the
M -neurons is supported 16 some extent by the discovery of _oLher interneurons which discharge
ncar the end of the co-contraction phase (Figs. 2.7-9), altnough their activity may serve a
different function such as generating the final phase of FE.i's excitation (Fig. 2.9;. The
triggle,r system, and other neurons necessary to generate the motor program, must be located
with»in_the metathoracic ganglionic mass because the main featnres of . the motor program can
be’ produced after severing the meso/metathoracic connectives or the abdominal ‘connecu’ves.
. The ncurons in the mesothoracic ganglion, whose activity suggested Lhe»owere mvolved in

generating the kick, must either play a minor, supporting role in producing the ‘motor

program or pldy anuother role, such as provrdmg input to the flight system before a jump or
generating appropriate mevements in the pro- and mesothoracic legs prior to take-off.

That the timing of the M-neuron discharge falls under eentral rather then peripheral
control would allow more precise control of motor events. The main[ained hyperpolarization
vof the M-neurons throughout co-contraction ensures these cells remain inactive nnd thus
prev.ems them from inhibiting the flexor motoneurons until sufficient tension has developed in

the ‘egs. Furthermore, the rapid. strong depolarization of both M-neurons would ensure the

synchronous inhibition of the flexor motoneurons of both hindlegs and thus the synchronous

umm§ of leg extension during jumping. This synchrony would be more difficult to achneve 1f .

7

M-neuron activation depended on a gradual depolarization by proprioceptive input during the
co-comraction.phase. This is because synchronous activation would require the membrane
potenlral of each M -neuron to be in an identical state with respect to spike threshold and each

to receive identical .synaplic input,



53

Although ttlle M-neurons, based or fheir known connections and discharge pattern,
definitely inhibit the flexors and so contribute o triggering the kick or jump, it has not yet
been possible to establish whether they are necessary for triggering. Attempts Lo -hypc:rpolarizv ,
an M-neuron, thereby preventing ‘its burst of activity durrng kicking, havc farled because Ofﬁa,;
N 4 - o
4, iy Pu;*" RO

- an inability to delrver enough negative current to the cell to silence its dlschargc SlncefM& eza

D
are a number of other interneurons which burst at the time the M -neurons do (Figs. bi 2CH

2.8A,C) it is possible that M acls in concert with some of these to, produce the trigger

inhibition in the flexors.

It summary, the data indicate that an important évcm in triggering the jump is the
strong;' pulse-like depolarization of the M-ncurons at’ the end of co-contraction. It is
proposed that an interneuronal system (the trigger system) is responsible for the generation of
this input. The future direction of studies of the neuronal mechanisms for jumping must now

be to determine the cellular connectlons between neurons of this trigger system.
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III. AN EVALUATION OF THE ROLE OF IDENTIFIED INTERNEURONS IN

TRIGGERING KICKS AND JUMPS®

A. INTRODUCTION

When -studying the neuronal systcm resbonéiblc for generating a particular beﬁavior,
any information about the imporla“ncclof an individual cell can help to shed light on the
organization and functioning of the system as a whole. Consequently, the question 61" how

important single cclls are for the performance of various behaviors has been the subject of

many studies. Most of these have focused on determining what role identified interneurons

play in the initiation of rhythmic movements or escape responses (e.g. Eaton and Bombardieri

1978; Gillette et al. 1978; Weeks and Kristan 1978; Wine and Krasne 1982; McCrohan 1984;

Nolen and Hoy 1984; Pcarson ct al. 1985), with the particular rolc of a neuron being assessed
.m.

in term$ of its sufficiency and necessity for gencrating the behavior under . :mination. In

exceptional cases individual cells can be of critical importance, the best exan., . being that of

the later.” giant fibers of the crayfish. These interncurons aré both necessary and sufficient

for . gereration of tze short latency tailflip in' response to mechanical stimulation of the

animal's abdomen (Wine and Krasne 1982). More t)’f)icall_\', however, single cells are found
which, although sufficient tc evoke a particular behavioral response, arc not always necessary
for the response to occur. This may be Because behavioral initiation is the résponsibility of a
small group or population of these cells, all of similar nature and acting in concert, s'uch that
the importance of any one cell in the group is reduced. Examples ’of systiems of necurons
organized in this way inciude tﬁe paracercbrai neurons which in}tiatc the feeding rhythm in -~
the marine;gastropod mollusc Pleurobranchaea (Gillette et al. 1978) and the 404 interncurons
w'I;ich evoke ‘flight in ihe-l_ocust (Pearson ¢t al. 1985). Allernati\;clyi, the lack of necessity of a

single_cell may be because there are multiple or parallel pathways by which the behavior can

A version of this chapter has been accepted for publication. Gynther IC Pearson
KG (1988) -3 Ncurophysxol
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be elicited, as in the case of interneuron 204 and interncurons 21 and 61 in the leech .

swimming system (Weeks and Kristan 1978: Nusbaiim and Kristan 1986}, the slow oscillator 4°

interneuron and the cerebral ventral cells in the feeding system ‘of the pond snail (Rose and

Benjamin 1981; McCrohan 1984) and Mauthner and non-MauLhner evoked‘fast-étarts in

«

teleost “fish (Kimmel et al. 1982; Eaton 1983, 1986). The present mvestrgatron exammes the

> !

1mport‘£ncc of particular identified interneurons for mmatmg movement in the sneuronal

'
-

7 !

/

system underlying another well-studied escape response, th Iocust.jump.
Although jumping and kicking in Orthopteran insects such as locusts involve highly

ballistic movem@_’mgg“, the motor program which produces both Lhcse behaviors spans a period

of about half a second prior to movemenl onset. This program 1s comprrsed of three distinct <
“ -J\“-.'

~"'~;t er and Burrrows 19773) Frrst‘ly, the libiae of both hindlegs are flexed so as 16

adobtié"thc correct position for jump’ing. or kicking. Second1~v there is a prolonged

.

co-contraction of the flexor and extensor musdes in the hmd femora during Wthh time thc
weaker flexor muscle is able to hold Lhe lcg f]exed by v1rtue of its mechanical ad\amage over
the powerfu] extensor muscle (Her)ler 1974). Consequemly the _extensor undergoes an

1sometr1c contraction and lhe Iue amoum of forcc thus generated \.awsr*s a marked
U

del"ormauon of clastrc cuticle of the femoral trb'al joint., Most of the energg, for the Jump or

lgrck is styred as Lhrc e]astrc deformauon The fmal phase of Lhe motor program, which is
: 1
responsrble l"orp}rrogermg the actua] movement, is a sudden cessation of all flexor muscle

acnvrty Thré allows the G\&CHSOI muscle to shorten and the energy stored in the cuticle to bc

hu ,

o
raprdly released enablmg the tibiae t0 extend explosrvely

;g'. . .
‘*’ At present the’ neuronal mechamsms mvolved in the mrtrauon and mamtenance of the

to- contracuon phase are pargraljy understood (Heltler and Burfows 1977b; Pearson and

Iéefbcrtson 1981) but there s no drrect evrdenc,e mbouL Lhe way in which the program's final

N ,5

cessation of excrl‘alor_y lgppt’-‘ftb rhe‘f lexor motoneurons, or 3) by a combination of these two

4

N\
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events. Of these ideas, only the first has received consideration due to the discovery of a pair
of metathofacic interneurons, called M-neurons, which monosynaptically inhibit hindleg
flexor motoneurons and display mariy features which suggest -they might be responsible for
tri:ggering kicks and jumps (Pearson et al. 1980; Stecveé and Pearson 1982). Further /s'upport
for the involvement of the M-neurons came frprn the finding that they dlischarge high
freque: 'y v :rsts at the end of the motor progrém (Chaptér 2). Other: evidence prcs_e'med in
that chapier, however, indicates that the activity ‘of the M-neurons may actua]ly be controlled
by a hvigher order sysiem within the CNS and that they may not be decision—rﬁaking clements
of the circuitry for triggering kicks and jumps as had been thought. In addition, several other
interﬁcurons were found to discharge at the same time as M during the motor program. In the
light of' this new evidence it would now seem necessary 1o detéfmine whether the M-neurons
are indeed a crucial part of -the jump system and whether they, alone, are responsible for
Lermi;lating acli.vity in the flexors when a jump is triggered. © . -

Here thesé q.uest“i-ovns have been examined directly by testing the sufficiency and . |
necessity of the M-neurons for triggering bilateral kicks, a behavior with a motor programv
very similar to.jumping. It was found that although the M-neurons arc able to trigger ki_cks, ;
this appiifém sufficiency is not phyéiological since it requires that higher than natural spike
frequencies b.c experimcntally-cvokcd in the nburon. Also, abolisﬁing normal spike activity in

. L
the M-nev ~ns l’);i\{t"hy’perpolarizali01l does not prevent bilateral kicking. These results indicate
that the M-neurons are not a necessary component of the neuronal system and that other cells
must be involﬁ'éd' in terminaiing the activity of flexor motoneurons at the end-of the motor
program. One such interneurnn has been idgmified but it may function by inhvibiting the
neurons which excite flexor motoneurons during co-qontréction rather than by inhibitiﬁg the

flexors directly. The way in which these findings have altered the existing view of the neuronal -

. -t
organization of the system for triggering kicks and jumps will be discussed.

&



B. MATERIALS AND METHODS e

Preparation of Animals

Adult male Locuga 'migra;o;ia from a long-éstablishéd colony at the University of
Alberta were used in all expenments The preparation which enabled intracellular recordmg
from the thoracic CNS during bilateral lekS of the hindlegs was described in Chaptcr 2 This
preparation is shown diagrammatically in Fig. 3.1A. Electromyographlc recordings of the
hindleg flexor and extensor. tibiae muscles were oblained by inserting twb 200 pm cdppef wire

~

clectrodes (insulated except for‘ their tips) into the cuticle of the femora. This provided a
combined recording of flexor and ex[c-nsor~ EMGé.in which the ’activity of both muscles could
be clearly distinguished based on the amplitude of their spikes. Activity of the extensor muséle
is evident as large arﬁplitudé ’i)otemials whcreas‘flf.:xor muscle activity is characteristically of
much smaller amplimde (Fig. 3.1B). Approximately 80% of locusts prepared in this way
performed bilateral\ i(icks Vof - the hindlegs in resﬁo_‘nse to tactile stimulation of the abdomen
with a pair of forceps.

In some. experiments, the timing of thc' rapdltliL .ti'bial extension which occurs during a
kick was monitored using an optical switch (Téxas Instruments integrated circuit no. 8519),
. positioned such ?hat iis infrared light beam was interrupted .onlv when the tibia was fully
flexed (Fig: 3.1). For simplicity, this optical switch is referred 1o as a pﬁotocell througﬁout
the chapter. | |
Intracellular Recofding and Dyé-filling g

Intracellular recordings from interneurons and motoneurons’ were made using glass

microelectrodes filled with either 1M potassium acetate or a 5% aqueous solution of the dye

Lucifeﬁr Yellow. Resistances of these electrodes -‘were typically between 30 and 80 megbhms.

~ Penetrations of flexor motoneurons and M-neurons could be reéognizéd solely by physio\logica]

criteria. In those cases, however, in which it was necessary to determine which member of the

t
g

@
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& Fig. 3.1. Preparation used to study bilateral kicking, and a typical example of the

" motor program for this behavior. A Diagram of the experimental setup for intraceliular

recording during kicks. The photocell was placed so as to monitor movement of the tibial

: stump»'imo or out of the fully flexed position. B E]eclromyogr'ap'hic'recordings from left and

right legs, and a photocell tecording of the left leg's position during a bilateral kick. A
downward deflection of the phdi;cell trace represents movement of the tibia,imo full fléxion;
an upward deflection signals exicnsion out of this position. During a kick, each leg was
initially flexed and then remained so while the f'le)’(or and extensor muscles co-contractéd. The
kick was triggered when ﬁéxor activity suddenly ceased (not visible in EMG records bui see
photocell tracé). Although the time of tibial extension is shown for the left leg only, both legs

extended almost synchronously, as is evident from the close malching of left and right leg

EMG patterns. . ‘ o/

L
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| bilaterally sym;neirical pair a particular M-neuron was, or when a different interneuron had
been penetrated, Lucifer Yellow was injected following the recording by . applying a constant
hyperpolarizing current of 5 nA for at least 5 minutes. After injecyion t‘he ganglia were
removed and fixed in 4% paraformaldehyde for 30 minmeg. They were then dehydrated
through an ascending series of alcohols, cleared in methyl salicylate and viewed as
' who\lemoumg under an epifluorescence miéroscope. g

All récordings were stored on magneticjtape. and later displayed on either a Gould
ES1000 chart recorder or a Gould 2400S pen recorder. Measurements of .various latencies andb
spike frequcnci(;s were made with a digital oscilloscope.

’

Tirﬁing of Pulses During Co-contraction .

FSome experiments involved injecting interneurons with intrac¢}1ular current pulses
during the co-contraction phase. Because of , the ,sﬁort du'rétioﬁ. of the co-contractioneperiod it
would have been impossible ‘to time ihe delivery of these pulses manually. Consequently, a
digital device was used to to produce an acc_:urately timed output pulsé. This device counted
extensor muscle spikes (standardized as pulses from a window dl'_s"criminator) and whenever a

) 7 :
specified number of $pikes occurred within a designated duration an output pulse was
produced. This pulse in turn was used to trigger a svu'rynulator. During these pulse injection
'exp.erimenis it .was necessary 10:use depolarizing currents of as rﬁuch as +30 nA because the
neurons Bcing in}ected had very high thresholds and were si'multaneously receiving
Byperpolarizing synaptic input. ‘Also, large currents had to be used in order to evoke the
desired high spike.frequencies (>400 spikes/s). Hyperpolarizing current pulses of up to -20
nA were required to.suppress all spike activity in the M-neurons at the time that these cells

received their strong excitatory synaptic input. Currents of these magnitudes made balancing

the bridge for the intrac. “nlar electrode a difficult, and sometimes impossible, task.
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C. RESULTS

The M-neurons are a mirror image pair of interneurons which make powerful

inhibitory connections with flexor motoneurons on opposite sides of the metathoracic ganglion

(Pearson et al. 1980). Each M-neuron inhibits the flexors of one hindleg only. It WE/:Wn :
en th

stimulation of the abdom

inhibition causes flexor muscle activity to cea‘ e,-_ cause the small flexor potentials are not

s visible amidst the final burst of large amplitude extensor spikes (scc Fig. 3.1B). Therefore, in

order to establish unequivocally that M's burst occurs at the correct phase for it to directly
contribute to the process of triggering, it was necessary to record simultaneously from an

M-neuron and an ipsilateral flexor motoneuron. Such a recording is shqwn in Fig. 3.2. It can
. . v 4(

_be seen that the onset of the rapid repolarization of this flexor motoneuron at the end of the

motor program coincided precisely with the first spike .in' the M-neuron's ’discharge,
cor;firming that M must be involved in triggéring Lk.ne kick. Moreover, no IPSPs were apparent
in the flexor .othcr than thosc that correspoﬁd one for one with spikes in the M-neuron,
suggesting that M might be the only intcrneurbn responsible for flexor inhibition. However,
such a strict temporal relationship between the- onset of M-neuron activity and flexor
repoldrization was not always evident. In 38% of the 90 kicksl elicited from 33 animals, the
flexor motoneuron began to repolari;e prior to the first spike in the M-neuron. The rate of
this repolarization was usually much'slox‘ »r than occurs once the M-neuron discharge has

commenced? Fig. 3.3 illustrates ofe of*the most extreme examples of this phenomenon. The

gradual‘ naLure of this repolar-ization and the absence of any obvious IPSPs in the flexor

durmg I[S coursc suggested Lhat it may have been due 10 a dccrease in flexor excitation rather

than a dlrect mhlbltory mput Howevcr the possibility thaL it was caused by inhibition f Tom

N

N -
R



62

M —’V\_/'\/w‘/\“} \M‘,"\/’. . W ‘\/J \A/\
- 10mV
20mV
flexor
EMG
. 100ms
2

ig. 3.2. Precise correspondence between the timing of the M-neuron's discharge and

,%; onse. cf ﬂerr' inhlibition during a bilateral kick. Top trace - intracellular recording from
an‘ M-r:uror: midd\le trace - intracellular recording from a flexor motoneuron that received
inhibitc -y input from this M-neuron; bottom trace - flexor and extensor EMGs frbm the leg
innervated by the flexor motoneurén. Note that -the firsrf spike in M's high frequency burst
exactly coincig.c_dbwith the sudden repolarization of the flexor motoncuron. Individual IPSPs in

. . _ . G oo
the flexor, which correspond one for one with spikes in the M-neuron, are visible following

the kick. No other inhititory potentials are apparent in the motoneuron.



EMGW

100ms

Fig. 3.3. Flexor repolarization commencing before the discharge in the M-neuron, .

R U
Top trace - intracellular recordmg from an M-neuron; middle trace - mtracellular recordmg ¢
from an ipsilateral flexor motoneuron; bottom trace - EMG recording from the leg mnervated

by the motoneuron. Only the fmal part of thc motor program is shown. Nole that there was a ‘.

slow repolarization of the flexor's membrane potential prior to lhg first ‘spike in the

M-neuron- yet coincident. with M's ramp depolarization. In this particular example the
M-neuron discharged quite weakly, however these slow flexor repolarizations were also

observed precediné powerful M-neuron bursts.
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nonspiking interneurons cannot be ruled out. It wa§ also noted that the onset of the slow
repolarization nearly always corresponded to thé start of the Tamp depolarization which
precedes the burst of spikes in the M-neuron. Occasionally ihe flexor s repolarization began
after the onset of M's ramp, but never did it r

\ tion. Consequently, the

durations of the?e LWO events were closely o clated. When the rar » «  »larization in M was

very sudden, .as in Fig. 3.2, there was r  .bvirns sign of repolarization . flexor prior to
the first spike in the interncuron. C woon Ms 1o p was more prolor:. as in Fig. 3.3,
did the slow repolarization of the f ?COn  apparcat.

Further evidence that the : curors play « direct role iv 1hic tr':g-  ng process is that
a close 'cmporal relationship. exist- waan Lne onsat of spikc activ’® an M-neuron and
the start of tibial extension during a kic . . wsi~2 a -200.ell tc  onitor when the tibia
moved into or out of the fully flexed posi. n. it wac <hat the first spike in an

M-neuron burst always preceded the onsct of extension of the ipsilateral tibia by, on average,
- 32 ms ('S.D.:8.8, ﬂ:Si). This value is actually a slight overestimation because a small
amount of tibial extension had to occur before any movement was registered by the ‘photgcell.
Although the example in Fig. 3.4 shows th'e timing of extension of the left leg only, it should
be noted that the left and right legs extend in near syﬁchrony during normal bilateral kicks.
This.usual liming of hindleg extension relative to the pattern of EMG activity will'beéome

important for purposes of comparison with results presented in the following sections.

Are the M-neurons Sufficient to Trigger Kicks?

The above ffépdings raised questiqns.concerning the M-neurons'importance in the
triggering process, i‘.e‘. are these neurons necéssary and sufficient for triggering ii(icks .and
jumps? To address the suff1c1ency question, one member of Lhe pair of M-neurons was
injected with (a brlcf pulse of depolarizing current during the co-contraction period, at a time

when it would not normally have been active (Fig. 3.5). The high frequency discharge evoked

by the pulse caused hindleg flexor and extensor EMG activity to cease abruptly on the side to
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Fig. 3.4. Timing of the M-neuron's discharge relative 1o the start of tibial extension

during a bilateral kick. Top trace - intracellular recording from the M-neurc;n which inhibited
left leg flexors; second trace - photocell Tecord of the position of the left tibia during the
motor program; bottom traces - EMGs from the left and right legs. Note that the first spil;e
in M'- urst preceded the onset of the left lgg's extension (as judged by the sudden upward

deflect on of the photocell trace) by approximately 30 ms.
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Fig. 3.5. Premature triggering of leg e_xtensvi’on produced b-y strongly depolarizing an
M-neuron. Top trace - intrncellular’rcc'ording from bthe M-neuron which inhibited left vl-eg
flexors; second trace - photocell momtor of the left leg's position; bottom traces - left and
right leg EMGs. thn the M-neuron was injected with a brief pulse of depolarizing current
during the co-contraction penod EMG activity in the left leg (i.e. on the side of M's axonal
branch) abruptly ceased, and this leg extended prematurely. Note the time of exiensmn of the

left leg (see photocell deflection) relative to the EMG activity in the rlghl leg, which

continued unaffected.
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which this M-neuron's axonal branch projected, and caused extension of this leg to be
triggered prematurely (see photocell trace and compare with Fig. 3.4). The EMG pattern. in
the opposité leg, however, was unaffected by the current pulse and the motor program in this
leg continued oii as normal. This is very clear in Fig. 3.6 in whichlthe photocell monitored
movlemem of the lég on the side opposite to the recorded M-neuron. This leg kicked at the
norinal time (cf. Fig. 3.4) even though the current pulse in the M-neuron had caused the
other leé to extend much earlier. Thus the effect of injécting a strong depolarizing pulse into
one M-neuron was to pr'oduce" a very noticeable discrepancy in the timing of left and right leg
extension, something that was ncver observed during normal bilateral kicks.

This result also confirms the finding of Pearson et al. (1980), that thebre is ng
coupling between the two M-neurons, otherwise a depolarizing puls_c in one neuron would~'
cause early extension of both lcgs. This was further demonstrated by injecting depolarizing
‘current into one M-neuron during a bilateral kick while simultaneously recording from the
otlier M—'neurbn (Fig. 3.7). The burst of spikes evoked in the M-neuron projecting to the

right side flexors caused early triggering of the'iight leé. yet failed to elicit spikes in the left

~ M-neuron. Consequently, the left leg kicked at the usual time. A single action potential was

evoked in the left M-neuron but it occurred after the dcp_olarizi'hg pulse ‘had ccased and was
probably due to a reflex input CallSCd by. extéliision 'é)f the 'righl leg. A corresponding
subthreshold excitatory input was apparent in the rightﬂ «-neuron. These dcpolarizalioné were
never seen following pulses that failecl Lo cause leg extension. |

An obvi_ous featur_e of these cu;:iem injeclion experiments was that even when a pulse
in an M-neuron triggefed the early extension‘of one jhindleg, this same neuron discharged
again, although more weakly, at wne time that it would norinally have become active (Figs.
.3.5-7). In Chapter 2 a similar result was noted in that an M-neuron still fired a weak burst of
spikes at the corréct phase of the-motor progiam even if Lheb corresponding leg was prevented
from kicking altogcther‘. Interestingly, it can be seen in Fig. 3.7B that after the depc;larizing

pulse had caused co-contraction to cease in one leg, the strengtn of the subsequent burst in
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ng 3.6. Premature trrggermg of one leg does not affect the time 01" extension of the

/

opposue leg Top trace - intracellular recordmg from the M- “neur i | at mhlbued flexors on_ ‘
the right side of the metathoracrc ganghion; second trace - photocell record of the position of
the left tibia; bottonll traces. - EMGs from the left and right legs Evoking a burst‘ of activity
~in the mghx M -neuron by applymg a depolarizing current pulse caused early triggering of the
nght leg (see sudden “cessation of EMG). but had no effect on the left leg,'whxch <@ntinued

with. its motor program and extended at the usual time.

t - (
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Fig. 3.7. Lack of direct coupling between the two M-neurons during a bilateral kick.

Top traces - intracellular recordings from the M-neuron which inhibited right leg flexors. This

cell was penetrated in its medial processes. Second traces - intracellular recording from the

opposite M-neuron, i.e. the one inhibiting left side flexors. This recording was made laterally

iﬁ the neuron's large axonal -B"f'anch. Bottom traces - EMGs from the left and right legs. A

Normal pattern of activity in both M-neurons during a bilateral kick. B Injection of a

depolarizihg current pulse into the right M-neuron during co-contraction triggered p/ght leg

extix:%on (see cessation of usual EMG péttern). but failed to 'evoke'a{fy‘ spikes in the left

M'-neuron.',Con'sequemly,'the motor program in the left leg cominued as normal. The single

spike in the left, M-neuron following the pulse was probably due to a reflex invoked by

extension of the right leg. Note that after the pulse both M;peurons discharged. more weakly -

than they did durfng the normal bilateral kick (compare strength of bursts in A and B).

. . SN
Lt

-
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the opposite M-neuron was also weaker than normal. 2

The results of 'these.exberiments suggest that the M-neurohs ére\suffi'cientﬁ, to trigger

kicks. However a neuron should oniy be c:)nsidered to be sufficient when the leVQI{ of activity
required o evoke the Eehaviof arvlifi‘cially is comparable to that otcixring during the natural
performance of the behavior. This was not so for thg M-neurons. In eight animals a
comparison was made between the highest (.11'Scharge rate seen in an M-neuron duripg normal
kicks and the ]owsast discharge rate evoked in the same neuron when a kick was triggered by
current injection. The mean of the peak frequencies during normal kicks was 373 spikes/s
(S.D.=27.7). This was well below Lhé mean Vvaluc of 438 SplikCS/S (S.2.=44.4) required for
kicks 10 be triggered artificially. Since. I was not able in all animals to deliver a series of
depolarizing nulses in which the evoked M—neuro#%‘rgq{ign“cy increased in gra‘éual steps, some
of the values for Lhe‘ lowest pulse-evoked fregiencies were probably higher than would
actually have beén riecessary'to trigger extension. Howelfer, ix_] no individual ‘was it possible to
elicit a kick artificially uﬂless the M-neuron djscharge rate was greatgr than the highest
natural rate seen in that neuron N This result demonstrates tha.t physiological levels of activity
in the M-neurons are not sufficient to triggﬁ‘ﬁicks and therefore supports the earlier finding
that the normal process by which flexor m.otoneuron activity is termipated does not depend on
the M-neurons alone.
; v .

There were: also several behavioral indications that some aspect of the Lriggering
"prc.)cess in the artificially evoked kicks was abnormal. The most striking was that even for
Lhdse depolarizing pulses which were able to trigger leg extension, the latency beiween th¢
onset of the pulse and the start of tibial exgension was much longer (mean=70 ms,
S.D.=16.9, n=33) than the correéponding latency of 32 ms between the 'onse'l' of a natural M‘
- burst and ‘Libial extension (sce ecarlier ciata; Student's t—test,‘p<0-.001). In addition, the
hindleg cxtension produced- artificially was never aceompa‘ﬁied by the audible click which is
normally characteristic of this behavior. The click is, the result of a mechanical lock

(associated with a specialization of the flexor tendon) being oveigéoni‘t at the moment of

1
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triggering (Heitler 1974). It is not likely ihat these hnuwal features of pulse-evoked kicks
were caused by insufficient force being generated in the femur as a result of the prerﬁature
interruption of co-contraction because they occurred even when the pulse came very late in
the: co:contraction phase, at a time when considerable force would already have developed.
Instead, they may have been caused by the pulse in the M-neuron failing to produce an
immediate and synchrohous inh‘ibition of all the flexor motoneurons. Any flexor spikes th.al
occurred after the onset of the'M pulse (e.g. see Fig. 3.8) would tend to counteract the fall in

tension in the f]cxor musc]e and so retard leg exlension, Another possible explanation as to

why the artificially triggered extension -may have been delayed is because the inhibitory

motoncurons to the flexor muscle presumably would not have been activated. According to
Heitlcr and Burrows (1977a), these motoneurons fire a burst of spikes just prior to the
moment a kxcl\ is triggered and thercby speed relaxation of the flexor muscle. Wuhou,t their

usual discharge there may have been some rcsxdual tension in the flexor muscle which Xvould

also have qpposed extension of the ubxa during the kick. S ) ‘k,
The indications from the ~ -~eding tesults that more than just M-neuron inhibition’ of
flexors is required to terminate activi - in these motoneurons during normal kicks and jumps
were verified. by observations of U r:ture of flcxor motoneuron repolarization during kicks
eveked by depolarizing pulses ' .gure *.8 shows a simultapeous recordmg of an M-neuron and
an i'psilatcral flexor motone .ron dur.;.z a kick in which depolarizing current was injected into
M. Because Lh‘c electrode was not t lanced it is not poesible to determine what discharge
frequency was evoked in tr: M-nect -on but clearly it was enough to shut down almost all
flexor activity (see EMG wrac2) and cause premature extension of the appropriate leg.
However, the flexor inhit .ic  produced during the depolarizing pulse was unlike that
asseciated with M's activity luz.ng natural Kicks (e.gq. 'Figs. 3.2,33)in Lhet it did hep return
the flexor's membrane poteatizl to its resting level. This is eSh'ecially clear in Fig. 3.9 in which

examples of flexor inhibition - during naturally and artificially-evoked kicks from the same

animal have been superimposed. Although' the rate, of inhibition ‘at the onset of the

T
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Fig. 3.8. Incomplete flexor repolarization during a kick evoked by a depolarlzmg pulse
in M. Top trace - intracellular recordmg fron; the M- ncumq which made mhlbll()ry
connections with left side flexors; second trace - mtrﬁcellular rééo?dmg from a left leg flexor
motoneliron; bottom traces - left and right leg EMGs The depolammg curent pulse in the
M-neuron during co- COnLIaCllon terminated flexor activity in the left leg and caused this leg »

to extend prematurely. Note, hawever, that the pulse was not able to produce a COmPIete

repolarization of the flexor motoneuron.
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Fig. 3.9. Differences in the bnature of flexpr inhibition (iuring J‘naturél and
Ag;ilse-'evokcd kicks. Two intracellular traces from the same flexor motoneuron, one during a
:n]ztural bilateral kiék and one during a kick evoked by a_depolarizing pulse in the ipsilateral

" M-heuron (sée arrow in A), have béen superimposed. A The two traces ‘were aligned relati've
" to the la‘st extensor spike. in -the EMG of the opposite leg (not shown). B The same traces
were aligned relative to the onset of the flexor's inhibition in \order to emphasize the

. difference in the rates of repolarization. Note that-during the artificially-evoked kick, the -
iphibition of the .ﬂe);or motoneuron was not cornp.lele and it displayed a brief plateau of
dePolarization. The tiny spikes in these recordin'gS a}é dye tO capaciti?e pick -up of acti'vity in

the M -neuron.




B

74

F]

depolariziqg pulse was similar to tﬁat seen during the natural kick, the artificially-evoked
activity in M did not cause a complete repolarization of the motoneuron. Instead, the flexor
displayed a plateau-like depolarization which lasted‘for the remainder of the pulse. This effect
was not due .to a low discharge rate in the M-neuron becauae in this example the
art.ificially-evoked frequency in M was 45% higher than M's frequency during the natural
kick. NoT was it due to the flexor's membrane potential nearmg the reversal potenual for the
IPSP because Fig. 3. IOA shows that the same pulse in M could hyperpolarize this- motloneuron
to below its resting level. It is more likely that the plateau was the result of the inhibitory
action of the M-{leuron competing against a continuing excitatory drive to the tﬁlexor. Thus,
the shape of "the fle;;or repolarization produced by an M-neuron pulse midway through
co- conLraCLlon may reflect a balance between excitatory and inhibitory influences on the

motoneuron. At this' staze of the motor-program, the M- -neuron may not be suﬂ"lc:lem to

v

when M is normally active, this competition would not exist, providing the level-of flexor
exciﬂé‘tion/'declined corZ;urrent]y with the onset of M-neuron activity.
Taken ‘ogethf the results of these experiments testing the sufficiency of the
Pt S R SR
M-neuroﬂs argue strongly that the neuronal mechanism responsiblé for triggering kicks and
jumps may involve not only a direct inhibition of flexor motoneurons but also a simultaneous

*

cessation Of flexor excitation.

‘Are the M-neurons Necessary for Triggering Kicks?
In the light of the above findings it was worthwhile to ask whether the contribution of
the M=neurons is necessary for kicks to be triggered. In order to test this, M's normal burst

of activity during a bilateral kick was abolished by injecting the cell with a prolonged

hyperpolafizing cufrem pulse (Fig. 3.11). The M-neuron received its usual depolarization but

failed to gfnerate any action potentials. Despite this, both legs kicked at the normal phase of

o /

/

£
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Fig. 3.10. Depolariziﬁg current 'pulses Ain an M-neuron hyperpolarize ipsilaleral' flexer
' motoneurons, This is the same M- neuron/ﬂexor pair that prov1ded the example shown in an

3.9. A The current ‘pulse in the M -neurdon (top trace) was delivered while the ﬂexor.
motoneuron (bottom trace) was at rest. The burst of spikes evokedvm M hyperpolarlzed ‘the
flexor 3 mV below its restmg level. B To rule out the possibility that the effect seen in A wa’s‘ '
due to a dlrect elecmcal coupling between the electrodes rather than a synaptlc effect the_l
same pulse was dehvered to the M-neuron after the ﬂexor electrode had been wuhdrawn f rom

the cel] (extra). There was no evidénce of any such couplmg
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Flg 3. 11 Abohshmg spike activity in an M -neuron does not prevent bilateral klckmg

v ,TOp trace mtracellu]ar recordmg from the M-neuron that mhlbxted left leg flexors; second

B trace ; photocell monitor of the position of the left tibia; bottom traces - lef t and right leg
EMGs Suppressmg this M-neuron's usual burst of spikes during a kick by applymg a
.hyperpolam.mg current pulse had no effect on elther the EMG pattern or tlme of extension of
the left leg, and both Iegs sull kicked smultaneously Note that the M “neuron still received its

normal depolarizing input durmg the trigger phase.
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“%he appropriate side. The time of onset of repolarization in the flexor ‘was not noticeably
{i
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the motor program (compare timing of -photocell _traée deflection with Fig. 3.4). The
M-neurons, therefore, are not necessary for the triggering process.

For these kicks in which the M-neuron was hyperpolarized it was possible to gain an
approximate value for the latency between the moment of triggering a‘_n'd the time of leg
cxtension (monitored with the photocell) by using the shape of the rising iahase of M's
subthreshold depolarization to estimate when- the first spike would have been ex‘pected to
occurr'ﬂln the one apimal in which this 1atency” was determined, the mean value was 32 'ms
(S.D.=3.9, n=7). This did ﬁot differ from the mean calculated for normal kicks (Student's
t-test, p>0.05). Insofar as the latgncy o extension is a good indicator 6f behavioral
performance, these results suggest that abolishing M-neuron activity has no apparent effect
on the process by which bilateral kicks arc triggered. Yet .given the timing and intensity of the
M-neuron's normal discharge and the powerful inhibitory, influence of these neurons on
flexors, it did vnot seem possible that preventing M's activity during kicks could be totally
without effect.' In an attemp't to resolve this dilemma, the M-neuron hyperpolarization

experiment was repeated in another animal while also recording from a flexor motoneuron on

L

SR A e
<1 :4ltered by the absence of M-ncuron activity, although-there was more variability in the rate of

this rcpolafi'z,atio_n from kick to kick than is normally seen. Aiso, it 'was noted that during
kicks in Which the M-neuron wa(s:active, the flexors always repolarized more quickly than
when M's discharge was prevented (Fig. 3.12). For two norma'i kicks that were recorded, the
times clapsed betwee’n' thé last spiké in the flexor and the momént the motoneuron became
fully repolarized were 24 and 26 ms. The corresponding valups for four vkicks in which“the
M-neuron burst was abolished ranged frbm 40-to 66 ms (mean=>51.5 ms). Despite this slower
and mor‘e variable repolarizatioxi, the latency to extension {as judged here by the timing of the
rﬁechanica] artifact and subsequent spike in the flexor following repolarization) was no

different from kicks in which the M-neurons were active. This was in agreement with our

photocell measurcments. Thus, the results from these two animals do not indicate that the
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Fig. 3.12, The rate of flexor repolarization during a kick is slowed when M;neuror;
activity is suppressed. Intracellular recordings from a single flexor motoneuron during a
normal kick (top trace)»and .durin'g a kick in which activity in the ipsilateral M-neuron had
been abolished by‘injecting, hyperpolarizing current (bottom trace). Only the final portion of
the flexor's activity durlr,lg _tﬁe motor program is shown. Note that when the M-neuron fired
its normal burst of sp'ti}%és the flexor ;epolarized more rapidly than when M's activify was
prevemed."ﬂ;e arroi\'g' indicate the time required for the membrane potential to return to

resting level. Note’also that no IPSPs are apparent in the flexor when spiking in the M-neuron

had been suppressed. The artifact and single spike following the flexor's repolarization in each

of these recordings waggy aused by the ballistic extension of the hindfegs. A comparison of the
two traces shows that 'the'timing‘of leg extension was not altered by abglishipg the

M-neuron's discharge.
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M-neurons make a significant functional contribution to‘ the triggering of bilateral kicks,'
however it could be misleading to draw any definite conclusions given the limited extent of
this data (see Discussion).

In Fig. 3.12 the IPSPs in the flexor motoneuron caused by spikes in M are very
évident. By <':ontrast, when M-neuron activity was suppressed during the kick there were no
obvious IPSPs in the flexor at, or following, the moment of triggering. This provides 7further

support for the suggestion that the M-neurons may be the only spiking interneurons providing

direct inhibitory input to the flexor motoneurons at the time of triggering.

A.Parallel Pathway for Terminating Flexor Actiﬁty

The lacl.{'of necessity of the M-neurons confirms that other rieurons must be inv_olved
in repolarizing the flexors when a kick or jump is triggered. To date, énly one other pair of
metathoracic interneurons likely to play a role in the triggering prbccss has been identified.
Thefkj’é cells, one of which is shown diagrammatically in Fig.‘ 3.13A, have been named 707 in
cco‘fsiance with the scheme proposed by Robertson- and Pearson (1983). The pattern of
acu:w;& of these neurons during bilateral kicks was very similar to the pattern §een in the
M-neurér},s in that they were hyperpolarized throughout the co-contraction phase before
diSChaIOiI;g rapidly and strongly ’I‘;iig. 3.13B). In addition, a simultaneous recordin; (not

shown) oﬁﬁ}M neuron and a 707 internecuron revealed the same grouping of spikes in their

discharges dum@ kicks, suggesting that these cells havc a. common source of excitatory input.

It was no surprlse .then, to find that in most cases the start Gf 707 s burst coincided with the

‘\"

onset of rcpolanzauomm the fﬁxor mo!oneurons (F1° 3 i4) However as was also seen for

the M-neurons, there were ‘®ecasions on which 707 began to dlscharge‘af ter repolarization had

T

commenced in the flexor. Here again,”thBugh, . the timing of this repolarization matched the

rising phase of the interneuron's depolarization: This indicates that still other neurons must

contribute to the termination of flexor motoneuron activity.

\
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Fig. 3.13. Another pair of interneurons involved in triggering kicks. Diagram of the
structure of the metathoracic interneuron 707 (A) and its pattern of activity during a bilateral
kick (B). Top trace in B - intracellular recording from 707: bottom trace - EMG.from the leg
on the side of 707's numerous outpﬁt branches (i.e. corﬁralateral to its soma). Note that the
activity of tt;}s cell during a.kick was very simi_lar to the pattern seen in ihe M-neuron (e.g.

see Fig. 3.4). |

\
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Fig. 3.14. The discharge in 707 occurs at the corr’eci phase for it to contribute to the

Y

terminatiop of /,slxbr activity. Top trace - ‘Emraccllular record(ng from a 707 interncﬁfon;
. AL . . ‘

middle trace - & flexor motoneuron on the same side as this 707's axonal branches; bottom
trace - EMG re[:prding from the leg innervated b§ ihc {lexor motoneuron. Note that the first
spike in 707 corresponded precisely with the onset of repolarizatiop in the flexor. The small

spikes at the beginning of the flexor trace belonged to a dif ferent flexor motoneuron recorded

with the same electrode.
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Confirmation of the suspected involvement of the 707 neurons in the triggering

process came from pulse experiments similar to those conducted for the M-neurons. A strong
. : ; ~ . -

depolarizing curzent pulse in 707 during:c6-contraction caused the shutdown of flexor activity

on the side of the imerneqron's axonal branches (i.e. contralateral to the soma) and triggered
the prema\tuic extension of this leg (Fig. 3.15A). As wras}the case for M, ‘t'fiivsv"ef[ ect was only
obser\;ed when 707 was inducgd to discharge at freéquencies well above normal, and the current
pulse was not able 10. rébolarizc the flexor motoneuro\n as rapidly as occurs, d_u.rglg a natugs.
kick. However, the shaﬁe of this rcpola;ization was not like Lhat prodL;ccd by a pulse in M-
(.cf. Figs...3.8, 3.9) but instead more closely resembled that seen during kicks ‘in which
M-neuron activity had been prevented '(see Fig. 3.12).

Aécording to the morphélogical criteria of Pearson and Robertson "(1987), 707 is

. . . Q . : . .
almost certainly an inhibitory interneuron. Unlike the M-neurons, however, 707 does not

" inhibit flexor motoneurons‘\'d\ireqtly (Fig. 3.15B). This was determined for five diffc_rcntr'

motoneurons (representing fast, intermediate and, slow flexor categories) in -three animals.
Thus, & would be consistent with the proposal that the triggering process may also involve a
shutdown of excitatory drive to the flexof fnqtoneurons, 707's ability to terminate the activity

of these flexors is most likely due to its inhibition of the interneurons resgpnsiblc for flexor

excitation during the motor prograni.

b. DISCUSSION

v

Organization of the Jump Trigger System

) -
"In Chapter 2 it was suggested that a system of interneurons within the metathoracic

- ganglion, referred to for convenience as the trigger system, is responsible for producing the

burst of activity in the M-neurons at the end of the co-contraction period which in turn

inhibits the flexor motoneurons and triggers the kick. In the present study it has been clearly
. ' . X ' . f .

established that the M-neurons do contribute to the process of triggering bilateral kicks (and
. . . . ,
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Flg 3.15. Pulse- evoked activity in 707 can trigger leg extension during a bilateral kick.
Top traces - intracellular recording from the 707 with its output branches on the right 51de of
the metathoracxc ganglion;  second trace in A and bottom trace in B - rlght side ﬂexor
motoneuron; bottom traees in A - left and right leg EMGs. A A depolarizing current pulse
. applied to 7?)7 during the _co-contraction phése terminated spike activity in the flexor
' ‘motoneuron and triggered extension of the nght leg. The breéak in the series of extensor_
muscle splkes in the left leg EMG recordmg was a peculxartty of this partxcular animal because
it also occurred during natural kicks. It was not caused by the pulse evoked acuvxty in 707.
Note that the rate of repolarlzauon of the flexor durmg the. pulse in 707 _was slower than

occurs during a natural kick. B The same current pulse injected while the flexor motoneuron

was at rest had no effect on the flexor's membrane potential (cf. Fig. 3.108);ﬁ
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therefore jumps too, since the motor programs for these behaviors are similar) by way of this

powerful mhibitoxy influence on -the flexor motoneurons. However, the finding ‘that the

N o

M -neurons were not necessary for kickmg to occur demonstrates that additional neurons. must

play a tole in terminating flexor activny during the fmal phasc of the motor program. It is

A S |
now proposed that the neuronal mechanism which underlies the shutdown of flexor activity

may involve not only the direct inhibition of flexor motoneurons but also a concurrent:

cessation of excinatw‘lput to the flexors. Here the evidence which supports thi§ proposal
L R oo
wi}l be reviewed.

-~ -

It is quite obvious that the flexor motoneurons receive a strong, maintained excitation

- throughout the co-contraction period. Theoretically, if the’M-neurons were able to produce a

sufficiently powerful inhibition, it might be p‘os'sible for them to overcome rhis ongoi?ig
excitalor§ drive and repolarize the flexor motoneurons 10 resting level. Yet it was found that
pulse-evoked M dischérges during co-contraction, even if ol" greater than normal frequ:ency,
were not able to cause as comp,lete a repolarization of -the flexor motoneurons as occurs
during natural kicks (Figs. 3.8, 3.9). This strongly suggests that the inhibitory action of the
M-neuron was weakened by the concurrent flexor excitation and that during the normal
triggering process th;s cxcitatory input must also be shut off. l-lo_wcver, a similar result would
be expected if triggering depended pn ‘multiple -inhibitory inputs to lhe I"leror motoneurons,

i.e. from ncurons in addition to M. By depolarizing the M-neuron we would not activate these
A .

~other inhibitory pathways and the resulting inhibition of flexors would be weaker than

o ] » ; ‘]
normal. Two ‘observations, though, indicate that the M-neurons. may be the sole source of

*direct flexor inhibition during trigger activity. The only discrete IPSPs occurringvin the flexor
motoneurons during~ kicks éorresponded ori\z one t(i one ba_si_s_ with spikes” in the _M—neirron
(Figs. 3.2, 3'3) and when lﬁ's aclivity wa\s‘ suppressed, IPSPs were no loriger apparent in the
flexor as it repolarized (Fig. 3.12). Unfortunately, these findingsfo not riie out the
possibility that nonspiking interneurons also contribute to the inhibjtion of the flexdrs.

However, one _additional observation suggested that this may not be so and that the

e >

-
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termination of .- flexor activity ~§‘vhi1i5ﬁ‘tiiggers kicks and iugnps may depend only on the dual
processes of M-neuron inhibition of flexorjs and the reduetion of excitatory flexor drive. This
was the greater than normal variability in the rates ot" flexor repolarization during kicks in
‘which M -neuron. activity was prevented If the flexors receivedxmultiple mh1bitory mputs
'there should not be such variability after the M- -neurons had been removed from the system.
The fact that this variability existed was more consistent with the-idea that the only remaining
mechanism for terminating flexor activity was the shutting down of excitatory input to these

Id

motoneurons. ‘ —

Support f or this proposal came from the discovery of the 707 int’erpeurone. At present

it can only be assumed that these interneurons are inhibitory ,but there is a good basis for
making this assumption. Pearson and” Robertson (1987) have found for 12 different

interneurons that when a cell possesses the same basic structure as 707 (specifically a
& _ . )
ventromedial soma, iater'ally, bowed primary neurite and contralateral axons) its synaptic

< -

function is always inhibitory. Since 707 does not inhibit flexor moteneurons ‘directly (Fig.
. , ) . R
3.15B), the only, way to account for its ability to terminate flexor activity (Fig. 3.15A) is to

-, suggest that it inhibits the interneurons responsible for flexor excitation. ThlS would explain,

then why the nature of the flexor repolarization durmg kicks in which M-neuron activity had

been abolished (¥1g 3.12) was similar to that produced by a pulse in 707 (Fig 3.15A). This

51m11arity ~-would be expected\ if _the same mechamsm (1.e. a shutdown of excitation) were

- responsible for terminating flexor activity in both snuations Naturally, this idea wowld be

strengthened if one or more mterneurons were discovered which make exc1tatory connections .

' <

with flexor motoneurons and whose activ1ty Is maintained throughout the co-contraction

period, endmg at the trigger point. The activify bf\such neurons will most likely be .caused by

afferent feedback from proprioceptors in the hind femora (Heitler and Burrows 1977b). Two
b

neurons with this pattern of activity are known 1o exist in the metathoramc ganghon but their

-

connections and synaptic actions have not yet “been determined. = - ‘

N
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Because of the close similarity betweeff5 the s;maptic patterns and timin& of discharges
in .707 and M during bilatétal kicks (compare Figs. 3.4 and 3.13), it is probable that the
p'ostulated central trigger system simultaneoUsiy contro]s‘ the activity, of both neurons.
Consequémly, the M-m;uron inhibition of flexor motd’neurons and the postulatedo 707.
inhibition of the invemeuror;s which excite flexors may form twb paraﬁél limbs of the output

pathway by which the trigger system is able to terminate f lexor.activity and thereby trigger a

" kick or jump. However, the complete system must also include other cells because, on

occasion, épike activity in M and, 707 occurred after the flexor motoneurons had already
'begun.to slowly repolarize (Fig. 373). Since this.repolarization was coinciéent with the onset
of the Tamp depolarizations in b&th}f:}‘M aﬁd 707, it seems very likely that the ac;ivity of the
cells which produce it is also under‘ the control of the central trigger system. The reason why'
during slow ramp de,pblariza[i}.ons ihese netlrons‘arc séén to excrt their influence on flexors

prior to the time M and 707 become active may either bg because they are nonspiking or

because they have lower spike thresholds than do M-and 707. When the central. trigger system

produces a sudden depolarization of all the trigger neurons, as is mordoften the case, it is no

longer possible to distinguish the different actions of the systqm's’vario s output pathways:
becausevthese are all activated simultaneously. ’

A possible candidate for one of these additional frigger' neurons is the spiking local-
interneuron described'.in Chapter' 2 (Fig. 2.9). It has the threshold characteristics and’
discharge pattern such‘ a triggér .neuron would be expected to possess. Moreover, this cell has
an excitatory effect on the fasthextensor motoneuron and so I;ay also exert an‘irihibitory
irifluencg:, either directly or indirectly, on the %ntagonist ﬂe*oré._ It is quite likely that such
local neurons will be { oupd tb blay a major role in the functioning of the trigger system.

The pattern of activity of the inhibitory flexor motoneurons, which serve to reduce

tension ia the flexmx muscle, bears a striking resemblance to that seen in both 707 and M (see

" Heitler and Burrows 1977a, their Figs. S and 6). It is ‘probable, therefore, that the activity of

v

these motoneurons is also governed by the central trigger system amnd that they constitute yet

‘*\‘. N
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another of the system s output channels. The emergmg\zncture is that the complete nqu‘gnal
system for trlggermg kicks and jumps may be a complex>one, orgamzed such that the signal
from the central trigger neurons is directed through multiple'output pathways, each wi}h a

different action but all contributing to the common goal of achieving relaxation’of the flexor i

/ .
: 3

muscle. From a functional standpoint, this would make a g\c>ed deal of sense. A trigger system
which operated by not only inhi‘biting the flexor motonewrons and their sourcé of excitatic;n,
but also the flexor muscles, would ensure thart ténsion in these muscles QCcrt'a-sed‘ as rap‘idly
and as comvplete]y as possible. This is important because any lingering flexor tension would

dampen the rate of extension of the tibiae, thereby decreasing the animal's jumping or kicking

performance.

Role of the M-neurons in Triggering Kicks and Jumps
Due ;o"the results of this, and the previous study (Chapter 2), the currently held view
of the importance of the M-neurons must be altered. Originally these interneurons were

thought to be critical, decision-making elements of the trigger circuitry because they receive

convergent excitatory input from a variety of sensory sources known to be 1mportant for ’

eliciting jumps (Pcarson et al. 1980; Steeves and Pearson 1982). In this role, it was beheved

_ that the M-neurons decrde when the animal will jump accordmg to when the. combmagon of

Sensory mputs brings. their membrane potentrals above threshold. The fmdrngs in the present
series of investigations, however, indicate tﬁat the generation and timing of spike activify in
the M-neurons is not directly influenced_ by the occurrenceof external sensery stimuli (see
Chapter 4), but rather depends orl a higher level interneurer_ra'l trigger system (Chapter 2).
Thus the 'M-neurons, insiead of being key elements lin'the trigger circuitry, probably just
constitute an ospput pathway between the trigger system and the flexor moto'neurons. Even in
this more restricted role it was quite feasibie to think that the M-neurons might. be

mdlspensable components of the jump system, bemg the anly neurons through Wthh the

srznal to mgaer a Jump is charmeled However 'the finding that locusts can kick when activity
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in the M-neuron is prevented (Figs. 3.11 3.12) has shown that even this is not true. It now

,

seems prabable that the M-neurons are Just one output pathway in a cOmplex system for

.
A}

terminating acuvxty in the flexor inoneurons ) A ' - ' 5

Two observations in the presént study cast doubt on the importanceof the role played
by the M-neurons in this neuronal system for tfigéerfng kgcks and“jumps. The first was that
the latency to hmdleg extenswn was apparemly unchanged by the. absence of M- neurc;n
actlvm (Figs. 3.11, 3. 12) Secondly, although in the majority of kicks the discharge in the
M -neurons began before the flexors had started to repolarize, at times, this dlscharge followed
the onset of repolarlzauon and, occasionally, occurred after the flexor's membrane potentlal
had already fallen below its threshold for épiking (Fig. 3.3). These res"n‘he -vsuggest that the
most important event in the process by which kickS are triggered may not b‘_e the M-neuron
inhibition g flexors but rather another mechanism for terminating flexo;activity such as the
shuidown of excitatory input io these motoneurons. Certainly when Lhe M-neurons were
active they were able to produce a more rapid repolarization of the flexor n otoneugons (Fig.
3. 12) but it is doubtful that this, in nself has any funcnonal sxgmﬁcance As far as triggering

of t%klck is concerned the critical event is when the flexor motoneurons cease their spike

activity because this is the moment at W_thh tension in the flexor muscle will start to decay,

v

subsequently enabling the leg to extend. If the membrane potentials of these motoneurons
. } ] potent!

-

have already fallen below threshold, the rate at which tension in the muscie decreases will not

be affected by how rapxdly the mot,oneurons are further repolarlzed

What, then, can the value of M's contrlbutxon be? Unfortunately this is only a matter

- for speculation. One possibility is that the M-neurons may help to ensure synchrony in the

¢

shutdown of flexors that might be difficult to achieve if this depended solely on the reduction
of excntatory drive to the flexor motoneurons. If acuvny in all the fle\ors did not end at the
same irstant, any addmonal spikes would tend 10 oppose the decay in tensmn in the flexor

muscle, thereby opposing the extension of the tibia. If this idea were true, however, there

should be a prolongation of the latency to hindleg extension when M-neuron activity during a
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kick is abohshed There are two reasons which might explain why such an effect was not seen.

“ The fi lrst of these is related to the inadequacy of the data. Spike activity in the M-neurons »

‘was only prevented OMNtWO occasions: in one animal while monitoring extension of the hindJég -

with a photocell (Fig. 3.11) and in another 'while recording from a flexor motoneuren (Fig.

3.12). The reliability of _t;he photocell results is questionable because it was only possible to

Testimate the latency rather tha’n to measure it accurately. Also, the conclusions about the

ef fects of M's hyperpolarlzatlon on the flexor motoneuron were based sole}y on a comparlson
£

of two normal kxcks and four kicks in which M- neuron activity had been s'ippressed. Perhaps

more extensive data would show that the M-neurons do exert an influence on the timing of

flexor- shutdown and.leg extension. However, to obtain definite proof that M acts to

. Synchronize flexor shutdown would require recording the activity of two or more flexor .

motoneurons innerva{ing one leg, before a'md-‘after ,the appropriate  M-neuron had been
removed frorh the system (e.g. by cell killing lechniques).’This would revecal whether or not,
in the absence of M's activity, spiking in these motoneurons is terminated simultaneously.

A second reason- why preventing the M-neuron's discharge may have had no

noticeable effect on the timing of leg extension could be related to the, behavioral situation. In
_ . , / . .

“these experiments the animal was allowed 'to kick freely, without anything to resist tibial

extension. Durmo a jump, however, the hind ubxae push against the ground during take-off

s0 that the locust s own welght wxll act as a force opposing the legs’ extension. Consequently,

‘ after the jump has been triggered ‘there may be a considerable amount of proprioceptive input

which might tend to prolong activity in the flexor motoneurons. In this situation the

M-neurons may be 'oﬂwgtal importance in preventing such a prolonged flexor discharge from

/
occurring. If this werc\true, it could no longer be claimed that the preparation in which a

g
LA

locust: performs bilateral kicks accurately reflects the events which occur during a jump. -
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It may not be entirely appropriate to make direct comparisons between the jump
/

trigger system in the locust and the various systems which initiate escape responses in other’
. §

animals (e.g. Wine and Krasne 1982; Eaton and_Hack_‘e'tt 1984; Nolen and Hoy 1984). All of

J

these systems function to elicit motor responses $ut the major difference in the case of the

locust jump isl that the signal which triggers the movement terminates the entire motor .
program rather than initiating it. Thus, activatiné ‘the jump trigger syétcm could only be
expected to trigger the behavior if there had been a prior excitation of Lhe flexor ahd extensor
motoneurons to produce co-contraction in thé hindlegs. Nevertheless, interesting parallels can
be drawn between our {indings for  the M-neurons and what is k~ovn aboui identified
neurons in other escape éystems. These anaiogies apply, in particular, td theereticylospinal
Mauthner cells which are involved in the escape response of teleost fish. Tnc Ivi%authne;
neurons were bﬁ['ce considered to be solely responsible{for eliciting th: fast.-sbtarbt éscape
movement in Iespoﬁsev to a sudden visual, auditory or vibratory stimulus, but it is now known
that these cells are not necessary for all such fast-starts (Eaton and Bombardieri 1974,
Kimmel et al. 1980; Eaton et al. 1982). Furthérmofe, the Maythner neurons cannot, by
themselves, evoke the normal strength and variety of escape résponses that a fish disp\lays
w.hen subjected to a pafticular sensory stimulus (Eaton 1986): Current thinking is that escape
bcHavior in fish is activated by a system of these reLicu‘lospinal trigger neurons. Thus as for
the triggering of the locust jump, parallel pathways exist for initiating the movement. This
sort of parallel .organization is no;ﬂ restricted té systems eliciting escape responses but is also
evident in the initiation of rhythmic behaviors such as swimming in the leech (Nusbaum and
Kristan 1986) and feeding in pond snails (McCrohan 1984). In the latter example, though, the
two pathways are probably not activated togefher, o

In all of these systems which initiate movement, the Way in which sensory input
functions to elicit the various responses ‘is we}l understood. Sensory afferents of one or more

modalities either directly or indirectly excite the neurons which trigger the escape‘ or rhythmic
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behaviors. Thus, for instance, the lateral‘gia'nt interneurons which generate the crayfish

tailflip receive both direct and disynaptic input from abdominal mechanoreéeptors (Wine and.

. Krasne 1982). Similarly, the gating neurons 204 and 61 which elicit s‘wimmir@ the leegh also

receive disynaptic mechanosensory input (Brodfuehrer. and Friesen 1986). Numerous ‘other

)

" examples also exist. In the locust jump system, however, the way in which sensory input leads

to the generati/on of the trigger signal is only justA begingning to be understood. The néurons
directly involved in terminating flexor activity (e.g. the M -neurons) do receive afferent input,

but it does not 'app‘eér to be important for generating their trigger discharges. Rather, the
~ ] .

sensory input probably activates these neuroris i':idirectly via the postulated central trigger

system. This key iXue of how sensory information contributes to the triggering process will be

addressed in the following two chapters.

E. REFERENCES

~ Brodfuehrer PD, Friesen WO (1986) From stimulation to undulation: a neuronal pathway/ for

the gontrol of swimming in the leech. Science 234:1002-1004} 3

~

Eaton RC (1983) Is the Mauthner cell a vertebrate command neuron? A rieuroethological
' perspective on an evolving concept. In: Ewert J-P, Capranica RR, Ingle D (eds)
Advances in Vertebrate Neuroethology. Plenum Press, New York, pp 629-636 '

Eaton RC (1986) Teleost escape behavior is activated by a S);stern of reticulospinal trigger
' neurons. Abstr First Int Cong Neuroethology, Tokyo, Japan, p 23 '

Eaton RC, Bombardieri RA (1978) Behavioral functions of the Mauthner neuron. In: Faber
D, Korn H (eds) Neurobiology of the Mauthner Cell. Raven Press, New York, pp
221-244 . g

-~

Eaton RC, Hackett JT (1984) The role of -the Mauthner cell in fast-starts involving escape in
teleost fishes. In: Eaton RC (ed) Neural Mechanisms of Startle Behavior. Plenum
Press, New York, pp 213-266

Eaton RC, Lavender WA, Wieland CM (1982) Alternative neural pathways initiate fast-start
responses following lesions of the Mauthner neuron in goldfish. J Comp Phiysiol
145:485-496 :




.8

. . y

Gillette R, Kovac. MP, Davis WJ (1978) Command neurons. in Pleurobranchaea receive

synaptic feedback from the motor network they excite. Science 199:798-801 -

Heitler WJ (1974) The locust ‘jumin': specialisatiohs of the femoral-tibial joint. J Comp™

_Physiol 89:93-104

-

Heitler WJ, Burrows M (1977a) The locust jump. I.. The motor programme. J Exp Biol
66:203-219

v

Heitler WJ, Burrows M (1977b) The. locust jump. II. Neural circuits of the motor
programme. J Exp Biol 66:221-241 :

Kimmel CB (1982) Reticulospinal and vestibulospinal neurons in the young larva of a teleost,

Brachydanio rerio. Prog Brain Res 57:1:24

i

Kimmel CB, Eaton RC, Powell SL (1980) Decreased - fast-start performance of 7ebraflsh
‘ lackmg Mauthner neurons. J.Comp Physiol 140 343-350

McCrohan CR (1984) Initiation of feeding motor output by an identified interneutone in the

snail Lymnaea stagnali;. J Exp. Biol 113:351-366

Nolen TG, Hoy RR (1984) Imtlatlon of behav1or by smgle neurons: the role of behavioral

~ context. Science 226:992-994 I ‘ ; {

[4

Nusbaum MP, Kristan WB Jr (1986) Swim initiation in the leech by serolonin—cdmaining
interneurones, cells 21 and 61. J Exp Biol 122:277-302

Pearson KG Robertson RM (1981) Interneurdns coactwalmg hindieg flexor and extensor
motoneurons in the locust. J Comp Physiol 144:391-400

Pearson KG, Robertson RM (1987) Structure predicts synaptic function of two classes: of

interneurons in the thorac1c ganglia of Locusta migratoria. Cell Tissue Res
250:105-114 . ‘

Pearson KG, Heitler WI, Steeves JD (1980) Triggering of - locust Jump by mulumodal
' ‘mhlbnory interneurons. J Neurophysml 43:257-278

Pearson I\G Reye DN, Parsons DW, Blckcr G (1985) Flight-initiating interneurons in the
locust. J Neurophvsml 53:910- 925

Robertson RM, Pearson KG (1983) Intemeurons in the flight system of the locust:

distribution, connections and resctting properties. J Comp Neurol 215:33-50

9y



_ 93
’ .\
Rose RM, Benjamin PR (1981) Interneuronal control of feeding in the pond snail Lymnaea

stagnalis. 1. Initiation of feeding cycles by a single buccal interneurone. J- Exp Biok-
92:187-201 . : ’ :

o Steeves JD, Pearson KG (1982) Proprioceptive gating of i_nhibi"tory' p'athWays' to hiﬁdleg flexor

motoneurons in the locust. J Comp Rhysiol 146:507-515

Weeks JC, Kristan WB (1978) Initiation, ‘maintenance and modulation of swimming in
medicinal leech by the activity of a single neurone: J Exp Biol 77:71-88

Wine JJ, Krasne FB (1982) The cellular.organizationi of crayfish escape behavior. In: Atwood
HL, Sandeman DL (eds) The Biology of Crustacea, Neural Integration. vol 4,
Academic Press, New York, pp 241-292

(4



Y

i
k-
\ N
-

/

( IV EVIDENCE THAT EXTEROCEPTIVE INPUT DOES 'NOT TRIGGER KICKS AND
.I_UMPS

™ -
' A. INTRODUCTION

_Th‘é'ballisiic movements associated with kicks ar'xd jumps in the locust are produced by
a mo’Lor program consigting of three distinct phases (Godden 1975; Heitler and Bﬁhows
©1977a)” During the first phase the hind tibiae. are flexed about the femora. There is then a
prolonged perxod of co- comra‘éuon of lhe flexor and exiensor tibiae muiJes during Wthh

time thve energy Lhat powers the ensuing movement is stored in elastic cuticular clements of
. the fe.r;loral-tibial joint. Finally, during the ;riggcr phase,’tr,)e flexor muscle suddenly relaxes,
ailowing the stored energy to be released as the hindlegs forcefully extend. To understand how
ﬂthis triggefing is brought about it is’ nc‘pessary o dctermine'v»;hat is ultimately responsible for
genergting the signal to térg{;\inatev _fl.exor activity. NS

ILL was or;ginally suggeste.d vby Pearson et al. (1980). that jump‘s and kicks ‘may be
triggered by efgtrinsic sensory stimuli activaiing a pair of metathoracic vimerheurons, the
M-neurons, whose excitability is regulated >by proprioceptive input. These M-neurons were

. ~

known to.make powerfui 'inhibito_ﬁv connections to hindleg flexor motoneurons. According to
the Pearson ct al. (1980) hy.polhesis, proAprig')ccplivré feedback during the co-contraction ph,asc ,
gradually depolarizes the M-neurons,. bringing them closer to threshold. Additional excit,zfltory
input from a sudden exteroceptive stimulus would Lﬁcn drive the membrane potential of Lhe
M-neurons above threshold and fhe resulting burst -of spikes would inhibit the flexor
motoneurons and trigger the kick or jump. This idea wéas based primarily on knowledge of the
excitatory inputs_‘to the M-neufons, and on the fact that“these interneurons inhibit flexors.
_Both »members of the pair receive strongv monosynapticv input from the descending
’ C(;ntralatcral rﬁO\'ement detector (DCMD) ncuroﬁé and arc dcpolari;ed by auditory and tactile

stimuli. They also receive excitation from hindleg proprioceptors. Because' of the high

_threshold of the M-neurons, input from one or more of the exteroceptive modalities rarely
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initiates action. potentials, but when a combination of exter‘ocept\ive~ and proprioceptive inputs
are presented there ls a high probability of spikes being evoked in the M-neuron (Steeves and
Pearson 1982). Also, recordings made in l{icki‘ng locusts re\lealecl" that the M-neurons
discharge at the end of co-contraction,\and tliis is preceded by a slow depoleriiation of their
membrane polentials'(Steeves and Pear on 1982). F_urtherlnore, the onset of this M-neu'ron
S activity wns observed to closely follow he presentation ol visual or auditory stimuli.

“liecem studies, howcver, have yield_cd resultshwhi_ch are not consistent with aspects of
this hypothesis. In Chapter 2 it was shown that lhe M-neurons are hypcrpolafized during
co-contraction, rether than being depolarized as Steeves andrPearson'(1982) had observed. As
yet, no satisfactory exlplanation for the discrepancy between these two observations has been
offered. Also, ljleitler (1983) found that during the co-contraction phase of defensive kicks in
restrained animals-, the activity of the DCMD neyrons is suppressed, indicating that DCMD
may not be capable of eliciting trigger acliyitgf. However, Heitler suggéested that a natural
stimulus ma)l be"'silfficiently poWerful"to overcolne DCMD's suppression, so that these visual
interneurons might still bc‘ able to trigger tl)_e behavior. |

.+ In the _lignt of these recent results, the notion that defensive kicks and escape jumps
can be L-riggered by a summation of proprioceptive " and exteroceptive inpuls seemed
ouesﬁonable. It was, therefore, the main purpose of Lhe'cxpcfinlents described here to, directly
test this hypothesis by detcrm’ining whether the M-ncurons can be activated by sud isual
‘or auditory stirnuli presented during the co-contraction phase.: The results show that these
sumull’are not. able to trigger kicks and in fact evoke depolarizations of smaller amplitude in
the M -neuron than they do in the quiescent animal. This is not because of suppressxon of
activity in the sensory pathways but probably because the depolanzanns are shunted by the
increased conductance durmg the M- neuron 's hyperpolarlzanon Thus, it is concluded that
exteroceptive information is probably not involved in the process by which de’fensive kicks and

' escape j;u'r'nps are trigge’red Its importance instead, undoubtedly lies in its ability to initiate

the enme motor program for these behav1ors Also a solution is provxded to the apparent

i
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contradiction concerning the sign of M's input during co-contraction, thereby explaining why

5 .

the idea of direct proprioceptive gating of the M-neuron's activity had initially received

support. In the following chapter -the coutribution of proprioceptive input o the generation of

9

the motor program and its trigger signal is assessed.: :

B. MATERIALS AND METHODS

L}

P'reparationv of Animals ~
| All cxperiments wcrel,perfom;ed al room tempcrafurc (22-24°C) on adult mal.e'-
Locusta migratoria from,a-long-esta-blished colony at the University of Alberta. The anirﬁals
were prepared for intracellular and EMG recording as descfibcd,in Chapter 2. In some
experiments a monopolar hook clettrode (79 pm silver wire) was placed 91;1 the right
pro-mcséthoracic connective 10 monitor thé_aqiyi_ty of the left DCMD interneuron. Kicks
were eliciied from the dissected animals by strd‘king or pinch‘ing their abdbmehs vwith a pair o(

forceps.

Intracellular Recording and Dye-filling

GlaSj microelectrodes (resistance 30-80 megohms), comaining cither 1M potassium

-

acetate or a 5% agueous 'so>l"ut'ion>oi" Lucifer Yellow; were used to record intracellularly from
the M-neurons and the auditory G-neurons in the mesdthorac‘ic ganglion (Rehbein 1976).
When necessaty. neurons were filled with dye at the end of.the experimcn\t?by paSsing.a
constant hyperpolarizing current of 5 nA for upto 5 minutes..Thc ganglia were then fixeCN.;K

4% paraformaldehyde, dehydrated in alcoh\bband cleared in methyl saljcyla:te. Wholemounts of

the ganglia were viewed under an epifiuorescence microscope.

All tecordings were stored on magnetic tape and later displaved on a Goﬁld ES1000

~

electrosta.ic chart recorder.”
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Presentation of Sensory Stimuli
The presentation of sudden visual and auditory stimuli during co-contraction wag
timed using a digital device which counted. extensor. muscle spikes in the hindleg EMG

recording. After a specified number of spikes ‘had occurred within a chosen ti,me’_windo'wb, the
- ,\ !

X . . 3

devic_e produced an output pulse which was used to trrgger'a.stimulator. _T_he_ lo'utput' of the
stirnulator, in turn, was used to drive devices for producing movements in the ”viSUal“.f’jeld-“o_r -
'pullses of. sound. (see below). In this way, stimuli.could be presented at different stages of‘l the
' co-contraction phase. ' | / |
The visual stimulus used o evoke DCMD activity in these experiments wz. 1=~ -

movement of a cardboard disc (1.‘5 crril in diameter;‘placed level with, and 10 cm ¢

the locust’s left eye. Trte disc was moumed on trle end of a thin rod, 40.cm'in- length. ;I"he
other end of the rod was bent at a 90° angle and glued to the cepter of a-'s.pcaker diaphragm.
Through a lever arrangement, movements of the speaker coil (dr'iverl by an audio amplifier)
were translated into vertrcal movements of the disc over an arc of approxrmately 6 cm.

4

Folldwmg the initial e deflectron smaller movements of the disc continued . for a brref :

period untrl oscilldtions in the rod subsrded Conscquently, ‘three or more bursts of spike
activity, of dlmmrshmg intensity, were of'ten evoked in- the left DCMD neuron.

It should be noted that whercas actrvny, of the DCMDs is suppressed during kicks in

-intact and minimally dissected animals, these neurons can be activated during co-contraction

—

in the dorsal preparation (Heitler 1983).
Audrtory stimulation was achieved using 60 dB, 100 ms white noise pulses delrvered

through a hrgh frequency speaker (Speaker Lab., Model DT101) positioned approximately 35
~ cm from the ammal s Tight side. £



C. RESULTS
Support for the 1dez; that the kick or Jump motor program can be mggered by a
summation of exterocepnve and proprioceptive inputs had come from the observation of .

Steeves and Pearson- (1982) that the M-neurons -are gréduall_y‘ -depolarized  during

co-contractidn. Recordings presented in Chapter 2, though, showed that the M-‘neurim’s‘are

' hvperpolarxzed durmg co- contraction. The mmal e\penmems here were anmed at rcsolvmg th1s 7 "

apparem confhct by re-examining the synaptic polcntlals in lhe M -neuron. Ay

P

Imracellular rccordmgs from the axonal branch of Lhc M neuron.- (n; Lhe lateral" S

.‘ neuroplle rcglon) usually reveal unitary s\'naptlc potemxals whlch axk auenuated versrons of
those seen in Lhe neuron's med1a1 Processes. Tai indicates that the M -neuron recelves mputs
on its: medial processes‘ gixnd the postsyhaptic potentials generated there 'simply conduc’t‘. '

_electrotonifally ‘out into the_laleral branch (Pearson ct al. 1980). However, it is .nOW apparen‘t'
m;n the asbsumplion that recordinés of slynaptic activity from the lateral B‘anch always reflect
events oc"cu_rring elsewhere in g{: neurc;\n is incorre€t. Duripg the co-'corhﬁc_tion phase that -
precedes hindleg kicks. simuhaneous recordings from the medial and lateral pr\g £SSES révealéd
that althpugh the medial branches were ﬁype'rpolarizcd, the latprgl bra_nch ofté exhibited a

'. distinct Jdo“bolarizaﬁ1 prior 0 the‘ neuron's burst of spikes. In the example shown in Fig. 4.1

" the slow time coyrse ¢ of the depolamauon rcscmblcd Lhat seen in the rccordmgs/g; Stecves and :

A
Pearson (1982, their Figs. 11 and 17) Morc 1vp1cally the depolarizati

" not ramp-like,

but instead exhibited a steady or gradualwwﬁughomgthé"c\‘oj_contvrac"tiic‘m phése

(Fig. 4.2A). There was no consisteni correlatién' llnletﬂ;véen: the’ ::pﬁrﬁiéulaf -’pzi.it‘elrh ' of‘"
vdepolamauon and the shape of the hyperpolarization in the M-neuron's med1al processes in
some recordmgs, no. mamtamed depolarization in the lateral branch wgs ev1dent at all (an
4.2R). It was nof po_ssible to determine whcther.this' variability in the occurrence and nature
of :the (‘epolariiatiods.in‘t'hcsc recordings was d:ue' o diffcr-cnces’,_bctwe’en animals or to
- differences betw'even the exact Sile_in ‘vs:/h-ich the M-riépron was penetra_te{d; All recordingys were

made in the general region in which the lateral branch synapses with f léx.pf-mqtoneUrons,- but

B
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Flg 4.1. Mcdlal and lateral proégsscs of the M-neuron can receive dlfferent synaptlc

“inputs durmg bllateral klcks A Diagram of the mtracellular recordmg setup. The M- neuron‘

was penctrated with two electrodes, one placed in the neuron's medial processes and the other

k)

in the lateral axonal branc’h in the region ‘of the-ﬂéxor motoneurons. B Dual int-racellular
>

xrecordmgs from the same M neuron during a bxlateral kick. Only the EMG from the leg on

L the snde of M s lateral branch is shown here (bottom tracc) Durmg the co- comracuon phase‘

the M-neuron s, medxa] processes (top Tace) were hyperpolar:zed while the lateral branch -

(mlddie trace) was gradually depolarxzc’ No e. that spike activity was ldentlcal at the two -

dl‘f‘ ferent sites.
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Fig. 4.2. Variations in the pattem of synaptic actwnty in the M-neuron's lateral
branch during kicks. Examples of simultaneous intracellular recordings from the medial (top
jtracAe—s—)'- énd laleral (middle traces) -processes of the M-neuron in two different animals. In
each case, only the EMG from the leg on the 51de of the M-neuron's_lateral branch is shown
(b’ottcm traces). Durmg the. co- comracnon period the medial processes were “always
hyperpolanzed but mo‘st lateral branch recordmgs revealed a shght mamtamcd depolarization,
as shown in A. In other recordmgs from the axonal branch ttere “was no obvious
depolarization leading to M's djscharge (B). Note that, prior ?o ‘the onset of co-:c’,.:qntracuon,
‘the two different regions of the neurbri exhibit common synaptic potentials, although these

-

are attenuated in the lateral branch.
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w}thin this region the M-néuron possessesv numerous processes of various diameter. It is
possible that fecordings from proeesses of different size may not show identical featuree.
When a depolar‘i\zation was apparent in the M-neuron's axonal branch, its onset did
not usually coincide \with the beginning df the hyperpolarization in the medial processes (see
Fig. 4.13). The @;lr typically commenced at the start- of the initial flexion phase of the
‘,motor program (see also Chapter ‘2), whereas the depolarization often began at, or jtist prior.
to, the onset of co-con;rac‘tion. However, durin;g kicks in-which Lhe..ini.tial flexion period was
very brief -i.e. with co-contraction commencing almost irrvlmediately,‘the depolarizatioﬁ in the‘
lateralrr branch sometimes preceded tiie onset of both flexor and extensor EMG actfvity.
It is important to note {hat even :L‘ho'ugh M'’s axonal branch may be depolarized during-
e
co- comracuon ths does . not conmbute to the generauon of action potemlals m the cell.
T . G
Acommuous train of splkes caxmot be evoked in ﬁ’ic M neuron by injecting the lateral branch .
with depolarizing current (Pearson et al_. 1980).‘Thus, it is the synaptic inputs to the
M-neuron's medial processes that govern its spike activity, and there is no doubt that the
neuron: 15 mh1b1ted during the co-contraction phase ThlS was clearly dcmonstrated]b
bmjecung a constam depolarmng ;,urrent of 6 nA into one of the M-neuron's larger med1a1

processes 1o evoke tonic spxke acuvuy and observing. rhaz ‘this actlvuy was Lompieteiy
suppressed during co-contraction. Thus, it can be concluded' wnh confidence that ’
proprioceptive feedback does not progressively increase the excitability of the M-neurons prior
to the trigger phase of the kick. This aspect of the Rearson et al. hypothesis must therefore be
abandoned. However, it is possible that the remaining features of the original model, i.2. that
exteroceptive inputs during co-contraction | can tri'gger “kicks, may still hold true. This
. ~
V p0551b11uv was tested by recordmg from the M-neurons (penetrated in their medial processes)
while sudden visual and auditory sumulx were dehvered during the co-contraction phase.

Figure 4.3 shows the effect that sudden movements in the left visual field exerted on

the M-neuron while the locust was quiescent and while it was performing a b’fateral lek In

both sxtuatlons the visual sumulus ehcned a strong burst of activity in DCMD (recorded here



102

At rest ‘ v During co-contraction
- ‘ » : I

15mv

conn. """M"‘f" WWWW
stim. _ m A
- EMG ) | ! ’ L—‘” m 150ms

tng

s

'I;‘i‘g. 4.3. The effect-of visual stimulation on the M-neuron in the quieécém ani.mal

and during co-contraction. Top traces - intracellular recordings f rém the medial procésses of
an M-neuron; sécond traces - extracellular hook electrode recordirigs from the right
pro-mesothoracic connective, monitoring activity of thev left DCMD neuron; third traces -
pulses used to trigger the visual stimulus; fourth trace (du’ring the kick only\) - EMG ffom
the leg on the side of this M-neuron's axonal branch. The visual stimulus evoked an intense
burst of DCMD ac-tivity (large -spikes in connective recording) while the wvzmimal was at rest
and while it was performing a bilateral kick. Note that the stimulus-evoked depolari;.ation in
the M-neuron was much weaker dﬁring ﬁhe cd-contraction phase »thén it was at Test. Also,
during co-contraction it is difficult to distinguish individual EPSPs in the M-neuron occurring

-

in response to single DCMD spikes.

——
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from the right piﬁ):mesothoracic connective), and yet wherr oresented drrring co-contraction,
it failed to trigger the bkick. Following the stimulué co-corrtraction continued for bseveral
hundred milliseconds before the trigger discharge occurred in the M- neuro‘n Furthermore,
vrsual stimulation d1d not depolarlze the M-neuron as strongly during co-contraction as it did
at rest. The 'depolarizati'on produced by the major burst of DCMD spikes was less than half
the amplitude of the gorresponding depolariration in theé quiescent animal, and the EPSPs 1o
subsequent DCMD 'spikes during co-corrtraction couid hardly be discer'r'rcd‘v ak all. The

3

M-neuron displayed these smaller amplitude deéolarizau’orrs regardlve‘ss of when Lhe“stimrrl'us
s

was delivered during co-contraction. Bursts of DCMD spikes occurring late in the
co-contraction phase were just as ineffective at producing m’gger activity as those occurring
earlier. In all casesf, the size of the DCMD-evoked depolarization was insignificant in
comparison .with the magnitude of_the depolarization M experienced during its trigger
discharge.

Similar experiments were performed using sudden auditory stimuli presented during

i ‘.co contractron The M- ncuron\ reecives monos)naptlc excrtatlon from the audxtor) G -neurons

i

o

in the mcsothorauc ganghon‘ and - probably also drrect input from some. first order audltory
afferems Wthh run in Lhe nictathoracig nerves 6 (Pearson et al. 1980) Brief pulses of white ¥
noise, which elicited large subthreshold depolarizations in Lhe M-neuron in the quiescent
animal, werc not able to produce trrgoer activity when delivered during the co- contractron
phase (Fig. 4.4). Moreover, just as had been noted for visual stimuli, the depolarrzauon in M~
produced by auditory stimulation was greatly diminished during co-contraction. The sound
pulses normally evoked depolarizations consrstmg of "two distinct components - a strong
pha51c excxtatron followed by a weaker tonic depolarization. During co-contraction, however
only the first component was visible and its amplitude was reduced by approximately _50%.
Again, lhiS'l‘CSUil was not depeodem on the timing of the sensory stimulus ‘ouring

co-contraction. In the exariple shown in. Fig. 4.4, the sound pulse came towards the end of

the co-contraction phase, when, according to the basic notion of the Pearson et al. proposal,

-
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Fig. 4.4. The effect of ‘auditory stimufation on the M-neuron in the quiescent‘animal
and during co-contraction. Top traces - intracgllular recordings from the medial processes of
Can M -neuron; second traces - auditory stimuli (60 dB, 100 ms white noise pulses); third trace
(during the kick only) - EMG from the leg on the side of this M-neuron's lateral branch.
Note tha. the depolarization produced by the sound pulse during the co-con_tractiori phase was

greatly red iced compared to its amplitude at rest, Only the initial phasic component of the

depolarization is evident and even this is much smaller than in the quiescent animal.
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the likelihqod of it producing trigger activity wc;uld have been expected to be greater. Also, as
was observed for DCMD sfimulatfon, the depolafization in M elicited by th' sound pulse was
far smaller than that which produced the neuron's 66werful trigger disc;;rge’at. the é,nd of the
motor prdgr'am. |

v,“,,"Thc.a weak excitatory effect of thesé auditory stimu)i during co-contraction could not
have been due to any suppression of the acuvuy of tympanal receptors while the behavmr was
bemg performeu because the G-neuron's responsc to. white noise pulses was the same in the
‘quiesccm“and kicking an.imal (Fig. 4.5). The number of spikes elicited in the G-neuron by
sound pulses at rest (mean=13.§, S.D.=1.99, n=28) did not differ from the. number clicited
during co-contraction (mean=14.4, S.D.=2.35, n=12; Student's £-test, p$0.(§f§). ‘Clearly

]

then, auditory input was normal during the kick motor program and so/bairing any
Lo

presynaptic inhibitory effects, the G-ncuron must have been providing its normal excitatory
input to the M-neurons during co-contraction.

Since there was no appﬁrent change in the level of activity in the visual and auditory
pathways durmg the co-contraction phise, why did exteroceptlve stimuli produce smaller

depolarxzatlon( in~the M-neuron at this time? The most probable explanatlon is that the

excitatory inputs to M were shunted by the increased conduclance caused by the neuron's
~

» b

inhibition during co-contraction. If such a postsynaptlc mechanism were responsible,. one
might cxpect 10 see a gradual decrease in the amplitude of s/umulus evoked depolarlzauons in
M as the neuron became hyperpolartzed at the onset of the fnotor program. Unfortunately,
_because of‘the difficulty in timing the presentation of sensory s®muli during Lhe initial flexion
period, it has not been possible to determine whether this does .occur. However, in an attempt
to demonstrate the same phenomenon,' conductance tests were performed on the M-neuron.
Brief pulses of depolarizing current were applici 1o M throughout the motor prdgram, but no
decrease in the amplitude of the resulting vbl,tage deflections wa$ apparent during the neuron's

hyperpolarization. Despite this inability to detect a change in.conductance in M's medial

processes during co-contraction, it is still likely, as is explaihed in the.Discussion, that such a

v
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Fig. 4.5. Response of the G-neuron to auditory stimulation in the quiescent animal
and during co-contraction. Top traces - intracellplar recordings from *';the G-neuron in the
mesothoracic ganglion; $econd traces - auditory stimuli (60 dB, 100 ms white noise pulses);

third trace (during the kick only) - EMG from’dne._pf the hindlegs. The G-neuron responded

7

as intensely to the sound pulse':during co-contraction as it did.at rest, indicating that auditory
: I3 -

input was no: suppressed during the kick motor program.

-
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Pearson et al. 1980). Second lyy the rcebrdmgs of Steeves and Pearson (1982) showed that

) | ’ / = 107
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change’ was the méjor factor contributing to the reduction in amplitude of the depolarizations
i , h:

in the M-neuron. The possibility that presynaptic inhibition may also redﬁce the effectiveness

~

Fo
of exteroceptive mputs to the M-neurons during co-contraction has not been excluded?

7

o~
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' D. DISCUSSION

The mainr fmdmg of the present study s that exteroceptrve stimuli presented durmg

the co- contr?uon phase are not capable of triggering krcks in the dissected preparatlon

Consistem with' this is the observation that the timing of the M-neurons' Lrigger/discharges :

L .
-did not coincide with the presentation of sensory. stimuli. Moreover the extero‘cepﬁve inputs

!

to M did not ‘excite the 1merneuron as strongly durmg co- contraction as Lhey drd normally

“These findings do not support . the baslc prediction of the Pearson et l. {1980) mode] thal a

summation of exteroceplrve and proprrocepuve mputs is requrred to produce mgeer acuvny in.

~ the M -neurons. They a]so contrast with the results of an earlier study which mdrcated that the

rrrggermg of kicks was conUngem on the »occurrence of extrinsic 'sensory stimuli (Steeves and
Pearson 1982). In this drscussmn the probable reason for a major dlscrepancy in the Tecent
experrmemal data will be ejnsrdered before revrewmg the evidence which supports the idea

that exterocepuve inputs are not involved in the triggering process..

Hyperpolarization or‘D_epolarijLatiori? A Conflict Resolved

" The proposal that the ex‘citab’ility of the M-neurons is gradually increased during

“to-contraction due to feédback froq hindleg proprioceptors ‘was based on two main

observations. _Firstly, the M-neurons were known to réceive _excitatory input from the
. \ 4

chordotonal organ and lump receptor in the hind femora two proprroceptors which had been
R}

implicated in the control of Jump trrggermg (Bissler” 1968; Heitler and Burrows 1977b;

s
during defensive kicks the: ]&neurons are slowly depolarized prior to their trigger bursts. »
_ ‘ RN
Together, these observations provided what had seemed like eonvincing evidence in support of \

. Ed .
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the proprioceptive gating hypothesis. It was quite puzzling, therefore, when'subsecjuently it

~was found that M is"cgot depolarized, but in fact hyperpolarized, during co-contraction

(Chapter 2). No explanation- has been offered for the abvious discrepancy\between this and

- [ . ’

© the earlier findings. The results of the present investigation, however, now suggest a plauéible\

' R - ) . : . : '
solution to this apparent conflict. Simultaneous recordings from the medial and axonal

processes of the-same M -neuron revealed that the two refions CanMnaptic input of
Lo w - -
Qpposrte srgn durmg co-contraction. While the medial 'proc ses « thev neuron were

hyperpolarrzed the axonal branch somcumes displayed a prolongcu dbpolarrzatron {Figs. 4.1,
4. 2). It is Lhercfore prol)able that the recordmgs of SLeeves and Pearson (1982) were from a

penetratron of the M- neuron made somewhere in Lhe lateral branch Thrs is also suggesled by

the nature of the action polemral bursts in therr rccordm’gs. These arc nor superrmposed_ upon

'

pulse"-lil'(e- depolarrzauons Cand” each' spike in  sthe 'bursc exhrblts a distir’lct

after- hyperpolarrzauon (see therr Frgs 11 and 1") “Both of - Lhcse features are typrcal of

recordmgs from a’ neuron’s axonal reglon Wrth this conflrct m the experrmemal data now\

M -neurons closer to threshold can be confrdcmly I'CjCC[Cd

L

The depolamau%n 01" the lateral branch appears to have a central orrgm rather lhan

-

bemg dependem on reflex mput from the mmdlegs because its onsct sometrmcs preceded Lhe'

A

start of all EMG aciivity ‘durmg _krck‘-.j Its funcuonal .s_rgmﬁcance is unknown, but one

»
Y

suggestion is that the depolarization may be duc to presynaptic inhibition of the M-neuron's

output terminals. This would seem to be appropr@e.-lf the M-neuron's major site of input

(its medial branches) are inhibited during ‘co-contraction, presumably to- prevent M from -

interrupting the ongoing motor progiam by becoming .ctive prematurely, it would make sense

-~

to also presynaptically inhibit its output sires, This ’wbuld.serve 10 decrease the amplitude of

the IPSP produced in f]exor motoneurons by a possrblc prematurc M-neuron sprke and thus

R

’ resolved, the prop:)sal Lhat proprrocemrve feedback brmgs the ,membrane porentral of the¢;

el Tl

~

further reduce the risk of* earlv trigg ermg The observed varrabrht) m the occurrence of Lhe j L

depolarizations in lateral branch recordings may be related to the cxact. site: of reeordmg since

’
. EEN
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presuma'b‘l)r the amplitude of the depolarization would\depend on the proXirnity of the
" electrode penetrgtion to the neuron's output terminals. It is possibie, for instance, that a
),recording from the main later~nl.braneh might show no sign of presynaptic inhibitory input
(‘perhaps as in Fig. t4.2B), whereas recordings from finer processes in this region may
resezrlble those shown in Figs. 4.1B, 4.2‘A.ATQ obtain probf tnat the M-neuron is

rior to the trigger phase would require demonstrating that the

axonal depolari- :tion is incrégsed in magnitude by the injection of chloride ions, or that it

causes a reducti *n in the amplitude of action potentials evoked in M during co-contraction.

v

» Exteroceptive Inputs Do Not Trigger Kicks )
B There is now evidence that there are other neurons, in addition to M, d in
producing relaxation of the flexor tibiac r}a-us{\lqduring the‘trig‘ger phase,‘ and that the aetivity
of all of these neurons is controlled by.sqme cemrdl trigger éystem (Chapters 2,3)'. Despite
this, the essencé of the original hypothesis that defensive kicks and escape jumps may be
triggered by a combination «of proprioceptive and exteroceptive inputs could still be valid if
trigger acuvrty were- produced by a convergence of these mputs at the level of this central
system This would then be reflected in the acuvny of neurons such as M. Another possibility
is Lhateven though the M-neuron and other neuron. directly involved in terminating flexor
activity arc inhibited during co-contraction (see Chapter 3) the strength of the‘excitatory

inputs they receive from extrinsic sensory sources may be sufficient to overcome their

inhibition, thereby causing them to discharge and eliciting trigger activity. The results of the

present study, however, suggest that neither of these proposals is correct. During the

co-conrraction phase strong exteroceptiye ;npul (from sudden visual or auditorv stimuli) was
not able ro trigger kicks, either by activating the hy’potherical central system of interneurons
or by direct exqtauon of the M-neurons (Figs. 4. 3 4 4) ‘ |

Heitler (1983) has prevrously shown that under experrmental conditions the DCMD

n;urons are not 1nv01ved in triggering defensrve kicks because their acuvrty is suppressed
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during this behavior. He was not able to determine whether DCMD suppression also occurs
during jumping, but afgued that this is likely. However, it was suggested that a natural
stimulus might be more powerful than an expérimental ones and $o may still be able to evoke
spikés in DCMD and trigger a kick or jump. The present results indicate that this is
improbabl_velbecause even strong bursts of DCMD activity were not ‘Acapable of triggering
bilateral ki;ks in our preparation (Fig. 4.3). Similarly, auditory}s&ﬁﬁli failed to produce

trigger activity in.these dissected locusts (Fig. 4.4). These observations differ from those ‘QI"

Steeves and Pearson (1982, their Fig. 11) who reported that the timing of the M-neuron's

disctie . osely [ .ows the occurrence of visual and auditory stimuli. The b'elie)\ now is that
this carlier finding may have been duc to the r_eaction time between the e'xpcri'memer
perceiving the onset of co-contraction and manually delivering the sensory stimulus.

Despite these‘findingns, the possibility cannot be ruled out that extrinsic sensory
stimuli may be able to elicit trigger activity in intact locusts because of the higher levels of
centrallarousal these animals possess. Any such triggering would be unlikely to result from(g
direct activation of the M-neurons (and other neurons which terminate flexor activity)
because the excitatory effect of the exteroceptive inputs to these neurons is Weakened during
co-contraction. Triggering might result, though, from the extrinsic stimuli exciting the
proposed central trigger system. Nevertheless,-ﬁ\is clear in the present experiments tha‘t
exteroceptive inputs played no role in generating thé powerful discharges in the M-neurons
dur‘ihg the trigger phase. Therefore, it seems feasible to suggest that whatever does produce
this trigger activity in thé dissected preparation may be mostly, if not entirely, responsible for
tfig;: “rz kigks and jumps in intact animals as well.

vThe most probable reason that the M-ncu;on exhibited diminished responsiveness to
sensory stimuli delivered during co-contraction is that its medial processes were strongly
hy‘perpularizgzd at .this time. Excitatory inputs to these procc. would, therefore, have been

consideranly shunted. The failure to demopstrate a corresponding increase in conductance in

the M-neuron was probably because the shunting phenomenon is localized to the fine



111

dendritic branches where M receives its synaptic inputs. The ‘intracellular recording and
current injection sites were in thé largest of the medial processes, far removed from these
input regions. Consequently, EPSPs wo‘uld' be shunted prior to reaching the site of the
electrode penetra;ion. The occurrence of such "den.dritic' remote inlibition" has been
demonstrated in’the Mauthner céll of the goldfish (Diamond 1968), and Currie and Carlsen
(1§87) suggest that this same phenomenon may contribute to the arousal-associated decrease
in vibration sensitix@y of the Mauthner neurons in larval lampreys. T:h'is decreased sensitfxdty
is thought to prevent startle fesponses from being elicited at inappropriate times by the
lamprey's own movements. The hyperpolarization of the M-ncurons (and other trigger
neurons) during co-coamraction may serve a similar function by helping to ensure that they
. are not activated before the entire motor program has been played out, thereby preventing an
ineffective kick or jump from occurring. Suppressioh of activity in .. ..sory pathways (as was
described for DCMD by Heitler 1983) and presynaptic inhibition of sensory inputs to the
trigger neurons (as also described for DCMD, Pearson and Goodma? 1981) would act to
further reduce the probability of exteroceptive input prematurely triggering a jump.

_If cach M-ncuron receives direct sensory input from a variety of sources ar-ld yet this
play‘s no role in generating its triggér discharge during kicks and jumps, what purpose does
this inp{n serve? One idea is that the M-neurons may be involved in controlling the tibiac
during other ‘behaviors in which these inputs are important. However, there is as yet no
evidencé to implicate the M-neurons in any additional behavior. Even during walking, which
involv\e%' repeated flexions and extensions of the hindleg tibiae, the activity of the M-neurons
is weak and not correlated with the motor patterh (J.-M. Ramirez, personal communication).

In hindsight, it does not seem paTticularly surprising that exteroceptive sensory inputs
may not be involved in the pfocess of triggering kicks or jumps once co-contraction is alread)i
underway. In the cxperimental situation, locusts sometimes ‘kick spontaneously when no .

threatening stimulus is apparent. Locusts also jump purely as a“means of locomotion. In

addition, as was\already mentioned (see also Heitler 1983), for a locust to kick or jump
!

&
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effectively it is important that co-contraction not be interrupted before the extensor muscle
has developed maximum tension. If extrinsic sensory stimuli were capable of evoking trigger
activity, such premature triggering would sometimes occur. This does not mean, however, that
exteroceptive information is’ of no importance for these kicking and jumping behaviors. In
fact, it makes a critical contribution to the initiation of the entire motor program for
defensive kicks and ¢éscape jumps. In intact, aroused animals, visual, auditory ar_ld faclile _
stimuli can elicit the "cocking response”, which is-ofien a prelude to co-co;xlracLion (Pearson |
1981; Pearson and Robertson 1981). In dissected locusts, wi}h lower levels of arousal, Lﬁis/,\
particular response is abolished, but a motor program commcncing'instcad with a period ot"'
"initial flexion" can be elicited by tactile stimulation. However, for spontancous kicks and
locomotory jumps lo occur, it is obvious that there must be other means by which the motor
program can be initiated. Descendirig commands 'from the brain are probably imporLgnL in
this respect.

Pcarson (1981, 1983) suggested .that the sensory mechanisms involved inhtriggcring
escape and locémotory jumps may be different, with a combination of propriom- and
éxterocépu‘vc inputs being involved in the former, but only proprioceptive input being
responsible for triggering the iaucr. The present findings suggest that this may not be true,

-
and that perhaps, in both cases, proprioceptive fecdback alone mi'ght ultimately be responsible
for producing trigger activity. This proposal is congidered in the following chapter by

examining the way in which specific hindleg proprioceptors may contribute to the generation

of the motor program and its trigger signal.
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V. THE ROLE OF PROPRIOCEPTIVE INPUT IN THE JUMP SYSTEM

A. INTRODUCTION
Before a locust can kick or jump, it must first flex its hind tibiae fully about the
femoral- tibial joint (Béssler 1968). Continued flexor activity then holds the tibia in this

position while the extensor muscle undergoes a prolonged isometric contraction (Brown 1967;

Godden 1975; Heitler and Burrows 1977a). Ascxtensor tension-increases during this period of

co-contraction, cnergy is stored in elastic cuticle of the distal femu:r and in the extensor
apoderhe (Bennet-Clark 1975)..The jump or ‘kick is finally triggered when a sudden relaxation
of the flexor muscle permits most ‘of the stored energy to be converted into kinetic energy as
the hind tibiae rapidly extend. In. Chapter 2, it was sﬁggesled that a system of unidentified
metathoracic interncurons, for convenience termed the central trigger system, may be
responsible for prqducing this flexor muscle relaxation. The sys-tem apparently achieves this by
controlling the activity of a number of other ncurons, including the M-neurons (Pearson et
al. 1980), which are directly involved in terminating flexor z~tivity at the end of the motor
program (Chapter 3). However, it is not vet known how this hypothetical central system ié
itself a-clivatcd to trigger kicks and jumps. .

As dcscrib*cd in the preceding chapter, th notion that triggering results from a
summation of exteroceptive and broprioceptivc inputs at some central site does not appear (o
be correct because sudden exteroceptive stimuli delivered during.‘the Cp-contraction phase
failed to elicit trigger activity. There.is no question, however, that propri):iceptive information
is vital for the performance of kicks and jumps. If an obstruction prévents the hind tibiae
from being fully flexed, a‘locust can no longer jump (Brown 1967, Bissler 1968). Jumping is
also prevented by destruction of the hindleg c@f&oton’al organs (COs), which encode, among

other things, femoral-tibial joint position (Usherwood, Runion and Campbell 1968). Since a

similar resalt is achieved by severing the organ's main apodeme T(Bassler 1968), an operation

which specifically abolishes. responses in the range of joint flexion (Zill 1985),4 it has been

114
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suggested.' that it is signals from the CO duﬁng tii)ial flexion that are critical for locusts to be
able to kick and jump. How, then, might the CO contribute to the triggering process? Zill -
(1985) found that when the leg is held in the fully flexed position, the CO responds to
~ distortion of the proximal tibia caused by contractions of .the extensor muscle. Thus, one
suggestion is that the organ may indirectly monitor extensor muscle tension resulting from
activity of the fast extensor (FET\i) motoneuron during the motor program. However, Heitler
and Brdunig (1988) have recently demonstrated that the main features of the kick progrém,
including the sudden termination of flexor activity during‘the trigger phase, .can occur in the
complete absence of FETi activity. This indicates that the generation of the trigger signal
cannot be dependent upon extensor muscle tension and, therefore, raises ‘the question of
whether the CO might be involved by signalling some aspect related to leg flexien during the
motor program. Indeced, this idea had bécn suggested by Bassler's study twenty vears earlier.

Another proprioceptor that has been implicated in the control of jump triggering, and

whose activation is dependent_on hindleg flexion, is the lump receptor (Heitler and Burrows
1977b). Due to its particular locgtio;x in the distal femur, this receptor is 6n1y excited when
the tibia is fully flexed and there is-ten_sion in the flexor tendon. This is precisely the situation
that exists during the co-contraction phase. Afferents from this receptor run in the lateral
nerve and when this is cut, it-is more diffimélt to elicit kicks or jumps from an animal.
Periods of co-contraction still occur, but these are not usually terminated by lriééer activity.
Furthermore, mechanical stimulation of the lump receptor, or clectrical stimulation of the
lateral nerve, can both cause inhibition of flexor motoneurons. However, ;15 with the CO, the
detailed meéhan\isms by which the lump receptor might trigger kicks and jumps ére not

known. |

The aim of the present inv;:stigétion, then, was to determine whe't.her these
proprioccpfors are irﬁpor[am for generating the trigger phase of the motor program, and if

so, whether the peripheral signals they provide are of a phasic or tonic nature. These

questions were addressed by assessing the effects of nerve transection or receptor ablation on
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the motor program, and by recording from, ahd stimulating, sensory nerves during the
performance of bilateral kiéks. The results indicate that the lump receptor plays no role in the
triggering process, but that the CO is of vital importance. Furthermore, CO input is essential
for co-contraction to occur. It appears that tonic fgcdback from the CO enco'd/i'n‘g full tibial

flexion is involved in producing both of these phases of the motor program.

B. MATERIALS AND METHODS
Details of the dissection and of techniques for both intracellular and

elgctromyographic recording were as described in the preceding chapter. Additional techniques

were as follows.

Nerve Recording and Stimulation

To expose the lateral nerve, one hindleg was manipulatéd so that it lay in a horizontal
plane, perpendicular to the animal's long axis and with its rpcdial (inner) surface facing
upwardé. A small piece of cuticle spanning the prominé;lt ridge which forms the
ventro-medial margin of the femur was removed. The exact ]o&\'on of the window was not
critical. Saliné was not used to irrigatc the preparation becaus.:it - “cn caused the leg to
autotomize or the extensor muscle to contract powerfully, sn;ppvihg\it\ tendon. The lateral
nerve was quickly placed on a i)air of 75 yum silver wir.e hdok electrodes and insulated with
silicon grease. |

Ideally, recordings of CO afferent activity would be made from the chordotonal nerve
whi;h joins the organ to nerve 5bl, howevert this was difficult to do without causing some
injury to the leg which then prevented it from kicking. Consequemly, recordings were made
from the whole nerve 5bl some 8 mm proximal to the CO. Any activity of tibial afferents in
these 1ccordings was climinated by macerating the inside of the uibial stump with a blunt

probe. T.e leg was positioned as for lateral nerve recording and a small window was cut in

the femora; cuticle. A fine steel hook was used to search for nerve 5bl in the space between
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the flexor and extensor muscles.

Recordings f};m the lateral nerve and nerve 5bl were never rée of contamination.
from Aflexor and extensor muscle potentiats. This situation was improved solmewhat by
high-pass filtering (using a Krohn-hite 3700 filter) with a low frequency cut-off of 500-600
Hz. The nature of the affe"ren; spikes in these recordings was not greatly affected by the
filtering process.

The timing of nerve stimulation during co-contraction was controlled by the digital
device described in the precediﬁg paper. In most cases, the stimuli were 200 H7 60 ms trains

of 0.2 ms duration pulses. Trains applied to nerve 5bl were usually 1.5 V, whereas more

intense stimulation (3 V) wasBsed for the lateral nerve.

Nerve and Receptor Apodeme Transection
The lateral nerve could easily be cut after exposing it as described above. To sever the
CO nerve, a narrow window, 2-3 mm long, was cut in the 'pa]e colored, dorso-medial cuticle
of the femur, just prcximal to the dark, heavily"sclerotized region. For the leg to be able to
kick, it was critical that this window be cut between the longitudinal st.rengthemng ribs. The
lrachcae under the cuucle were removed. Movmg the tibia into the fully extended position
A

drew the extensor lendon ventrally and provided a clearer view of the CO, adjacent to the

lateral wail of the femur. The CO nerve could then be cut. Because of the small aperture of

the window it was sometimes difficult 10 determine* whether this operation had been

performed successfully, and so to ensure this, the femur was fully dissected following each
experiment. In other experiments, the main apodeme of the CO was severed using the
technique described by Bissler (1979), although no attempt was made to reattach this
apodeme at another site. B

In all transection experiments, EMGs were recorded during hindleg kicks following the

" operation to expose the particular nerve or apodeme, but prior to cutting it, and then again

after the cut was made. In addition, behavioral observations and EMG recordings were made
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of animals whosq CO apodemes in one or both legs had been severed several days earlier.
Control animals had undergone the same operation, but their receptor apodemes had been left

intact. :

‘C. RESULTS

>
+

The Role of the Lump Receptor

As a first step towards assessing thc possible fo]e of the lump receptor in Lriggc’ring
kicks, flexor and extensor EMGs were recorded from a single leg before and after transecting
the lateral nerve. The opposite hindleg was preventedfrom kicking to ensure that contralateral
Sensory feedbz;ck could not influerfcc the recorded. motor pattern. As rcported by Heitler and
Burrows (1977b), locusts were still able to kick after input from the lump receptor had been
abolished. Howcvcg, Comr'éry“';Lo their observations, latgral nerve transection did not alter the
case with which kicks could be elicited. An intact, rc; rained animal could usually be induced
to kick 10-‘20 times, and this was also true for animals whose lateral nerves had been severed.
Moreover, the operation had no apparent effect on the duration of the entire motor program,
‘or of its separatc phases. Examples of batlcms of motor activity record.ed before and after
nerve transection are shown in Fig. 5.1. Clearly, these patterns are very ‘similér.

Although it is obvious from these findings that the lump receptor is not critical for

>
H
-

the performance of kicks, it may nevertheless contribute to the generation of the trigger

,

. Ve
signal. Heitler and Burrows (1977b) reported that the lump receptor is activated when the leg

is in the fully flexed position and there is tension in the flexor tendon. Not surprisingly, then,
7 ’ ’

recordings from the lateral nerve during kicks revealed that afferent activity commences
during the initial flexion period and continues through\out the co-contraction phase (Fig. 5.2).
There wis na obvious phasic discharge corresponding to the *moment of triggering, as

indicated b the time of {lexor motoneuron shutdown. The intense burst of large amplitude

afferent spikes following the termination of flexor activity was caused by leg extension during
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Fig. 5.1. Transection of the lateral nerve has no effect on the kick motor program. °
Electromyographic recordings from the flexor and extenﬁor tibiae muscles of one hindleg
before (wop trace) and aftef (bottom trace) the lateral nerve was severed. The la;ge amplitude
spikes a;e due to’ aclivi_ty of the fast extensor motoneuron; the smaller‘spikes are caused by
activity of the variousﬂex.or motoneurons. Patterns of motor activity similar to those d aring

normal kicks occurred following elimination of lump receptor input.
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Fig. 5.2. Afferent activity recorded {rom the lateral ncrve.during a kick. Top trace -
"intracellular recording from a flexor motoneuron innervating the left leg; second trace -
extracellular recording of afferent activity in 'the'lefl lateral nerve; bottom trace - combined
flexor and extensor EMG recording from the left leg. Some pick-up of muscle potcr'nials is
evident in the lateral nerve recording. The spikes at the beginning of the initial flexion phase,
and some of the larger amplitude spikes during co-contraction are due to flexor and extensor
activity, respectively. Note that tonic afferent activity occurs throughout the co-contraction

phase, but ‘here is no obvious phasic dischargc at, or just prior to, the instant of flexor

motoneuron repolarization,
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the kick and was most likely-dué to receptors located in thﬁe suspénsory ligaments of the joint
(Coillot and Boistel 1969). These results suggest that if the lump receptor does. play a role-in

ri
the triggering process, it probably does so by providing tonic feedback during co-contraction.

An;;er strategy used to assess whether lump receptor input is involved in producing
' trigger activity was to apply brief, high frequency stimulus trains to the lateral nerve in one
hindleg during the co-contraction phase of bilateral kicks. The rationale behind this was that
the excitation produced in the central nervous sy'stem"(CNS) by the electrical stimulation
should SU{nmatc with that caused by the ongoing afferent activity and perhaps trigger a kick
prematurely. During normal bilateral kicks, Lhe shutdown of flexor. activity during the triggér
phasc occurs almost simultaneously ip both hindlegs'; and the left and right legs extend in near

(. v . .
synchrony. It can be seen in Fig. 5.3 that stimulating the left lateral nerve during

s
co-contraction prematurely terminated the acﬁ'vit_v of all ipsilateral flexor motoneurons (as
judged by the intracellular recording and by the absence of flexor spikes in the left leg EMG
during and after the i)ulse train), but did nos influence the motor program in the contralateral
leg. Co-contraction continued in the opposite leg as usual. Consequently, lateral. nerve
stimulation produced a matked discrepancy in the timing of extension of the two legs. As was
noted in Chapter 3, the prematurely triggered l‘eg subsequently displayed a burst of extensor
activity corresponding to t~¢ terminal burst in the unaffected, contralateral leg.

During the . trigger phase of normal kicks, .theA membrane .poten_tial of flexor

motoneurons' is rapidly repolarized to its resting level. However, it was consistently noted that

during kicks evoked by lateral nerve stimulation the flexorsv exhibited a sli‘ght mavi;ltained
depolarization after tpe pulse train, lasting until the time the opposite leg was triggered (Fig.
5.3). This suggested that some aspect of the experimentally-evoked trigger activity was not
natural Since the M-neurons are known. to discharge powerfully during the trigger phase
(Chapters 2,3), it was possxbe to determmc whether the flexor repolarization produced by

lateral nerve stimulation was due to the normal activation of the proposed central trigger

system simply by observing the activity of the M-neurons at the time. of stimulation.
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Fig. 5.3. Premature flexor repolarization  produced by lateral nerve stimulation during
co-contraction. Top trace - intracellular recording from a flexor motoneuron innervating the
left leg; second trace --3 V, 200 Hz pulse train applied to-the left lateral hervc;_lower traces -
left and right leg EMGs. The pulse train during the co-contraction phase caused the sudden
repolarization of the flexor motoneuron and silenced activity in all other ipsilateral flexors as
well (as is evident b& the absence of flexor ‘spikes in the left leg EMG). Flexor and extensor
activity . in the right leg was unaffected by the pulse train. Note-the small ‘maintained

depolarization in the flexor motoneuron following the stimulus train.
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Figure 5.4 shows two examples of g-neuron recordings during kicks in which
stimulation ..~ the left lateral nerve interrupted 'he ;o-n‘ontraction phase in the left leg and
cause_d it to extend prematurely. v‘In each case, the pulse train failéd Ato excite the ipsilateral
M-neuron, éither directly, or indirectly via activation of the hypothetical [rigger’ system. The
slight depolarlzauon in M fol]owmg the stimulus train in Fig.'5.4A - ae smgle spike in Fig.
' 5.4B. were due to reflex excitation caused by the leg s extension, and were not a direct result
of the sumulus train, After the leg euended prematurely, the M-neuron discharged a weaker
lhan normal burst of actiori potentials at the normal time of trigger activity in the opposue

leg This same phcnomenon was observed in the study descrlbcd in Chapter 3. The finding ‘

that the M-neurons were not acuvatcd durme these experimentally -evoked lekS 1mplles that

the triggering produccd by latcral nerve stimulation is an artificial one. The lump receptor

therefore, proba‘bl)"plays no role in the process by which kicks and jumps are normally

\

Lri ggcrcd ’

v .

How, then, did lateral nerve stimulation bring about the, prefnature repolarization of

4

1ps1lateral flexor. motoneurons durmg co- comracuon” The answer to this is apparent in Fig.
5.5. When pulse trains which were abIe to ellcn premature leg extension ¢ ' 2 co-contraction

. were apphed to the lateral nerve-in the quiescent animal, Lhey usually produced a distinct

.

h\pcrpolanzauon of ipsilateral flexors, but, again, typicaily did not evoke action potentials in
"either M neuron (Fxg 5. SA) Slmllarly prolongeg stimulation c-auseq a maIr}talned.
h)'pcrpoléiization of flexor motoneurons, identical to that feponed by; Heitlf.:‘r af;d Bﬁfrows
(1977b), but only a tran31cnt subthreshold depolanzanon of the M -neurons (Fig. 5.5B)..

“Thus, Lhe flexor inhibition produced by thxs eleurlcal sumulauon must have been due to direct

s

mh1b1tory pathways (mdependent of mterneurons in ‘the trigger system) that exist between

.’ v

afferentb in the lateral nerve and ipsilateral ﬂeon motoneurons.

”
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Fig. 5.4. Lateral nerve stimulation causing. premature leg extension. during/_\/,

co-centraction does not activate the ipsilateral M-neuron. Top traces - intracellular recordiygs.

from M-neurons which inhibit left leg flexors; second traces - stimulus trains (3 V, 200 Hz)

- applied to the left lateral nerve; lower traces - left and right leg EMGs. The recording in A

was made from the mediai- processes of the M-neuron. A lateralz branch recording is shown in.

B. In each example, the pulse;t‘rain terminated co-contraction in the left leg and caused

prematﬁre extension, bbup did not evoke. a discharge of action 'poientials.in the M-neuron.

“Note that tie mou;r progiz;m in the ri.ght leg continued weil beybnd the time of lateral nerve

stimulation. A
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Fig. 5.5. Effects of lateral nerve stimulation on ipsilateral flexor motoneurons and

M-neurons in the quiescent animal. Top traces - intracellular recordings from a left leg flexof
motoneuron (ﬂex.) or the M-neuron which inhibits left leg flexors (M); bottom traces - 3 V
pulse trains applied to the ief t lateral nerve. ﬁe M-neuron and flexor recordings were made
" in different animals, howeve:. 1 each animal pulse trains of thi; intensity were able to cause
premature extension of t_he left leg during co-contraction. ‘A Brief 200 Hz stimulation of the
lateral nerve usuallyvhyperpolarizc_d ipsilateral flexors, but produced only a co’mbina[ion of
weak excitation and inhibitioh of the M-neuron. B~Prolonged 80 Hz stimulation produced a
maintained hyperpolariiatidn of  flexor motoneurons in which each stimulus pulse was

followed by a- small depolarization. The same stimulation evoked only a short-lived,

subthreshold depolarization in the M-neuron.
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The Role of the Chordotonal Organ

-
N ~

Biassler (1968) reported that animals whose CO apodemes have been sévered are still
able to “'x their tibiae normally, but can no longer jump. This was thought to be because the
jump is not triggered. It would, therefore, bc expected that co-contraction would still -take
place in the operated leg, but this would not be terminated by trigger activity. Consequenily,
excitation .of the femoral muscles should gradually diminish. To test this prediction, EMGs

-were recorded from both hindlegs during normal bilateral kicks and dhring kicks- elicited after
the CO apodemc in onc leg had been transected. Consistent with the earlier findings, once the
apodemg had becn cut the operated Ieg was no longer able to kick. However, this was not
simply because the trigger phase of the motor program was absent, but because the entire
co-’contracfion phase .did not occur (Fig. 5.6).4:The operated leg was often m(;ved into the‘
fully fiexed position, but simultaneous fast extensor activily never took .placc. In some kicks,
flexor activity in the operated leg continued throughout the period of co-contraction in the
contralateral hindleg, until just before the time of triggering. On other occasions, no flexor
activity' was obscrved in the operated leg during the perforfnance of the contralateral kick
motor pfogram. A consistent. feature, though, ‘was‘that one 1o six FETi spikes occurred in the
operated leg at a Lim;e'roilghly coincident with the terminal extensor burst in the intact leg.
fl’x;s same extensor excitation was evident following premature leg extension in Figs. 5.3 and
5.4, and is ihought 10 reflect) a ccmr_al, bilateral output to the metathoracic fETi
motoneurons at the end of the motor program (Chapter 2). The significancce of this extensor
muscle activation is that it caused the operated leg to extend in approximate synchrony with
the intact; Kicking leg, thus giving the illusion of a normui bilateral kick. When this extensor
burst was strong (e.g. 3-6.spikes), this illusion was quite convincing.
| Transection of the CO apodeme in one leg did not appear to influence the duration of
- any ‘a.".pe'cl of the i{iék motor progr_ém in Lhé contralatéral leg. Although it may appear in Fig7

I

5.6/Lhaf the operation caused a prolongation of the initial flexion phase, brief periods of
. I'd
initial flerion also occurred in this animal after the apodeme had been cut. The durations of
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Fig. 56 Severing the receptor apodeme of the chordotonal organ (CO) prévents
initiation of the co-contraction phase in the ipsilateral leg. Examples of  EMG activity
tecorded from the left-(top traces) and right (bottom traces) hindlegs before (intact) and
after (operated) transecting the left CO apodeme. Once the apodeme was cut, co-contraction
of the flexor and exteﬁsor muscles in the left leg could not be iﬁitiated, even though normal
,co-contracu'én occurred in the Caomralateral leg. The left leg was often full;f flexed before the
kick of the right leg. It also extended in near synchrony with the intact right leg due to a
variable number of FETi spikes which occurred at about. the time of trigger activity. Three-
'AOperated' ,examples are-shown in 'orde.r to emphasize the consistent occurrence of these FETi

“spikes in the ipsilateral leg.
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the different phases of the motor program in each animal are normally highly variable (see
also Heitler and Brdunig 1988), and the examples shown in Fig. 5.6 were selected only to

(.

demonstrate that normal episodes of co-contraction (complete with their terminal extensor

<

‘
1

bursts‘) can occur in a leg fol]owfﬁg the transection of the contralateral CO apodcme; Severing
the CO nerve, which eliminated all afferent input from the COZ':E_lso prevented kicking by
abolishing the co-contraction phase. Indeed, the effects of this operation were identical to
those described for section of Lh; CO apodeme.

LJiven the drastic altéfations of the motor program in the ipsilateral leg produced by
cutting the CO apodeme, Bissler's (1979) conclusion that this operation only temporarily
abol\ﬁ@ an animal's ability to jump and kick scemed surprising. To test this, the receptor
apodemcs of onc or both legs of locusts were cut, and observations of the jumping and
kicking performance of thesc animals were made several da_\"\s later. Control animals were
opérated on in the same way but their CO apodemes were left intact. As Bissler had noted,
locusts with- one or both CO apodemes severed still appeared to jump. However, such
behavioral observations were misleading because wheﬁ' these animals were later restrained- and
EMG recordings made from both hipdlegs during bilateral kicks, it was discovered that here,
also, the "kicks" of the operated legs were ncver preceded by flexor and extensor
co-contractions. Rabid leg ex;cns_ion was produced only‘by brie{ bursts éf FETi spikcs. In
those cases in which only one apodeme Had been’ cut, this extensor burst coincidéd with the
Léfminal burst in the intact leg, just as in the exémples shown in Fig. 5.6. Wher the apodemes
of both COs had been severed (preventing co-contraétion in either»legv) bildteral tibial
extension could still sometimés occur due to a near synéhronous burst of extensor activity i'n.
the two hindlegs. It is not known whether this extensdr excitation arisés from the same source
Lbhat is thought to produce the terminal extensor burst during the normal kick or jufnp motor
program' (Chapter 2). The pattern of motor activity reco'r%ql from the operated légs- of

control animals was normal.



129

Although these findings indicate that chordotonal input is essential for the iqitialion
of co-contraction, they do not reveal whether the CO is 1lso impor:ant for the generation ‘of
the trigger phasé, since this is a separate stage of the motor program which can only occur

“after co*coqtraclion has Lakcn’ place. To answer this question, then, it was necessary to record

from, and to stimulate, CO afferents during the performance of kicks. Extracellular
recordings from CO a‘fferentsk during kicks typically show intense activity at the onset of the
_initial flexion phase of the motor program (Fig. 5.7A). A phasic discharge occurred as the
libia was moved into the fully flexed position, and tonic activity then continued for the
remainder of the flexion phase and Lhroughout the co-contrz;ction phase. In Fig. 5.7B the
'rapid extension of the leg prior to the start of ihe kick motor program produced afferent
activity that did not completely subside before the initial flexion phase commenced. During
co-contraction, bursts of afferent spikes occurred in response to contractions of the exlensor
muscle (particularly evident m Fig. 5.7B), nresumébly as a result of distortion of the
proximal tibia and displacement of the receptor"s apodeme (,Zi11>1985). Although the
prominent phasic discharge at the conclusion of the motor program in Fig. 5.7A abpears as if
it might represent a peripheral trigger signal, it is quite obvious in Fig. 5.7B that this
.‘dischargc, occurs after flexor motoncuron activity has been terminated. It must, therefore,
have been a response to the leg's ballistic extension during the kick. Prior to the moment of
Lriggering (i.e. fiexor sﬁufdown) no other phasic afferent discharge is apparent in these
recordings‘,Asuggesﬁng thai if the CO does play a role in generating the trigger phase, then it
may be the activily of the organ's tonic units that is responsible. |

To assess whether CO afferents are‘ able to evoke trigger activity, nerve 5bl, just
proximal to the organ, was electrically stimulated with brief, high frequencly pulse trains
durihg,.the co-con[racLiin phase of bilateral kicks. Figure 5.8 shows ‘two examplés of
recordings made from vipsi_latcral' flexor motoneuroné during sush stimulation. In both cases,
the pulse }rain caused the mptoneﬁron Lo rapidly repolarizef bi.. had no immediate effect on -

the contralateral 'fle‘xors‘ as can beyseen from the continuing flexor activity in the right leg

@
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Fig. §.7. Chordotonal afferent activity during kicks. Bottom traces - flexor and

extensor EMGs recdrded from the left leg; top irace in A and middle trace in B - cxtra_cellular
recording of éfferem_ activity from the ieft nerve Sbl, just proximal to the CO; top trace in B
~~- intracellular recording from a left leg flexor motoneuron. The initial movement of the leg at
the start of the motor program (or preceding it in B) ggused a phasic burst of afferent
activity. Sustained firing of tonic units occurredk once the leg reached full flexion, but

superimposed on' this are bursts of afferent spikes produced in response to extensor muscle

contractions (especially evident in B). The phasic chordotonal discharge close to the end of

FETi activity occurred after the repolarization of the flexor motoneuron (i.e. after the trigger

phase) and was due to the leg's rapid extension during the kick. No obvious phasic discharge

is visible prior to the kick being triggered.
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Fig. 5.8. Premature repolarization of ipsilateral flexors produced by chordotonal
stimulation during co-contraction. Top tfaces_ - intracellular recofdings from ﬂ‘exor
motoneuron; innervating the left leg; second traces - 1.5 V, 200 Hz stimulation of the left
nerve 5bl; &ttom traces in A,B - left gnd right leg'EMGs. A B are examples from different
animals, In each case, the pulse train cavused the sudden termination of activity in the left leg
flexors (sée intracellular and EMG recordings) but did not produce an immediate cessation of
flexor activity in the right leg. Note that the membrane poten’tial of the flexor motoneuron
returned to - its resting level following the stimulus. C The same stimulation in a quiescent
animal caused a hyperpolarization of ipsilateral flexor mbtoneurons that had been depolaﬁzed
by the injection of constant current. The late.ncy of this effect was ;he same as for the flexor

repolariza;ion_evdked during co-contraction (cf. A,B).
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myogram. If a flexor motoneuron in a quiescent animal - was injected with constant
depolarizing current, such that it was fifing tonically, stimulation of the ipsiiateral nerve 5bl
also caused a strong repolarization of its membrane potential (Fig. 5.8C). The latency of this
inhibition in the quiescent animal was identical to that for the flexor repolarization produced
by the stimulation during co-contraction. Depending on the preparation, thi's latency was
between 18 and ’20 ms. Thus, as was the case for the lateral nerve, it is probable that the
premature triggéring of the ipsilateralJ leg caused by nerve 5bl stimulation was a
directly-evoked reflex -effect and was not due to activation of the system that normally
triggers kicks. This conclusion is further supported by the observation that FETi activity in
the ip'silatcral leg was merely interrupted"“by*—fhe\gplse trgin, and the usual terminal extensor
burst close to the time of triggering did not occur.

A key observation during these experiments was that, although chordotonal

stimulation caused the carly release of the.ipsilateral leg, on no occasion was there a large .

discrepancy in the timing of left and right leg extension.\Jhis can be judged abproximately by
the relalltuively Short duration between the ‘.time of stimulatifn of the’ left nerve 5bl and the end
of right leg EMG‘ activily in the two examples shown in Fig. 5. ‘8. This situation contrasts _
markedly with the "triggering” produced by lateral nerve stimulation in which the affected leg
could sometimes be caused to -extend several hundred milliseconds before the kick of the
contralateral leg (see Fig. 5.4). This suggested that stimulation of the CO afferents in one leg
could somchow influence the timing of trigger activity in the opposite lcg._ Sugh an effect is
clegrly demonstrated in Fig. 5.9, which illustratesk the relationship between the time of
chordotonal stimulation during the co-cohtraction phase and the change in duration of
co-contraction (or, more accurately, the duration of FETi activity) in the contralateral leg.
Stimulation early in the co-contraction phase caused a distinct shortening of co-contraction in

.,
the oppesite leg, as compared to an average dMwatios calculated for normal kicks in the samge

.

animal. Stimulation late in the co-contraction phase also caused shortening, but to a much

s

lesser extent. For three of the four animals in which these values were measured, the slopes of
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Fig. 5.9. Chordotonal stimulation terminates the co-contraction phase in the

contralateral leg. A Diagram to illustrate the variables measured from recordings of EMG

a 1.5 V, 200 Hz pulse train is applied to the left nerve 5bl and the chahge

FETi activity in the right leg. Data from two different animals are shown

- activity duringkicks with, and without, sensory stimulation. B Relationship between the time

i duration of

‘1,i1). For each

plot, both- variables were normalized by dividing by the average duration of extensor activity

(t1) during normal kicks in that animal.
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the regression lines fitted to the data did not differ significanily from 1.0 (p>0.05). The data
from two of these animals are illustrated (Fig. 5.9B). That-the slope of this relationship is
close to 1.0 implies that there is a relatively [ixed interval between the time of nerve 5bl
stimulation and the conclusion of the motor program in the contralateral 1eg (i.e. 12;13 is
approximately éonstam), regardless of whén the pulse train is applied during co-contraction.
This interval ha@ af finite value and consequently the X and Y imerce'pts of the regression lines
were not +1.0 and -1.0, respectively. In 35 kicks from cight animals, the average delay
between the stimulus onset and the end of contralateral EMG activity was 103.7 ms
(S.b.=16.8 ms). 1t should be emphasized Lhai had chordotonal stimulation been without
effect, the data points in these plots would lie along the abscissa. .

From these results it is apparent that chordotonal stimulation exerts ;i str.'ong influc_nce
on the motor program in the contralatcral leg. A number of observations indicate that this
influence may be a reflection of satural triggcring process. Firstly, a terminal burst of
extensor muscle spikes was always oresent in the EMG of the contralateral leg after
co-contraction had been curtailed by sﬁmulﬁating nerve Sbl (Fig. 5.8, see Fi.'gs. 5.10-12): This
suggests that t\he motor program in ihe oi)ﬁosile leg had been brought to its normal close and
was not somehow interrupted by the pulse train. Consistent with this, extensor spikes also
occurred in the ipsilateral, prematurely triggerckd leg at the time of trigger activity in the
opposite leg (Fig. S.g). although the timing of this EMG activity relative to the contralateral
burst was sometimes quite variable. The most telling finding, though, was that chordotonal
stimulation during co-contraction always fully repol%rized ipsilateral flexor motoneurons (Fig.
5.8). There was no maintained depolarization after the pulse trainv like that observed in flexors
following lateral nerve stimulation (see Fig. 5.3). Thus, although some reflex pathway may
have Caused.t'hc initial shutdown of ipsilatcré'l flexor activ-i.ty, complete repolarization of the
flexor raotoneurons after the nerve Sbl pulse train was probably due to the . subsequent

activation of the central trigger system.
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If nerve 5bl stimulation during the co-contraction phase does produce normal trigger
activity, this should be reflected by the delayed t-erminalion of contralateral flexo; activity and
by the pdwerful activation of the two M-neurons, with both these evenis“?i}laving similar
latencies. This was found to be true. Figure 5.10 shows that chordotonal stimulation was
followed after some delay by the sudden shutdown of the contralateral flexor motoneurons.
The latency between the first‘pulse in the train and the onset of the steep repolarization in
these flexors was not constant, but in the three animals in which such recordings were made it
was always in the range of 40-60 ms. This was much longer, and more variable, than the
18-20 ms required for the termination of ipsilateral flexor activity (see Fig. 5.8). Also, unlike
what was observed in ipsilateral flexor motoneurons. these same pulse trains had no effect on
tonically active contralateral flexors in the quiescent animal (Fig. 5.1.0C). Therefore,
inhibitory pathways between chordotonal afferents and the flexor motoneurons of the
opposite -lcg do not exist. These observations ‘are all consistent with the idea that the
termination of activity in the contralateral flexors during co-contraction was not due to a
reflex inhibition, but rather to excitation of the tfigger system.

Recordings from seven different M-neurons made while nerve 5bl was stimulated
during co-contraction revealed that both members of the pair were always strongly depolarized
. ) ‘

_soon afier the onset of the pulse train (Figs. 5.11, 5.12).-However, the rising phases of these
depolarizations were not as rapid as is usually seen in an M-ncﬂuron because each typically
commenced with a phasic subthreshold .depol.arization, followed by a transient repolarization

and then further depolarization. These synaptic inputs prior to the burst of action potentials

were very similar, in both form and latency, to the direct inputs the M-neurons received from

M . e

pulse trains in - the quiescént animal (Figs.‘ 5.11C, 5.12C). This suégested that the
depolarization.produced in M by stimulation of CO affé?gn[s may have been due to a
combination of directly-cvoked inputs and input from the central trigger system. The onset of
intense spike activity in theée neurons c;écurred 46-60 ms after the start Qf‘ the slimulﬁs train,

matching the rahge of latencies measured for the steep repolarization of contralateral flexors
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Fig. 5.10. Chordotonal stimulation during co-contraction causes the delayed
repolarization of contralateral flexor motoneurons. Top traces - intracel{ular recordings from
right leg flexor motoneurons; second traces - 1.5 V, 200 Hz pulse trains applied 10 the left

nerve 5bl; bottom traces in A,B - left and right leg EMGs A B are recordings from different

T ammals In each example there is a short delay betwecn the time of stimulalbn and the onset

of rapid repolarization in the ﬂexor Note that the motor program in the right leg concluded
with its .usual extensor burst. C Identical stimulation in the quiescent animal had no effect

upon contralateral flexors depolarized by current application.
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Fig. S.11. Chordotonal stimulation during co-contraction activates the ipsilateral

\ : . : : . ¢
‘M-neuron, Top traces - intracellular recordings from the M-neuron which dnhibits left leg -
* flexors; second traces-- 1.5 V, 200 Hz stimulation of the left nerve 5bl; bottom traces in AB

- - left and right leg EMGs. All recordings are from the same animal.' A,B Stimulating nerve

5bl during co-contraction caused a powerful depolarization ‘in the M-neuron, with high
frequency spike aétivity occurring after a short delay. The rising phase of M's discharge
displayed synaptic poritemials similar to .)Ll_llose evoked directly by pﬁlse trains in the quiescent
animal (C). The first of ‘these is vi'éible in each exémpI\e (arrowhead). The subsequent
suprathreshold: depolarizition evident in the resting animal wés not always discernible during

co-contraction because it apparemly merges w:Lh the M-neuron's strong depolarlzatlon Note

the termmal extensor burst at the end of the motor program in the contralatcral leg.
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Fig. 5.12. Chordotonal stimulation during -co-contraction activates the contralateral |
M-neuron. Top traces - intraceljular recordings from the M-neuron which inhibits right ieg
flexors; second traceé - 1.5 V, 200 Hz pulse trains applied to the left nerve 5bl; bottom tfaces
in AB - left anq right leg EMGs. All recordings. are from the same animal. A,B The
M-neuron was strongly depolarized shortly after the onset of chordotonal stimulation during
co-contraction. The trigger discharges in the neuron were preceded by ‘synaptic inputs evoked
directly by the puise trafns. These inputs during co-contraction appeared to be shunted
vers:"o'ns of the potentials produced by stimulation in the quiescent animgl (C, compare the -

amplitudes of the initial depolarizations indicated by the arrowheads). Again, note that the

motor program in the right leg concluded with an extensor burst.
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_(Fig. 5.10). S
_Although it may appear by gomparing the intensity of the dxscharges in Figs.-5.11 and .
5.12 that chordotonal sumu]auon exerted a weaker influence on the ‘contralateral M-neuron,
this was not so. In other animals, the contralateral M discharged as powerfully after the pulse
train as it d1d during normal kicks. In the ammat from which the recordings shown in _Fig.
- 5.12. were made, the effect of sumulatmg nerve 5bl was to produce some.stréng mhxbltor\y‘
potentxal‘s km addition 10 the weak excitation, F1g -S. 12C) This directly-evoked mhlbltory
input probably coumeracted the dcpolammg input to he neuron arlsmg from the mgger
’system and consequently lessened the inlgnsi[y' of the ncuron's initial discharge. Clearly
though, the amelitude of the underlying depolarization during this burst of spikes was as large
as that evoked in the ipsilateral M-ncuron by stimulaling Lhe chordotonal afferents (cf. Fig.

On two “occasions in onc animal, & :ting nerve S5bl with pulse trains of an

A

intensity .that had earlier been suff%nt to p:hduce trigger 'aciivityv,f‘giled 1o terminate the
'co-eontraction phase in the contralateral leg. after- Lhéﬁi&ual delay'. It is significant that on
Aboth occasions normal co-contraction had not been initiéted in the stimulated leg and there
had been unusually long pegigds of initial flexion (Fig. 5.13A). The pulse train still caused the
shufdown of ipsilateral 'flexor motoneurons, but this was only transient (see _left leg - EMG).
Corres, nding to the stimulus train's failure 1o evoke trigger activity, the reco“rding ;rom the
M-neuron (contralateral in this case) reveals en]y the potentials produced as a direct result of
chordotonal 'stimulation,‘but not Lhe'powerful. excitation normally associated with triggering.
This occurred later at the normal conclusion of the motor ‘ﬁ'fogram in the right leg.
Furthermore, the direct inputs to M during co- comractxon were shunted due tQ_Lbe/n:uron s°
ongomg hyperpolatization (compare Fig. 5.13A and B), indicating that these could not’ have
been important for producing the neuron's discharge during those kicks which were triggaéred

by nerve 5bl stimulation. The few. spikes elicited in the M-neuron at this time caused only

~ momentary breaks in the discharge of contralateral flexors (see right leg EMG), but did not
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Fig. 5.13. Chordotonal stimulation does not evoke trigger activity or strongly activate
the M-neurons when co-contraction has not been initiated. Top traces - intracellular
recordings from the M-neuron wﬁ,ich inhibits right. leg flexors; second traces - 1.5 V, 200 Hz
v stimulation of the left nerve 5bl; bottom traces in A - left and right leg EMGs. A When CO
afferents were stimulated in a leg in which ‘the flexor and extensor muscles were not
co-cpmracting, the motor program in the .cc;mralateral‘leg was not terminated after ihe usual
delay. The pulse train evoked only weék ksynaptic input 1o the M—neuron., corresponding to a
shunted version of the direct inputs evoked in the quiescent - 1imal (B). Note that sensory
stimulation only /ﬁmporarily' silenced ipsilateral flexor activity. Also, as is usual when

co-contiaction does not occur, there was a burst of FETi spikes in the left leg at the tiine of

i ,
the terminal 7tensor burst in the right leg (cf. Fig. 6).

!

’- : -
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completely terminate activity in L.cse motoneurons. The correlation noted between the
inabilit_y of these pulse trains to evoke trigger activity and the absence of co-contraction in the
stimulated leg suggests that the mechanisms underlying the generation of the co-contraction

i

and trigger phases of the motor program may somehow be linked.

D. D!SCUSSION

The major finding of this investigation is that kicking and jumpin.g behaviors in the
locust. are dependent on tonic prdprioccp[ive feedback from the hindleg CO. This receptor
organ is essential for gencrating the co-contraction phase ofythe motor program and also
appears to play; a major, i not vital, ro]e’in producing the program's trigger phavse. By
comrz;st, the femoral lump receptor is not involved in the process by which kicks and jumps
are, triggered, and is of Ii[-tlg, or no, importan.ce in producing other aspects of the motor
pattern. In this discussion, [hé e“vidcn”c:e which supports these conclusions will be reviewed‘aﬁ’d
the way in Wthh these new findings influence current views concerning the neuronal

mechamsms underlymg the Jump will be consxdcred - ‘ V &
Lump Receptor‘lnput Does th"[‘r«?gger Kicks and Jumps

One of the ﬁrst 1nd1cauons that the lump receptor is not involved in lhc Lriggering
_ process was that abohshmg mput from this receptor did not alter the ease with w{x‘lch k?cks;'“_
could be elicited. Thlg‘comradlcts the earlier fmdmg of Heitler and Burrdws (1977b§ Lhat 1[ is
more dlffxcult to clicit kicks and )umpé from a locust followmg ablation of the lump receplor
A p0551b1e explana'uon fér ths contradlcuon COncerns thgx;n,ature of the operauon performed
It was noted during the course of these expcrlments that unless pamcular care was taken to
mlm.ri'uze thg severity of any dlSSCCUOIl of the™ hmdleg, an amma] was often reluctant to lek

. 4, . Ty

after Lhe ‘operation. Thus, the confhctmg results rmay reflect dlffercnces in the pamcular‘

b

dissection procedures that were used.
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When afferents in the lateral nerve, including those of the lump receptor, were
eléctrically‘stimulated during co-contraction, premature extension of the ipsilateral leg was
“elicited due to the sudden termination of activity in the flexor motoneurons innervating that
leg (Fig. 5.3). However, this shutdown of flexor activity Waé clearly not brought about by the
natural triggering process. The M-neurons discharge strongly dur\ing the trigger pha_s,e of
normal kicks (Chapters 2,3) and thus would be expected to do so whenever true trigger
_ activit&’ is_ elicited experimentally. Yet during kicks evoked by lateral nerve stimulation the
M -neurons fema'ined inactive (Fig. 5.4). These kicks could not, therefore, ha.ve been due to
the activétior; of the central trigger system or to any direct excitation of the _VM-neuronsf
themselves kcf. Pearson et al. 1980). Several other obs;rvalions suggeét that the triggering
elicited by fatcral nerve stimulation did not involve the trigger system. Firstly, because trigger
activity m the two hindlegs during jumps and bilateral kigks is clo‘sely coupled, it miglf be
cxpcctedvlhal any sensory input that is able 1o cvoke 2‘1 kick from one leg should also exert
some effed on the contralateral leg. Clearly, though, lateral ner\_'e\ stimulation during
co-contraction did not influence the motor program in the opposite leg becalise this sometimes
ended several hundred milliscconds later (Fig. 5.4). Secondly, the typical pattern of m‘o.for
activity during kicks includes a higher frcciucncy burst of cxlen.sor spikes at about the time of
trigger phase (Chapter 2). When leg extension was evoked prematurely by lateral nerve
" stimulation, FETi ‘activity in the ipsilateral lcg stopped suddenly and no terminal burst was
evident (Figs. 543, 5.4). This suggested that the ongoing mbtor program in this leg was merely
interrupted by t‘hev pulse train and, unlike the program in the unaffected contralateral leg, was
not brought to its usual culmination. Finally, althoug.h lateral nerve stimulation terminated all

spike activity in the ipsilateral flexors, <t was never able to completely repolarize these

s N

motoneurons. There was always some subthreshold flexor excitation liﬁgcring until the normal
time of trigger activity in the opposite leg (Fig. 5.3).
Th> probable cause of the kicks elicited by lateral nerve stimulation was a

directly-evoked reflex inhibition of the ipsilateral flexor motoneurons. Support for this

hikr
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conclusion comes from the finding that lateral nerve stimulation in the quiescent animal failed
lo activate the M-neurons and yet still evoked a strong hyperpolérizalion of ‘the ipsilateral
flexors (Fig. 5.5). Moreover, in each preparation the latency of this flexor hyperpolarization
in the quiescent animal was identical to the latency of the repolarization produced prematurely
in the motoneuron during co-contraction (Fig. 5.3). The "triggering” evoked by electrical
stimulation of the lateral nerve, therefore, must simply have been caused by exciting the
afferents responsrble for the inhibitory reflex at a tifne when they would not normally have
been active. ‘

Based on these findings, it can be concluded that proprioceptive input.from the lump
receptor, or indeed from any of the afferents in the lateral nerve, does not contribute tg the
generation of the trigger phase of the kick or jump motor program. Moreover, the lump
receptors do not appcear to be important for producing the initial flexion or co-contyaction

.phases of the program oirher, since abol_ishrng lateral nerve input had no ob?ious cffect- on the
pattern of motor activity during kicks (Ijig. 5.1). They may still contribute in some way to
the generation of flexor and extensor co-contraction, but if so, this role can only be a minor
one. Considering that the lump receptors. are activated only under the special circumstances in

which the tibia is fully flexed and there is tension in the flexor tendon (Heitler and Burrows

1977b), i.e. the situation occurring before kicks and jumps,;this apparent lack of importance

¥

is surprising.

Contribution of the Chordotonal Organ to the Motor Program

The Co-contraction Phase

Ever since the initial reports that locusts no longer jump after transeCtion of the
CO apodeme or nerve (Bissler 1969; Usherwood et al. 1968), it has generally been
assurned that the role of this receplor organ is to g'rvlerate the trigger pha.se of the motor
program (e.g. Godden 1975; Pearson et al. _1980). The results of Lhe'presem‘study,

however, demonstrate that the reason locusts are unable o 4jump or kick after either of
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these operations is because the co-contraction phase of the program does not occur. The

operated legs were often fully flexed as normal, but simultaneous fast extensor activity

was never initiated.  Consequently, without co-contraction of the femoral flexor and

extensor muscles, the énergy which would normally power tI;e ballistic extension of the
hindiegs cannot be stored or subsequently released.

In one report which cast doubt pr/i/the .i)mportanc,e of the CO, it was claimed that
animals whose CO apodemes have been cut regairi their ability L(‘:) jump several days after
the operation (Bissler 1979). However, EMG aﬁa]yscs in the present study showed that
this is not true. The behavior of these animals outwardly resembléd jumping, but leg
extension was produced only by brief bursts of fast extensor activity, and was not
precedcd by ;:o-comraction Qf the flexor and extensor muscles. Pfcsumably, the range of
these "jumps", and the acceleration achieved during take-off, would be considerably
reduced in comparison with jumps in an intact animal.

Details of the way in which fecdback from the chordotonal organ contributes to

the production of flexor and extensor muscle co-contraction are not known. Heitler and

'Bréunig (1988) recently demonstrated that mneither the central connections of the FETi'

motoneurons nor the periphcral. feedback due t;) exlensor muscle tension ar-c'imporlam "
for gcncratiné the pattern of activity in flexors and extensors during the co-contfaction
phase. This, Logcvthcr with the finding that co-con;raction is abolished by cutting the CO .
receptor apodeme, an opcrapion which eliminates the organ's rcsponses‘ in the 0-80° range
of femoral-tibial angles (Zill 1985), suggests that the affe%em sign:'ils that are critical for
the ‘generation of co-contraction are those encoding some aspect of .leg flexion. The CO
has no diréqt mec@;ﬁ%@;ﬁal lin'kages to ﬂ_ex.or muscle fibres and consequently does not
respond to contraciig‘ns of the flexor mﬁsclc (Zill 1985). Thus, the organ cannot .signal'
flezor tension during the motor program. The essential fg:cdback from the CO must,
therefore, be tonic afferent activity encoding the flexed position of the tibia. Considering

that tonic units in the CO respond only in defined (and sometimes narrow) portions of
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the range of femoral-tibial joint angles (Zill 1985), a very“small number of receptors may

provide the joint angle information that is necessary for the generation of co-contraction.
The mechanisms by which this proprioceptive feedback is integrated centrally during the

moLOT program remain to be determined.

- The Trigger-Phase : -

]i was not possible in these experiments to determine unequivocally that the CO is
necessary for the generation of the trigger phasé because eliminating input from this
receplor also prevents the preceding co-contraction phase from occurring. However,

proprioceptive feedback from the CO does appear to play a role in producing trigger

activity. In support of this conclusion is the finding that chordotonal stimulation during

co-contraction consistently led to the termination of motor activity in the contralateral

leg, regardless of whether the stimulus was delivered carly or late in the co-contraction o

phase (see EMG traces in Figs. 5.8,/5.10-12). Conscquently, a clear causal vrelationship

exists between the time of stimula/t‘i)on during the motor program and the duration of
co-contraction in the opposite leg (Fig. 5.9). As mentioned previously, trigger activity on
the two sides is normally closéiy coupled and so Lhis. sort of contralateral sensory
influence is precisely what would be expected if the natural triggering process were being
in\'okc;i. Furthermore, stimulation of the CO afferents during co-contraction always

powerfully _activated both M-neurons (Figs. 5.11, 5.12) and caused the steep

repolarization of contralateral flexor motoneurons (Fig. 5.10), all with similar lacncies.

The depolarizations evoked in the M-neurons usually closely resembled those ocurring -

during normal kicks, except that there were extra initial components produced aé a direCt

if“\»

result of the chordotonal afferent stimulation. Since the same stimulation in the quiescent

animal had ljttle effect on the M-neurons (Figs. 5.11C, 5.12C) and no effect on the

contralateral flexors (Fig. 5.10C), the responses elicited during co-contraction must have .

been produced by afferent excitation of the central trigger ‘system. This is also indicated

by the observauon that 11" a pulse train fails to terminate co-contraction in the opposite
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leg, it also does not produce a powerful discharge in the M-neurons (Fig. 5.13). The
trigger discharge in the M-né:urons, therefore, cannot simply be a direct response to the
proprioceptive input and must instead result from the excitation of other interneurons.
These findings provide furth;r support for the cxisten{ce of a centra] trigger system. Yet
more evidence indicating the inyolvemenf of the CO in the natural triggering process is
that when sfimulus trains during go-comrafction produced trigger actiQity in the
contralateral leg) the EMG pattern in this leg always concluded with a high frcqu;:ncy.
burst of FETi spikes. This is a uéual feature of the motor "pattern of bilateral kicks
(Chaptcr.Z) and, therefore, indicates that chordotonal stimulation led to the normal
termination of the progran.

In addition to its actions via the central trigger system, thce CO exerts influences

AY
7

on ipsilateral flcxér motoncurons by more direct” pathways (seei also Burrows 1987).
These pathways were activated whenever the CO afferents in nerve Sbl were electrically
stimulated. Thus, the reflex inhibition of ipsilateral flexors evoked in the quiescent animal
"‘"(Fig. 5.8C) was also evoked by stimulation during co-contraction, where it caused the
" sudden termination ofall spike activity in these flexors at least 20 ms before the onset of
the discharege in the M-neurons and the trigger-associated repolarization of contralateral
flexors (compare Fig. 5.8A B 'with Figs. 5.10-12). The immediate pffcct of chordotonal
stimulation was, therefore; sihilar 10 ghat pr'oduccd by lateral nerve stimulation in that it
simply errupted motor acl.ivily in the ipsilateral leg. This was also indicated by the
absence of the usual cxtensor burst at the time of the pulse train (Fig. 5.8). However,

“unlike what was observed for lateral nerve stimulation, shortly after the pulse train was

~.

+ applied to nerve 5bl, true trigger activity was evoked and this ensured the complete

repolarizationtof the ipsilateral flexor motoncurons.

- o N

onclusion that feedback from the CO is able to produce trigger activity is

simulation of nerve 5bl. However, this nerve contains
\ﬁg

rom the'CO and these other afferents would "also have

kA
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been activﬁd/by{he pulse trains delivered during co-contraction. Because destroying the
tibial sense organs wMave axons in nerve 5bl (i.e. the subgenual organ, Heitler and
Burrows 1977b) had no maJo effect on the motor program, it appears unlikely that
se.nsory input from these reeep{o would be important for generating the trigger signal.
Other sensory axons that have been reported to run in nerve Sbl are those of tactile hairs,
vbul their poieniial role in the mggermg process can almost certainly be discounted. This,
LOgeLher with the results of specific abiation experiments indicating that chordotonal input
1s vitai‘ for the production of the motor program, makes it scem reasonable to aiiribuie
the observed trigger-associated effects of nerve Sbl siimulaiio‘n on, interneurons and
motoneurons to the chordotonal organ.

Given' that the CO is involved in‘.producing [rigger activity, an obvious question is
what is the nature of the proprioceptive vinformation it provides during this process?
Heitler and Braunig's i1988) study indicated that sensory feedback related to extensor
motor output is not only unimportant for generating the co-contraction phase of the

program, but also that it is not necessary for the trigger phase to occur. Thus the CO's

responses to resisted extensor muscle contracuons (Fig. 5.7B; Zill 1985) are probably not

\\
{

essential for the production of trigger acuvrty Since recordings of chordotonal af ferent
responses during kicks show no obvious sign of - phasfic_ discharge prior to the rapid
repolarization of flexor motoneurons (Fig. 5.7), tonic feedback from the CO signalling
tne leg's full flexion may be responsible for producing trigger activity, just as ifappeared
to be critical for generating co-contraction. The question now arises of how this sensory
feedback duriag the motor program can lead to the generation of the trigger phaise. 'One
possible mech;mism is that the tonic afferent input to the CNS during co-contraction is
integrated in such a way as to gradually bring the trigger system to ité- activation
threshold. Presumably, electrical stimulaiion of the CO afferents simply acceleraites this
process. Consistent with this idea was the finding Lharr pulse trains during co-contraction

’\B\
did not evoke trigger acnvny immediately, bu' rather after a variable delay of some 4O 60
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ms. It is curious that the length of thié delay was notf dependent on the time of
stifnulation during co-contraction (Fig. 5.9) for it might have been expected that a pulse
train early in co-contraction would take longer to activate the trigger :system than one
delivered close to the normal time of trigger activity. Another possible mechanism is that
the co-confraction and trigger phases ’ére ‘intimately linked, such that chordotonal
feedback is involved in generating co-contraction end the interneurons which produce this
phasc of the program are responsible for activaling the trigger sys’tlem. Eill}er one of thesz
mechanisms would account for the observation that trigger activity cannef be evoked by
stimulau’ng'CO afferents in a leg jn which co-contraction hasA‘ not been initiated (Fig.
5.13). Apparently, the .particular excitatory igvputs“w’_hich are‘necessary for the initiation

and maintenance of co-contraction are also required for triggering to occur.

Concluding Remarks

“a

Bissler (1968) concluded LhafL a locust can only jump when complete flexion of
the femoral-tibial joint has been signalled by the CO. The present 'fi‘ndingSJUphold this
original proposal, although they do indicate that the CO's in?olvemeni ih the behaAvior 18
not quite so simplistic. The CO has been shown to be. CI];CE;I for the. gencrauon of Lhe A
co-contraction -phase, but u was not possible to dcmonstratc 'unequwocally whether this
was also true. for the trigger phase. Hewever, since the M-neuron depolarlzauons
produced by chordotonal stimulation were similar in both form and ’strengi.h 10 .those
which occur during normal kicks, it is-tempting. to speculete thak feedback from the CO
may be the only Sensory input necessary to produce trigger activity: Cons1stem with this
idea is that no other hmdleg proprioceptor has been found 10 be important for the
triggering process, and also, as was shown ‘in the preceding - er, e)ﬁteroceptive inputs

cannot trigger kicks and jumps.. The appeal of ‘his suggesuon is Lhat regard]ess ‘of the

::«\ T
context in which kicking and jumping behaviors are performed (i.e. escape, self—defense

\

or locomotion), hindleg extension could be triggered by the same sensory’%éjgpalé.

%
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\/ V1. COUPLING OF FLIGHT INITIATION TO THE JUMP*

A. INTRODUCTION

It has bcc_n known since the early 'Work of Weis-Fogh‘(1949, 1956) that the
production of sustained flight in locusts requires a maintained strcam of air on the head .and
the loss of_tarsél cohtacl with the ground. Since flight activity in adult animals is normally
initiated following a jump, it is probable ihal both the self-generated stream of air on Lhc'
head produced by the j\{imp and-the assoc’iatcd loss of tarsal contact with the ground play a
role in thc'.ini'tiation of flight activity. However, these are not the only two factors involved in
flight initiation. In a scricé of behavioral studies Caglhi (1969) showed Lk;al the onsct of wing
opening oflcn began 100 soonﬁgftcr triggering of the jump for either w.ind on the head or the
loss of tarsal® contactv.lo be rc‘sponsiblﬂc for initiating flight activity. Subsequently, Pond
.(1'9726) reported that covering the head-hair receptors or cutting Lh: neck connectives did not
prevent flight injtiation following}atiju.mp_. In fact, boih these procedures reduced the mean
delay between triggering of the jump and the start of wing .opcning, and in somg¢ trials wing
opening commenced before the loss of tarsal contact with the ground. ;\though the exact
timing of the onsct of flight activity relative to the triggering of the jump has not been
establisheg using EMG Léchniducs, it can be estimated from the _obscrvalions of Camhi and
Pond. Camhi (1969) found that the wing opening often began less t 7 15 ms following the
onset of a jumping movement and Pond (1972a) established that activit,\.' in elevator
motoﬁeurons comménccd 10 1o 40 ms before the first viéiblc Wir . movemcms."‘ lrom .Lhesc
ohservations it follows‘ that the onsetwof activity in clevator motoncurons must commence
closc. 1o, and sometimes before, the time the jump is triggered. The simplest llypolhesis 10

explain these observations is that the system responsible for programming the motor sequence

'A_ version of this chapter has been published. Pearson KG, Gynther IC, Heitler W]
(1986) J Comp Physiol 158:81-89 ’ -

a

o
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for the jump also activates the flight motor system, possibly Yia a central pathway in the
“nervous system (Camhi 1969). Consistent with this hypothesis is that group of interneurons
(designated 404 neurons) capable of initiating flight activity recelve a strong exc1tatory input
close to the time hindleg kicks are triggered (Pearson &t al. 1985) This observatlon suggested
¢ more spec1f1_c hypothesns:vnamely that it is the system which cayﬁﬁ#ﬁe jump to be triggered
which initiates activity in the flight system. o '

If .this hvbothesis were true, Lheré should be an invariant ‘tcrhporal relationship
betwecn the time hmd]eg kicks are mgaered and th&onset of flight acuvgty In particular, the
fllght elevator motoneurons would be expected 1o ‘receive significant synaptlc input close to
- the time kicks are triggered. The aim of this investigafion was to test these predictions By
recording the timing of spike activity and the pattern of synép[ié activity in identified flight
motoneurons and, imcrncuror}s during bil‘atcral kicks of the hindlegs.

B. MATERIALS AND METHODS

Experiments were performed on male and female Locusta migr'atéria oblained from a
colony at the University of Alberta. The preparation used in this mvesuzalmn‘ was 1dent1cal to
that descrlbcd in the prccedmz chapters cxcept that addmonal EMG recordmg clectrodes were
placed in the dorsal longltudmal muscles to monitor. flight ach;L) Intracellular recordmgs
were made from identified fhght motoneurons and interneurons using the techniques dCSCI‘led
by Robertson and: Pearson (1982). Al[hough it was possible tobl_jgcntify motoneurons *and
many interneurons using physiological criteria (Hedwig and Pearson 1984: RoBertson' and
Pcarson 1983, -1985), the neuron f rom which’ recordings.v_vere made was routinely stained with
the fluorescent dye Lucif e} Yelloz;c/: Knowledge of the structure and physiological properties
;llowéd the identification ofii‘!merneurons and the main flight motoneurons in‘the meso- and
. metathoracic ganglia (occasionaily it was not possible to dlSUﬂ"UlSh between the anierior
tergocoxal and tergotrochanteral motoneurons) Recordmg electrgdes were filled with a 5%

- solution, of -Lucifer Yellow in d1stllled water. Dye was mJected by passmg a co%tam -5 nA

r
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current for 5 min. Ganglia were fixed in 4% paraformaldehyde, dehydrated, cleared in methyl

salicylate, and viewed as wholemounts.

C. RESULTS
EMG Recordmg,s From Fllght and Leg Muscles

« carly observation m this stud\ was Lhat a short sequence of flight activity was
often evoked when both hindlegs kicked. The initial aim, therefore, was 1o establish the
timing of the onset of this flight activity relative 10 the time kicks were triggered. To do this,
EMGs were recorded from the extensor and flexor tibiae muscles of bofh hindlegs and from
the dorsal longitudinal muscles; and kicks were elicited by Iigh't mechanical stimulation of the
abdomen. in tne restrained prepération used in this invcsti,ga‘tion, kicks were produced almost
simultancously in both hindlegs (Fig. 6.1), and the pattern of motor activity in }nnetathoracic
extensor and flexor Libiae muscles Was _similar to that for a jump (Chapter 2). Th.is patterr
consisted of a brief ncrind of flexor a'cti\;i.ty followed by a short period (about 400 ms) of

co-contraction of both sets of muscles. The co-contraction phase was terminated by a sudden

cessation. of [lexor acti .1v, ~nd extensor activiiy then ceased about 20 ms later. Because. the

large spike from the single fast-motoneuron (FETi) to the extensor muscle was very obvious

~

in the leg EMG recordings (Fig. 6.1), it was decided o 'Lake the last extensor spike as the

-

reference poim- for measuring the timing of the onset of flight acLivity; -Thc thythmic
discﬁarge of dorsal longitudinal motoneurons is referred to as flight activi;t‘yvalthough this
pattern is clearly different from that in intact aﬁimals. In restrained dissected prepqrations the
thythmic activity recorded from dorsal longitudinal muscles occurs at about 10/s (Figs. 6.1,
6. 2) which is about half the normal flight frequency.

Thc EMG recordmos from the flight and leg muscles showed that fhght activity

commenced at a variable time relatlve to the time a kick was triggered. Flgure 6.1 shows the

depressor activity beginning close to the timc the kicks were triggered, while Fig. 6.2 shows.
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Fig. 6.1. chkmg in- both hmdlcgs of a rchamed Iocust evokes 2 short sequence of

v

@
flight acuvuy Top tr?ce (DL) EMG recordmg from the dorsal longxtudmal (depressor)
o "y 3
muscle bottom. two trac-ips EMGs from the f‘Iexor anci,yxtenxsbr ublae muscles of the two

’,

A -
hmdlegs In this example a’ p

;equem (3 cycles} of rhythmnc actmty in the dorsa]
| 'longxtudmal muscle (large spxkes in top recoxd) commencedf Just before the mggermg of the

kicks. Two simkes occurred for each cyc]e Ahowheads indicate the first spike in each doublet.
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dep'ressor activity beginning mid-way through the co-contraction phase. The extent of this
variation in the interval between the first spike in the dorsal longitudinal motoneurons and the
last spike in the ipsiJateral FETi vis illustrated in the histogram in Fig. 6.3. This histogram
summarizes data obtained from 58 kicks in 12 animals with a minimum of three kicks
occurring in each"animal. For almost onp-ﬁalf (48%) of the kicks, the dorsal longitudinal
activity commenced durir. U co-contraction phase of the kick, i.é. dufing the time FETi
was active (see examples in Figs. 6.1,.6.2). This fact, together with’ the finding that the onsct
of flight activity was not-always synchronous with the time kicks were triggered, indicates that
the trigger system alone is not responsib1:e for initiating flight activity. A possible explanation
for the varia‘bi]ity in the timing of flight onset relative to the time kicks were triggered is that
both events were initiated independently by the abdominal stimulus. Although abdominal

‘ 5
stimulation can lead to_flight activity in the absence of kicking, therc are threc rcasons for

believing that the flight activity associated with kicks was not the direct resglz of abdominal
stimulation. Firstly, bilateral kicks sometimes occurred many seconds after .abdominal
stimulation hadl,ceased but flight activity was still initiatéd during the co-contraction phase of
these spontaneous kicks. Sepondly, there was no strong }cmporal relationship between the tiine_
of abdominal stimulation a‘r‘lv-d Lh; onset of co-contraction. Typically this interval varied from
zero 1o two scconds vet the onsct mf flight activity was a]mosg alwayvs within 100 m.s of the
time kicks were triggered. Thudly, o;casionally a single abdominal stimulus led to a series of
kicks (2 or 3) and an excilatory ipfluence was observed on the flight system during the
co-pontraction phase of all kicks in lthe sefies, This excitatory effect was usually manifested as
a progressive decrease- in the cycle-period (i.e. increase in frequency) of the flight rhythm
during the co-contraction phases (see Fig. 6.2 for a single example).

oL b . .

‘Th’cllfacl that the probability of initiating flight éctivity incrcasgd progressivély near
Lhc. cnd of Ll;c co-rcomra.ction phase (Fig. 6.3), togéthcr with the observation that the

cycle-period of the flight .activity decreased proggsively during co-contraction (Fig. 6.2),

suggests that during co-contraction there is an incrcaéing excitatory input to the flight system.
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Fig. 6.2. Progressive increase in the excitation of the flight system ~during the

~ co-contraction phase of a kick. Bottom trace - EMG f rom the right hinéleg musclés showing
the motor activity associated with the co-contraction phase of the *kick; top tféce’ - EMG
from the right dorsal ldngitudinal muscle. Note-that a rhythmic sequence of activity in dorsal
longit.udinal motoneurons commenced early in the co-contraction phase and the frequency and

intensity of flight activity increased throughout the remainder of the co-contraction phase.

e

~ The graph at the top plots the cycle period of the dorsal longitudinal activity. Each point
represents the immediately preceding interval. Note that the shdrt¢sl cycle interval occurred at

the time leg EMG activity ceased, i.e. close to the momeént the kick was triggered (arrow).

2
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Fig. 6.3. Histogram showing the disﬁibution of the interval between the apbroiimate
tirﬁe a kick was -triggered (measured as the last extensor spike in the co-contraction phase)
and the time of occurrence of the first spike in the EMG vfrom the sdorsal * longitudinal
muscles. Negative values of this interval mean that the first dorsal longitudinal spike occurred A

4

before the last fast extensor Splke This histogram was-constructed from observauons on 12

ammals all of which gave three or more kicks.
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In addition, the EMG. recqrdings do not exclude the possibility that the flight system also
received a transient excitatory input at the time kicks were triggered. This would be consistent
with the finding that the probability of initiating flight activity was maximal immediately

following the termination of activity in FETi (Fig. 6.3).

Intracellular Recordings From Flight Motoneurons and Interneurons ,

In order to gain more insight in;o the mechanism for the coupling of flight activity-
with kicking, intraccllular recordings were made from a variety of'flighl motoneurons and
interneurons during bilateral kiéks of the hindlegs. Baséd on the observations from EMG
recordings, it was of interest tb determine which ‘flight neurons Were excited during the
co-contraction phase and whether any flight neurons received a phasic input \Specifica'lly‘
associated with'the triggering of the kicks. '

Recordings were made, during kicks, from flight motonet;rons innervaﬂu'ngh all the mai'n
flight muscles in the meso- and metathoracic ganglia (see Hedwig and Pearson 1984, for a
description of the physiology and anatoﬁ]y of flight motoneurons). No attempt was made to
record from the motoneurons innervating the pleu‘rroalér muscle which is used prima.rily for
controiling wing twisting .(Heukamp 1984). To date, no consistent differences have been noted
i.n the pattern of synaptic activity in the different members of each of thé two scts of flight
motoneurons (elevators énd depressors) during kicks. Thus; in the k;lescriplions that follow,
the diffcrem.types of elevator motoneurons or L.he different types of depressor motoneurons
have not been distin;uished between, although the identity of the various motoneurons is
noted in the figure legends.

‘Since flight activity evoked by wind on vthe head or the loss of tarsal contact with the
grbund begins with excitation of elevator motoneurons (Pond 1972b), the input to these
motoneurons during kicks was examined firsl. Flight sequences‘assoc‘iated with hindleg kicks

always began with a depolarization and burst of activity in elevator motoneurons (Fig. 6.4).

Tﬁgirst depolarization leading to spikes in elevator motoneurons began from 50 to 200 ms
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Fig. 6.4. Intracellular recordings from wing elevator rﬂoioneurons during kicks of the
hindlegs. Top traces - intracellular recordings; middle traces - EMGS from dorsal long%tudinél
mu_scle; bottom traces - EMGs from extensor and flexor tibiae muscles. A Mesothoracic
anterior tergocoxal motoneuron. The onset of rhythmic oscillations in this examl;le occurred
close to the time a kick was triggered (indicated approximately by the sudden termination of
ac-:t‘iivity in the leg EMG_). B Mesothoracic posterior ter:gocm 11 motoneuron. In thvis sequence
the motoneuron became active before onset of co-contraction. Note in R that the termination
of the co-coAntrac'tiAon ‘pﬁase occﬁr_rcd at’ the 'tirﬁe the motoneuron was bccom_ing
.hyperpolariz.ed‘whércas' in A 'iLJ Occﬁfred when the métoheuron was depolarized‘. Note also that
the iﬁitial'spike ;cti\'{i_ty m ~v‘thé.élq‘\‘/a>to,r ‘rxflmo‘peuro_ns' p.ré'ceded the first spikes in tﬁe dorsal

Lo

longitudinal muscle., .

2
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before the first spike in the dorsal longitudinal EMC. The number of recordings made from
elevator motoneurons was not sufficient to construct an accurate distriﬁi(ftion of the time the
elevators were excited during kicks, but they were sufficient to show a high degree of
variability in this timing. For example, an elevator motoneuron was sometimes observed to be
" excited close to the time a kick was triggered (Fig. 6.4A) while at other times the initial
depolarization commenced durirlg the flexor activity which preceded the co-contraction phase
(Fig. 6.4B). This variability insthe time of onset of depolarization in elevator motoneurons

was consistent with the variability scen in the occurrence of the first dorsal longitudinal spike

-
¢

seen in EMG rccordings. The dorsal longitudinal spikes occurred soon after the first burst of
activity in the elevator motoneurons (Fig. 6.4).

A major interest was to establish whether or not the elevator motoneurons received a
phasic cxcilatc’;r_v input at the time the kicks were triggered. This required some knowledge of
how kicks are triggered. Intracellular recordings from interneurons involved in triggering the
kick (the M-neuror_rs, Pearson et al. 1980) have shown that the béginning of the high
frequency disc\harge in %;cise neurons occurs 23+ 16. ms before the last extensor spike (Chapter
2). Thus, if cle\;alor%ncurons (or any other neurons) receiye input from the Lrigger
system, the timing ‘oI' Lh\ié input would bt. expected to occur near the end of extensor activity.
Although some rc‘éordings did show a strong input closcly timed Alo’ triggering (Fig. 6.4A) this
was not common. More often there was no obvious additional input at the time of'triggering.
For cxample, the rime triggerirrg of the kick in I;“ig. 6.4B was associated with a
hypcr]rurarizatior&g@; a deooizrization in Fig. 6.4A) and there was no obvious input which
) 1disrupted the rhythm. A scnecra: observation was that when rhythmic agtivity was elicited
lprior to the triggering of a kick the rhythm was not disrrrpted at the time of triggering
regardless of the phase of the nsciilation at the moment of triggering.

- Another indication that the elevator motoneurons do not receive a phasic excitatory

input at the timk: of triggering of a kick was that these motoncurons were often tonically-

depolarized during the co-contraction phase and there was no sign of additional synaptic input
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at the time of triggering (Fig. 6.5). Not all recordings from clevators showed this tonic
excitation during co-contraction. For example, the recording in Fig. 6.4A shows that the
motoneuron was slightly hyperpolarized 'during most of co-comraétion. Hyperpolarizing
TeSponses wérc rare in elevator motoncurons and Lhéir occurrence hgs not been correlated with
any particular type of elevator motoneuron.

| Intracellulér recordings rom depressor motoneurons (Fig. 6.6) also failed to.reveal 'a‘
significanf synap.tic input time-locked to the triggering of the kick (Fig. 6.6A). Dcp;éssor
motoneurons were usually' ;véakl)' hyperpolarized during ,co-contraclion'(cf. depolarization in
elevators, Fig. 6.5) and this hyperpolarization was terminated either by the beginning of
rhythmic oscillations (Fig: 6.6B) or by a return of the mcmiarane potential to the pre-kick
level (Fig. 6.6A). As with the elevators, rhythmic oscill'ation.s in the membrane potential w.c}e
not disrupted at the timcbof triggering. ‘ |

In summary, neither elevator nor depressor moLoncurons:rccei{ed a phasic synaptic

Input at the time kicks were triggered and, with few cxceptions, elevator and depressor
motoneurons show different responses during the co-contraction phase : e_levators_ often being
tonically depolarized and depressors being weakly hyperpolarized. The latter responses are
somewhat similar to the pattern of synaptic input to flight mbtoncurons produced by a wind
sti.mulus 1o the hcad, all élcvatqrs being depolarized by wind and many depressors bcing
hyperpolarized (Hedwig and P"carson":11984). These observations, thercfore, suggest that
common mechanisms érc"invoived in activation of the flﬂight system by co-éc‘)ntraclion and by
wind oﬁ‘the head. If this cohchision were correct, then the pattern ‘of synaptic input to flight
interneufrons during co-contraction shpﬁld be similar to the paiiern in response to wind on the
head. This. ind-eed was the case, for in the 'irft_erneurons e%amined so far there was a good
correlatioﬁ between the initial responsg to Wind‘ and the polarity of the synaptic input during
co'lcon:traction (Table 6.1, 'Igig. 6.7).

. Another‘aim of the study of L,he "rcsponses of flight interneurons during kicking was to

IS

identify those interneurons that might be involved in mediating the coupling between the
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Fig. 6.5. Intracellular recordjégs from elevator mptoﬁeurons during kicks when
rhythmic flight activity was not initiated. Top traces - intracellular recofdingS' bottom traces
- EMGs from flexor and -extensor tibjaé muscles of the right hindleg. A Metathoramc
tergosternal motoneuron. B Mesothoracnc amenor tergocoxal} motoneuron. Note the tonic
excitatory input to 'the motoneurons during the co-contraction’ phase and the absence of any

additional input at the approximate time of -triggering, i.e. at the cessation of the leg EMG

activity.

°
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Fig. 6.6. Intracellular recordings from depresyor hotoneurons d‘uring kicks. A
Mesothoracic subalar motoneuron. Rhythmic flight actlvny was'?aw@cvoked during this kick.
Note hyperpolarization of the motoneuron (top traces) during- tﬁ?e co- contracuon phase and
absence of any phasic input at the time the kick was triggered. Bottom trace - EMG from the
left }llindlegvextensor and flexor tibiae muscles. B Mesothoracic subalar motoneuron in another
preparation. The intracellular record (top trace) shows the motoneuron to be slightly
hyperpolarized during th¢ -o-contraction phase indicated by the;gactivity in the hindleg flexor
aﬁd extengor tibiae musc. s (bottom trace). Oscillations in the membrane pétemial of the

motoneuron commenced © - the kick was triggered.
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201
301
302

" 401
501
504
515

hyperpolarization

hyperpolarization
depolarization
depolariiation

hyperpolarization
depolarization

depolarization

Table 6.1.

Initial response to wind

Responsé' during |

co-contraction

hyperpolarization

hyperpolarizéition

’depollarizatiqnv
depolarization
h yperpdlarization

depolarization

depolarization °
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‘No. of
observations

Table 6.1. Correlation between the initial response to wind on the head and the

response during co-contraction in identified flight interneurons, The structure and physiology

of these neurons has been described by Pearson and Robertson (1983).
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Flg 6.7. Intracellular recordmgs from identified flight mterneurons during a kxck (Al
and Bl) and when wind is blown on the head (A2 and B2). Top traces - mtx.xcclxlular records;
middle traces in Al and Bl and bottom traces in A2 and B2 EMG recordmgs froin dorsal
longltudmal muscles; bottom traces in Al and Bl - EMG from left hmdleg extensor and
flexor ublae muscles. Interneuron 401 (Al and A2) was depolarxzed during the co-contraction
phase of the kick and showed a few cycles of rhythmic activity beginning slightly before the
triggering of the kick. 401's initial response to the wind was also a depolarization (onset
indicated ‘by arrow). "Interneuron 301 (Bl anci”-B2) was ‘hyperpolarized during the
co-contraction phase of the kick (B1) and initially hyperpolarized (onset indicated by arrow);

oy

by wmd on thc head (BZ) Physxology and anatomy of the 301 and 401 neurons have becn

described elsewhere by Robertson and Pearson (1983).
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_ kicking and flight systems. This investigation sampled only a fraction of the interneurons
which have so far been identit‘"ied (the number is now over 60). Nevertheless, recordings were
made from two interneurons  which ;were particularly strongly excited/ during' the
- co-contraction phase (Fig. 6.8). These were the 401 and 504 neurons in the’ metathoracrc
ganglion (see Robertson and Pearson 1933, for a descrrptton of their structure). “The fact that

these two interneurons are excited during co- contraction is of interest for three reasons: (1)

both are members of the central flight oscillator', '(2)-both are strongly excited by wind on the .
head, and (3) their known connections are consistent with the synaptic input observed in’

flight motoneurons during co-contraction. Interneuron 504 excites elevatot motoneurons and,

interneuron‘401 inhibits depressor motoneurons. These data sugges_t tbat the 401 and 504

neurons are involved in linking the kicking system to the flight system However more !

extensive 1nformauon on the mterconnectlons between these and other mterneurons is clearly
needed before any firm statements about the pathways Iinking the kicking and flight systems

can be made. 4

s

-

D. DISCUSSION

In this investigation it has been demonstrated that evoking the ‘motor program for"

kicking of the hindlegs can elicit light activity m restramcd locusts. This supports an carlier
suggestlon that flight act1v1ty m normal adult animals can sometrmes be initiated via pathw:ys
lmkmg, the Jumpmg svstem to the ﬂlght svstem (Cambhi 1969) =This study, was begun with the

idea that it was the trrggerrg,g of the. lekS which led to the acttvatron of the flrght system.

ThlS idea arose from the f‘mdlng that a set of identified intefheurons capable of  iu: ing -

- (’,i >

flight actwAty when de;olanzed were phasibally excited' 'at’ ‘;tﬁe ume kicks were triggered

& N C.

(Pearson et al. 1983) None of the present data supports this idea, however. Firstly, elevator
motoneurons whxch are the first motoneurons to. become actlve at the begtnnmg of t"hght
" were _not found to be consistently depolarized ‘close to the time kicks were triggered (Fig. 6.4).

Secondly,.there was no disruption of rh’}{thn_l_jc activity in flight motoneurons and interneuréns
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Fig. 68 Imracellular récordings from two ﬂight interneurons showing a strdhbg
depolarmng rfr;sponse during the co- comracuon phase of a kick. A Interneuron 504 B

Interneuron- 401 (not the same neuron as in Fig. 6.7A). Top traces - intracellular recordmgs;

P

Ty

- middle traces - EMGs from right dorsal longitudinal muscles; bottom traces EMGs from righ{'

™ hindleg extensor and flexor tibiae muscles. Both ime.rneuronszﬁcei.ved a strong depolarizatidnv :
u

during co-contraction and interneuron 504 generated two

N

plateau of the depolarization. The initial response of both iriterneurons to wind on the head

was also a depolarization. Physiology and anatomy of the 504 and 401 interneurotis have been '

~ described elsewhere {Robertson and Pearson 1983).

" )
g\~ T

rsts of spike activity on the
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at the time of triggering (triggering could occur with the flight neurons in either a

L

hyperpolarized or a depolarized phase). Finaily, in somg¢ preparations in which flight activity
was not evoked there was no sngmflcam synaptlc mp ; to flight motoneurons at the time of
triggering (Figs. 6.5, 6.6A). Although all thesc data indicate a lack of couplmg of the
triggering system (o the flight system, there is the possibility. thai a pathway liﬁking- these two
systems is non-functional in the prepération used'in this study. This seems unlikely, however,
because no sign of linkage was seen in ammals displaying a wide range of excuabxhty in their
fhght systcms from fully depressed to highly active.
What was clear in the recoidings was that flight activity often commeneed during the
co-contraction phase of ine kick (Figs. 6.2, 6. 3), and that fllght elevator motoneurons and _
iy e v
mterneurons usually received - substantial input durmg co-contraction )(VFxgs 6.4, 6.5, 6.8).
The simplcét cxplanation for these observations is that co-contraction produces an excitatory
input to the flight system to initiate ~f]ighl activity (flight always begins with the excitation of
elevapof mbtoneurons>. Another explanatic;n is that the abdominal stimulation used to evoke
kicks may‘ have directly ek_cited the flight sjstem and that co-ceptraction had no influence on
the flight sy'stemv. This explanation is considered to be unlikely, however, because of the
variable temporal relationship between abdomiﬁal stimulation and the occurrence of kicks. On
some occasions, kicks occurred spontaneously many seconds following the abdomiinal stimulus
yet the‘initiation‘ of 'flight activity was still associéted with the co-contraction phase of the
kick. Another indication ‘that co-contraction leads to excitation of the flight system was the
progressive decrease in the cycle-period when f light activity wes initiated early in
co-cedtraetion (Fig.'6.2). This augmenting input to the flight system was also seen in some
intracellular recordings froﬁ“ght motoneurons (Fig. 6 5B) and interneurons (Fig. 6.7A1).
vaen that the flight sysicm does receive excitatory input durmg co-contraction, two obwous
questions arise: what is the.origin of the excitatory input, and what prevents the initiation of

flight activity during co-contraction in unrestrained intact animals?
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Unfortunately, very little can be said about the 'origin of the excitatbry input to the
ﬂight systemn during co-contraction. Currently, the mechanisms by which the co-contraction
phase is initiated and maintained are only partially undcrstood. It is clear that one important
factor involved in ke’cw'ping extensor and flexor tibiae motoneurons active during co-contraction
is sensory feedback from the hindleg chordotonal organ (Chapter 5). However, very little is
‘known about the ‘pathways from the chordotoral afferents to leg motoneurons. Certain
spiking local interneurons have been found to be important - for processing'information in
ref}ex pathways from the chordotonal organ (Burrows 1987), but the interneurons which are
likely to r,nediatevsensory influences on flexors and extcnsorls during co-contraction have not
been identified. It is known, though, that interneurons not in the flight system are strongly
,actiyétcd during’ the co-contraction‘ rphase (Chapter 2). Whether some of these provide the
- excitatory input‘” to the flight system, as well as playing some rtole in maintaining the
co-contraction phase, has not yet been established. | .

The qugstion of why; fliéht activity is not initiated during co-contraction in intact.

animals mdy have a simple explanatioﬁ. Normally 11 ..c <t animals there is‘ a strong inhibitory
input from tarsal receptors to the flight system. ~his iny 1t was not present in the prep;iration
uscd in this investigation (the hindlegs were tr:nseci ' and the fore- -and middle legs were
removed) so any excitatory input (o -the fli_it syste 1 would be more“,h:kely o initiate
thythmic activity in this system.‘ Precsumablv in e intzct ani_mal thc_tarsa]k inhibition is of
~ sufficient magnitude to ensure that flight activity is -revented until near the end of the
co-contra;tion p’ﬁa_se. Because this balance betwgen exc:.atory and inhibitory input depends on
-factors such as the intensity of co-contractic .7 the strength of tarsal contact with the
N -ground, and because there is no indication -° :nificant input \fron};the, trigger system, .
N%nsiderable.variation would be expected in the time of onset of flight activity relative to the
time a jump is triggered. This was observed - Yond (19725) in EMG recordings from flight

muscles during jumps. It should also be noted ihat intact animals do not always fly following

a jump. Thus it must be concluded that input during co-contraction is not always sufficient

¢
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to initiate’ lflrght actrvrty There is evrdence that the head ganglia exert a regulatory influence
on the flrght system (for example Pond (1972b) showed that cutting the neck connectives
reduced Lhe trme of wmg Opemng following a jump). Thus, whether or not a jump leads to,
fhght acuvrty presumably depends lo some extent on the level of central modulatory
mfluenr:eson the flight system. : | ®
Frgure’ 6.'9 sumrnarizes the conclusions about how the flight system is linked to the
. J;nnrping sy}stem in the ihtact ..limal and some of the factors controlling- the initiation and
nra?ntenanee of fright activity. Not included in this sc)hematic arc central inputs regulating the
excitability of the fhght system, and inputs from wind-sensitive afferents from the wrngs and
body (Weis-Fogh 1956). It is proposed thrat during the co-contraction phase the flight system
receives excitatory input but is prcvented from becoming active by inhibitory input from tarsal
afferents. If co-contraction leads to flight -initiation, the time this occnrs will depend on the
exact balance between these excitatory and inhibitory inputs. Presumably, this balance is such
that it limits the earliest time for flight initiation to a point close to the end of
co-contraction. Followrng the trlggermg of a jump, the fhght system is further excrted by
removal of tarsal inhibition and by excitation from wind- sensmve afferents via mrerneurons
descending from the head. F]lght itself will conunue to activate the wind- sensmve afferents I’
and hence sustain continuous flight activity.'
From a ~fnnc1iona1 viewpointu, the direct linking of jumping tc flight'is not shrprising.
Clearly it would be 10 the animal's advantage 1o commence flight as soon after the triggering
of a jump as possible, ‘and thus have flight initiation independent of the possible variations in
afferent input. For example, there may be no srgmfrcant stlmulatxon‘bf head-hair récesptors if -
the animal jumped in the same drrecuon as the wind. Less obvrous is why coupling of flight
to jumpipng should depend on excitatory input to the flight system during the vcojcontraction '
phase rather than depending on an input coupled to the triggering- of the jump. Wing opening
in intact animals normally commences after Lhe jump is triggered (Camhi 1969). Therefore,

to have the flight system excited"during co-contraction seems inappropriate, particularly

L
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Fig. 6.9. Schematié diagram -s.ummarizing the main features of Lhé coupling between
the 'jurrip' ;c,ystefn' a@ the 'flight system'. Jumping, can ‘be initiated by a variety of stimuli
(visual, auditory, tacu]e) and during the co-<contraction phase there is an excnatory input lo

| the: fhght system.*The generation of flight activity in the early part of the co-contraction
phase is preven;ed by an'.inhibitory influence -from tarsal afferents when the animal is in
contact wi£h the ground. -The time of initiation of flight activity varies depénding on‘t.he
balance of excitatory and inhibitory input t.o the ﬂight system In some cuses, flight -activity
can be initiated Before the Jump is trxggered Followmg the trlggermg of a jump, the tarsal
inhibition is removed (representcd by the open position of the sw:tch) and wind-sensitive
af ferems on the head are stlmulaled Both these effects lead to further excitation of the fhght
system Flight itself continues "to stimulate wind-sensitive head halrs which then helps

maintain actmty in the fllght system.
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because there is considerable variation in the durations and'intensities of the co-contraction
phases and because not aﬁ co-contractioé sequences lead to jumps. It can only be speculated
that excitation of the flight system during co-contraction facilitates the initiation of wing .
opening to av greater extent than could be achieved by the trigger system acting alone 6n the

flight system.
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VII. SUMMARY AND CONCLUSIONS

A. ORGANIZATION OF THE JUMP SYSTEM
In this section, a revised scheme of the neuronal mechanisms for jumping and kicking
is described (Fig. 7.1). This new scheme takes into consideration the results of the present
series of investigations and those of earlier studies. Desbite advances made in the
understanding of the role of single interneurons (in particular, the M-neurons) in the jump
[systeru, the findings of this study still ¢ 1 1 a2low definitive conclusions to,~b)e_ drawn
- eoncerning the system's organization bec. ise detati]» of the underlying circuitry are.lacking.
Consequerrtly, mucfr of what follows is specinainyg, and the scheme presented here vshou]d be
viewed as being a tentative one. To describe how rhis system functions, the mechanisms by
which.each phaee of the motor program, in turn, is generated will be considered.

" There are multiple pathways for producing the tibial flexion whieh initiates the entire
motor program, but at present information concerning only one of these pathways is
avarlablé Sudden vrsual or audrtory stimuli can activate the mesothoracic C -neurons (not
shown in »Frg. 7.1) which elicit a specrfrc tibial cocku‘fg response by monosynaptrcally
excitjng Ahindleg- flexor ‘and extensor motoneurons (Pearson and Robertson 1981). However,
the cock.'irrg revsponse is-'only produced under the special circumstances in which the locust is
hrghly aroused and its hind ubrac are already close to full flexron At other times, input from

4
various sensory modalmes can sull produce the initial flexion phase via a number of
, urrdetemnned pathways whrch produce excitation of the flexors alone. In addition, initiation
of the. motor program must be 5ubJect to some form of volitional control because locusts not
on]y Jump in. response 10 extrinsic sumulr but also as a means of locomoUon In thesc cascs,
‘ubrar flexron must be produced via a descendme command- from the brain. The existence of',

thesesunknown p"xrh'.a\\ is du)oud b\ the dashcd lines in Fig. 7.1.

Onu the : lm.c 'rca;h the fully flexcd position, it is proposed that feedback from tonic
. \ . N

. ~

© e units 10 the femoral CO contributes (o the imuanon of the co-contracton phase {Chapier 55,
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Fig. 7.1. Neuronal organizatigq‘_of ,the jump system. Only the main featufes of the .
system are illustrated. Excitatory connec‘:ti'ons: are indicated by the 'T' bars; filled circles
represent inhibi.tory connections. According to this proposed scheme, once the initial flexion
phase has commenced, tonic feedback from the fémoral CO (s%gnalling the leg's fully flexed
position_) makes an‘i'mporxanf contribution to the generation of the co-contracvtion phase. This
is shown here as excitatory input to the ﬂcxor‘and extensor excitors. Chordotonal input also
dircctly or indirectly activalé's ,Lhe'c\clr;ual t;iggcr system. Triggcririg is “achieved by the

combined effects of direct Mexor inhibition (via M), inhibition of the flexor excitors (via 707)

and excitanion of the.inhibitory flexor motoneurons. See text for further details.




This feedback, signalling the angle of femoral-tibial joint, is at least partly responsiblev;{fidr
excitating the fast extensor motoneurons and probably also drives the flexor motoneurons
during the motor program. Flexor motoneurons often display a sharp transition from lowb to
high frequency spike activity corresponding precisely to the time the first FETi spike is
initiated at the onset of co-éontraction (e.g. see Figs. 3.2,.'5__'.2, 5.3). This sudden increase in
discharge rate cén‘still occur after all extensor activity has been abolished and so is not the
result of k _tﬁe central excitatory connection from the fast extensor motoneuron or Sensory
feedback related to extensor tension (Heitler and. Brdunig 1988). It therefore probably results
from the same source that produces excitation.of the extensors. However, if chordotonal input
does provid; drive to both flexors and extensors during co-contraction, it probably does so by
exciting ‘separate pre-motor systems (as indicated in Fig. 7.1) because flexor and extensor
.motoneurons do not show common syﬁaptic potentials or similar profiles of syr.laptic.input
during the motor program (compare Figs. 2.2 and 2.3; see also Heitler and Burrows 1977a).-
The central FETi-flexor connection (Hoyle and Burfows .1973) and the numerous positive
feedback circuits related to FETi ac;ivity (Heitler and Burrows 1977b) cannot be essevntial
c‘omponents of the system and probably serve only to augment the motor program (Heitler
and Briunig 1988). For this reason, they are not included’in Fig. 7.1.

It is important to note that chordotonal input is not solely responsibie for generating
the co-contraction_phasé because cxperi!mcﬁtallly indugzing flexor and .extensor activity when
the tibia is flexed does not produce a ,5§rol;>nged co-contraction in the quiescent animal
(Heitler and Burrows 1977b). Thus, He:tler and Burrows suggest that a central excitation of

the neurons involved in producing co-contraction is also essential for this phase of the motor

e

program to occur. Presumably, this excitation of the interneurons which drive the flexors and
extensors then enablcs the feedback from the CO to initiate co- contraction. The pathways

rcprcscm“d by the dashed lines in Fm&l are intended to include these central cxcitatory

l

©.inputs 10 the jump system. =

Y
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The trigger phase of the kick or jump program is produced by a system of
interneurons whose activation also requires tonic, flexion-dependent feedback from the CO.
As described in Cha;‘ater 5, the trigger system may either integrate this chordotonal feedback
during co-contraction itself or it may integrate cxcitatory input from the imerneur\f;;s which
excite the flexors and extensors to produce co-contraction. In Fig. 7.1, the firgt of these
possibie situétions is represented. The trigger system causes the sudden r.elaxation of tﬁe fiexor
muscles via at least three parallel pathways (Chapter 3). Powerful excitation of the
M-neurons ensures the rapid inhibition of’ all the excitatory flexor motoneurons. Excitation of
the 707 interneurons also indirectly terminates activity of the excitatory flexor motoneurons by
inhibiting the interncurons which provide flexor drive during co-comraction.lThe trigger
system probably also excites the inhibitory flexor motoneurons to directly reduce Lens.ion in
the flexor muscle. Since several other interneﬁrons are known to discharge strongly during the
- trigger phase (Chapter 2), it is 1ike1y that additional neurons will be found to play a role in

B

terminating flexor activitw},;

LN
e

It now seems pro’ba"’?le that the central trigger system is also respon51ble for producing
the burst of extensor activity Wthh commonly ‘occurs at the end of the motor program In
Chapter 2, this possibility was«dxscoumed on the basis of ‘the txmmg of splkes in FETI relative
to those in the M-neuron. (P}ggyever, cu the few occasions on which the extensor burst

preceded the discharge in the M-newron (e.g. Fig. 2.4B) its timing did correspond: to. the ramp

depolarization in M .and may still, thefg‘fore, be a result of triggcr system in"p.ui 1t3is curious,

though why a terminal extensor burst is not seen dwring cvery kick. Perhaps thc strcngth of

% r

the input from the trigger system is not alwa5Jc sufﬁmcnt to produce a not1ceable mcrcase in

discharge frequency in the FETi motoneurons. ;'5:5"*,:7, ey

One aspect of the pattern of actmlv in the M- and 707 n ncurons not accounted for by
the scheme in Plg. 7.1 is the hvperpolarization of these cells during the motor program. Since
this hyperpolarization commences during the initial {lexion phase, it may be  produced by

3

¢ - .
those interneurons which provide excitation to the flexors. This inhibitory input to M and 707
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would then be switched off during the trigger phase aé'the 707 interneurons become
powerfully activated by the central trigger system. Thus, the jump circuit may contain at least
one elemer;l of reciprocal inhibition.

The generation of trigger activity does not depend on feedback from thé CO alone
becz_ause periods of co-contraction of the flexor and extensor muscles in quiescent animals can
be produced artif iciall‘y by electrical stimulation and yet trigger activity never eénsues (Heitler
and Burrows 1977b). Thus, as was true.fo; co-contraction, some central gxcitatory drive must
be required for triggering to occur; This may provide a subthreshold input L‘o‘ the central
trigger system, thereby enac .ng this system to be acfivated by the feedback from the CO. The
level of this central excitation is probably responsible for determining whether a jurﬁp or kick
will be produced once co-contraction is underway. Episodes of flexor and extensor
co-contraction sometimes occur in which the intensitv of motor -activity gradually declines. énd
no kick or jump results. The proprioceptive feedback at the onset of such "abortive"
programs would be normal and so the absence of sustained co-contraction Ieadin.g to trigger
activity is presumably a ref‘léction of decreased levels of central excitation. This gating role of
the central excitator-y inputs to the trigger fsystem also proQ_ides a means for controlling the
duratio'n‘ of the motor program. If levels of central excitation were high, the trigger system
would be closer to its activation threshold -and so trigger activity could be produced after a
much shorter period of integration of chordotonal input. When a lo¢pst is confronted by a
threatening stimulus, the reslting increase in central excitation would then enable it to ‘
- perform an escape jump or a>defensive kick (whichever happened to be approvriate) after a
fnim’ma]'délay. Thié ‘woulc.i explain why in dissected énifnals that are reluctant to kick (i.e.
animals with low levrels of central excitation) the periods of co-contraction can sometimes be
twice their normal durati_on. It would also account for the ver)'j brief periods of co-contraction

displayed by intact, aroused. animals (Chapter 2). Extensor activity in these locusts is also

very intense - a probzfélemcsult of central excitation of the co-contraction-producing

{
i

interncuronal systems.
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~One of the main conclusions of thi$ investigation is that 'proprioceptive feedback from
the chor‘dv(‘)tonal oggan has at least two important functions in péiterning motor 'activity for
jumping and kicking. It is involved in initi;Ling and maintaining the co-contraction phase and
is also respdnsible for terminating co-contraction by generating the trigger phase. Althoughv‘
juinping entails a highly sbecialized use of the hindlegs, these two roles of ﬁropgoceptive
input - maintenance of activity during one phase and produétion of . the switch to another _
phase - have also been found to be important in a variety of animals for patierning the motor
activity'for which legs are more commonly, used, namely walking. In the.cockroach, for
example, p‘osi‘tive feedback frqm cut‘:icular stress receptors helps to maigtain activity in the-
extensor muscles dufing Lhe stancé phase (Pearson 1972, 1981). A decline in this feedback
»belo‘w a particular level enables the switch to the swing phase to occur. In the stick inséct, the
femoral CO provides excitatory input to-reinforce ongoing activity of. the flexor motoneurons
aé the foreleg flexes during the stance ‘phasc. When a certain angle of flexion is reached,
however, signals from the CO initiate the swing pf{ase (ﬁésslér 1988). A similar situation
exists during the power stroke of the crayfi.sh walking leg where remotor neurons are driven
by feedback from a single sensory ¥&l) in the muscle receptor organ. A second cell, sensitive to.
a differ_gpt aspect ofétret.ch of the receptor organ's muscle, triggers leg promotion 1o initiate

i . 7’ ) 3

the retu'fh stroke (Siliar et al. 1986). The unique aspect of the IOCUS}L jump system, though, is
that the sensory feedback that is involved in maintaining one phase rof L}Pc program is also
responsible for causing the switch*to the subsequent phase. This is because the switch is not
simply produced ‘by\ja phasic afferenge signalling that a certain state has been"reached, but

rather. by the central integration offi)é}the same tonic feedback which maintained motor activity.
during the program's preced‘;fng pl;ase;

Another aspect not included in the scheme illustrated in Fig. 7.1 is ?he linkage between
the jump system and the system which produces fli:ght. As shown in Chapter 6, these two

behaviors are centrally coupled, but this docs not appear 1o be a result of phasic excitation

from the trigger svstem. Instead, the flight system receives excitatory input throughout the

~ -
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co-contraction phaise. One possible _explanation &g)r this is- that ti'r.e\ ch9rdot0nal feedback
which -is respensible for g‘enerating 'co-conrraction also,p_rovides a facilitatory input fo the
flign?”system Another possibility is that the circuitry underlying these two ‘behaviors s
mumately lrnked such that the neurors provrdﬂng excitation to the flexors. and extensors
during co-contraction also provide the f acilitatory 1nput to interneurons of the flight sysiem
In both cases, the coupling of flight initiation to ‘the jump wo'uld ultimately be due to sensory
f eedback from the chordotonal organ. Thus not only arc chordotonal af ferences 1mportam
for patterning motor actrvrty durmg the jump, they may also play a key role in initiating
motor activity for an entirely different mode df locomotron. . T ..#

The prevrous mgdel of the neuronal mechanisms for jumping proposed that triggering
was produced by a combmatron of exteroceptive and extensor -related proprroceptive inputs
activating a vsrngle pair oi" interneurons (Pearson er\ al. 1980; Sleeves and Pcarson 1982). y
Clearly, this picture. has now been radicall)r altered. Extrinsic Sensory. stimuli miay- serve to
initiate the program but do not influence subsequent aspects of its perf ormance (Chapter 4).
Contingent on thé existence of CO input, the co-contraction and lrrgger phases are produced
- by a prog;a@ whose trme course is determined entirely by. central mechanrsms Fle)\or activrty
and the resultant flexion- -related proprroceptrve feedback exert primary control over ‘the motor
program 's producuon and the main function of cxtensors in this system i$ Lo generate the
high Jevels of force required to power the leg's extension during the kick or Jum(;;.

; b,,
B. FUTURE WORI{

Althou‘gh rhis series of investigations has shed new light on the neuronal mechanisms 7
underlying Jumpmg ‘and kicking, the present understanding of how this system functions is far
from complete. One Rrea in particular in whrch knowledge is lackmg concerns the integration
of p'roprioceptive information during the motor program. Given the success of the approach

used by Burrows and his colleagues in determrmng the mechamsms by which various sensory

“inputs f rom. the lees are processcd (e.g. Sreg]er and Burrows 1983 1986; Burrows. and Siegler

Y
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1985; Burrows and Pfliger 1986; Laurent 1986, l9&7a,b), aﬁ arialysis of the integrption of

'

_ L4 .
proprioceptive information during kicking should be quite feasible. Indeed, discrete

N ’

populations of spiking local interneurons hive already been found to be zmportant primary

integrators of afferent input from the hindlég femoral CO (Burrows 1987). Hox@ever, the

\

- gfeat majority of these neurogs are probably involved in processing information in reflex

pathways and consequently may be of ﬂ?tle importance for production of the kick or jﬁmp
S L, . . -
motor program. The focus of future studies, then, should be to determine which spiking local

interneurons receive synapWic input from the small number of chordotonal units which are
responsiye to-femoral-tibial angles close to full flexion, as.thesc are likely to be the ones
critical for performance of jumps. Zill (1985) has shown that intracellular recordings can be

made froni single units in the CO (or from their afferent fibres) ai .n identification of
P

the important local interneurons should be possible. Once this has been achieved, the next step '

. . : ,
would be to record the pattern of activity in these neurons during kicks and to determine-

details of their connectivity ‘with Other interneurons. Burrows (1987) suggests that the spiking
~tocal neurons which receive input*from chordotonal afferents very likely'distriybute their coded

information to nonspiking and intersegmental interneurons. This course of investigation,-then,

might lead naturally. to the discovery of interneurons belonging to the central trigger system.

At present, the identities of the neurons which'comprise the trigger system have not been

% .
determined and consequently nothing is known abeout how the system is organized or how it

vfunctioné to generate the trigger signal.

% ‘Another approach that could be adopted to identify member bn‘eurons of the central
trigger system would be to attack the system from its output wside. Presum~ably, any neuron
wﬁich was found to provide strong excitatory inp'ul to the.M-neurons or to the 707 neurons

would almost certainly be an important element of jump circuit. After such neurons have

.

been identified, details of their connectivity could be. deterr_nined. In addition, perturbation of

the activity of thesé interneurons during the motof program should prodﬁce "resetting” effects
similar to those obtained by '_chordbtona'l afferent stimulation .and 'thereby‘provide further

.
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clues as to the functioning of the trigger system.
The s'trategy‘ described above for examining the central integration of proprioceptive
) N
input will ‘very likely yield new insights into another aspect of the jump cifcuitry about which

there is currently very little information, namely the mechanisms  for producing

™ -

co-contraction. It should feSolve the question of whether the neuronal systems for generating
the co-contraction and trigger phases of the mc.nor program, are indeed cobupled or whether
they simply share a common depefi'c‘i.eznce on chordotonal feedback fo; their activation.
Moréover, knowledge of the interneurons jwhich are responsible for exciting the flexor and
extensor motoneurons may ”also provide a solution to the problem of the origin of the

. ’

facilitatory input to the flight system during the co-contraction phase, thereby revealing the v
' ]

~

. mechanisms by which jumping and flying behaviors are linked. A

Clearly, much remains to be determined about the cellular basis for kjcking and

jumping in the locust. However, given the relative ease with which microelectrode recordings

can be made f rom-these, animals whilst kicks are performed, the jumping system of the locust

appears to offer an excellent. preparation in which to further our understanding of the way

%

sensory inputs are.processed by the central nervous system in generating a complex pattern of

motor output.
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