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ABSTRACT

- " '

The anatomical and physiological properties of the trochanteral
hair EIate in the cockroach metathoracic leg are examined. The hair
sensilla of the hair plate can be divided into two groups ,according to
their physical sizes and their relationship with the iﬂlersegmental
ﬁembrane of thevcoxo-trqchanteral joint. A group of approximately
thirty long hair sensilia.rest on the intersegmental membrane. Another
g#oup of ehort sensilla dods not contact the interseémental membrane,
The group of long hair sensilla is displaced by a fold of :ho inter-
segmental membrane when the‘femur 1s in a relatively fleve. position;
The physiological properties of the‘group ?f lgfébhair sensilla are
studled. This group of sensilla is further divided into two types, type
I and tybe II according-to their response. Type I sensilla are larger
in physical size and produce larger extracellularly recorded impulses
than type II. Type\“sensilla show only dynamic sensitivity to dis-
placement while type II show sensitivity to both static and dynamic
displacements In the reflex study, it is shown that the activity in
the hair plate affetents‘has an excitatoty effect'on~the femur extensor
moteneuron D and an inhibitory effect on the femur flexor motoneurons '

¥y

5 and 6 and common inhibitor neuron 3. Furthermoge, afferent activity-

L ad ’

from the hair plate resets the rhythm of sponta eously occurring rhythmic

flexor bursts, indicating that the afferent activity ectly influence

the flexor burst’generatot. - N

. .. A /-
vIntfacellular recordings are made from either . the motoneurons,

iv.



unidentified nonspiking neurons or afferent terminals within the meta-
thoracic gangllon. lhe trochanteraL hair plate is stimulated either
electrically or meénanlcally. Intracellular recordings from some of
the terminal branches of the hair.platecshowed that hign frequency im-
pulses propagating along the afferent fibers may fail to invade the
terminal branches causing failure- of the postsynaptic response. The
failure of impulses in the terminal branches is probably due to a
blockage of impulse conduction” at the branch points of the afferent
fiibers within the ganglion. Activity in the hair plate afferents
evoked EPSPs and IPSPs‘in femur extensor and flexor motoneurons res-
pectively. The latency for IPSP is on average‘l.B msec. longer than
tge latency'for the EPSPs. The beginning of the EPSPs follow the -
peak of the action potentials in the afferent terminals by approximately
0.4 msec. These, and other observations, led to the conclusion that
the hair palte afferents monosynaptically exeite and disynaptically
1nhibit the femﬁr'extensor andrfleXOr motoneurons respectively.

The effect of removing the trochanteral hair plate in one leg
 of a freely walking animal 18 examined. fhe operated leg oversteps
due to exaggerated femur flexion Correspondingly, recordings from
the leg muscles indicate that the flexor burst in the operated leg is
more intense and the duration of the burst prolonged It is concludedv
that the trochanteral hair plate 13 normally excited during femur

flexion andpthe afferent activity functions to limit femur flexion and

~-p?§sibly 1nitiateAfemur,extension-during-a step cycle.



ACKNOWLEDGEMENT

I would like to express my gfaiitude to Dr. K,G. Pearson

for the supervision of this work. The continuiné interest expressed

by Professor R.B Stein alang with valuable adwice is greatlv appreciaeed.
All the members of the Department of thsiologv contributed

to this inves&igatfenvin some way, but special thanks is extended to

Dr. E. Karbinski who was always available with help and criticism.

- ) : \ .

S U

’ -~

&

ks




T
[ \._-"f__r 2

”
. TABLE OF CONTENTS
page
CHAPTER 1.  INTRODUCTION. ) L
CHAPTER 2.  PROPERTIES OF THE TROCHANTERAL HAIR PLATE 12
2.1 Introduétion 12
| 2.2 Method , A ' | ' 13
2.3 Results . 1S
‘2..4 Discussion o - 30
CHAPTER 3.  REFLEX EFFECT OF IHE}TROCHANTERAL HATR PLATE
AND iﬂE FUNCTION OF THE HAIR PLATE IN THE
CONTROL OF WAinNG ‘ 35
s 3. Introduction : | : 35-
3.2 Method : ' ' _ 36
3.3 Results = - S A 38
3.4 Dlimscussi.d\n o o , | 51
CHAPTER 4, INTRACELLULAR STUDIES | R 59
R 4.1 Introducti‘on' . o | S _— 59
. 4.2 Methods R '/°v61,
. 4.3 ‘Results | | - o - o e - 66
4.4 Discussion . - IR a . 4100
CHAPTER 5.  FUTURE WORK - ~ S 110,

REFERENCES . I | 120

vii



[
)

LIST OF FIGURES

»

Figure . ' o ‘ ‘ page
1 Anétomy of the .trochanteral hair plate. ‘ 15

2 Response of hair sensillum to §Cep displacement. 18

3 Response of hair sensilla to sinusoidal
displacement. ) = ' 20
4  Response of hair sensillumlto sinusoidal
displacement. . " f‘22
5 The frequency response function of type I

AY

sensillun. ' ' . .23
‘6 The frequency response functiqn ofné type Ii

sensillum. : 'b \\ 24
7‘ Reéponée of type I sensillum to ﬁunctgég

stimulus. . _ ' . \\ > 26
8 Reeponsg of-type iI sensillum ;o'punctate \

s:imu1g§. | S T Y1

9  Reflex response of motoneuron D to step |

\
~ displacement of hairs . - E - f\39
. : |
iO , Responselof nééohéuroh D, to sinusoidal }
‘.displgcgmenﬁ of hairs{ ; o ;' % 40
’11 A.plot of phase 'and latency of mqtbneuton DJ» |
response. o - /;’ a

. _ ]
12 * Reflex response-of Ds to electrical stimuyétion

of hair sensilla. . ° o / 43



\

Figure
13

14

15

16

17

18

19

20

21

22

.23

2%
25
26
27

29

_EPSPs and IPSPs.
268

and the EPSP.

Hfstogram of latency of reflexly activated
motoneuron‘Ds‘spike.
Measurement of central latency.
Inhibition of ténic actiﬁity of flexor
motoneurons.
Inhibition of rhythmic flexor bursts.
Reco;dings from flexbr muscles of a walkipg
animal.
Graph showing flexof&burst activities in
wai%ing animal. f’
Diagfhm of préparation fpf idtraéellular
studies.
Recofdiﬁgﬁ from terminal branches.
Intraceliqlér recording; from‘tetminalﬁ

) : .

branches.

Records showing EPSP blodk}

showing cogdubtiop block in terminal

N

Exttacellﬁlar records showiﬁg'cdnduct;on.block.

EPSPs'in motoneurons and nonspiking neurons.i

»

_‘Rgcords showing constant latency of EPSPs.

Diagram showing latencies of termiqal spikes,

e
3 1‘
~

ﬁecords'bhowing delay bétween a terminal spike -

i

’ Effect of hyper and depolatizing currents on.

_EPSPa. L

page

45

46

48

49
52
53

62

67

69

71

3
75

77

.80

82
84

86



¢
Figufe page
%0 A plot of time course of EPSP amplitude. . 88

U
31 IPSPs in flexor motoneurons and nonsptking

neurons. | : 90

32 © IPSPs ;n nonsplking neurons. ’ . 92

© 33 Reversal of IPSP by hyperpolarizing cutrents. 93
34 EPSPs in motoneurons. 95
35 IPSPs in flexor motoneurons. v | i 90
36 Diphasic‘postsynaptic potentials. : 98
37 Diphasic postsynapt#c»potentials. V 99

38. Response of campaniform sensillum to punctate

stimulus. " | - 114
39 Reflei éctivation of mptoneuron_Ds. A 115
40 EPSPs in ekxtensor motoneuron. 117

41 IPSPs in unidentified mneuron. 118



~CHAPTER 1 . W

INTRODUCTION

Insects are excellent animals for the study of neuronal
: ' 3 ‘
mechanism underlying behavior. They are readily. available and inexpen-

sive, théir nervous system contains a relatively small number of nerve '

-cell and yet they displéy a large number of behavior patterns. Within
the last decade, a significant amgunt of studies have been carried out
in the inmsect to investigate the neuronal Basis ofwgovements in&élving
rhythmic repetition of muscular contractions such a;vventilation, flight,

‘ stridulation and walking. An intreasing amount of eyidence has accumu-
lated ahowidg'thai,the motor patterns undérlying these movements aye at
least partiy organizéd,by generators in the central nervous syétéﬁ
(ventiiation::-Milier, 1960; flight: Wilson, 1961; stridui:iion:
Bgntley, 1969 a, b;. théch & Huber, 1970;v Walking:‘ Pearson & Iles,

, {970;‘ Péarsonv&'Fourtner; 1975): 1t is i186”51eatvfhat proprioéeptofs

} pia& a significant role in the control of these rhythmic movements.. For
éiample, deafferéﬁted cricke;s are uﬁable»to successfuily oppose the

‘ striduiatoryvap ggtus‘thoqgh the rhyihﬁic}outﬁut continues unchanged

.(Moss,~1971). ‘In the locust fiight_systém.and_the céckroach waiking systeﬁ
égnsdriing;ts habéhéohic.gffgcts'on the frquency ofb%hé :hythmicfhutput
(Wilson & Géttrﬁp,'1963; Pearsqh. 1972). At'the.éreégnt time we'ﬁaQe"

vaety little knowledéé.oﬁ Ehe precise function of feedhack-from particu-

.1;:\prdprioceptonﬁﬁip'the control ofvththmicvmovements. yﬁe major aim

{ . . . , . .
. of the work in this thesis is to determine/the role of a particular
p:bpgioceptoff(the trochantetal_hgit plate) in the control of walking:

,-  ®

q e



in the cockroach.
(1) Tupes of proprioceptors in the insect leg
" Proprioceptors are sens¢ organs Sapable of registering

deformation (changes in length) and stress (tension, compressions)

S } :
1n.th body, which can arige from the animal's own movements -Or may

A}

be due to its weight.or to other external mechanical forces (Lissman,
‘ » ' ‘ \ .
1950). The proprigceptors in the insect leg can bi divided into five

N ‘ N .
types, namely the chordotonal organs, the campaniform sensilla, the

multipolar stretch receptors, the héir sensilla and hair plate, and

‘the free nerve endings. The histologv of some of these proprioceptors

has been examined by a number of previous studies (Chordotonai organs
[ : R e ‘
Snodgrass, 1935, Young, 1970; Campaniform sed%illaa Moran et al, 1971;

'Multiﬁolar stretch receptor: Guthrie, 1967; free nerve endings:

®

Zawarzi: 1912). 1In the followiﬁg sections, the occurrence and the

physiological properties of the various proprioceptors are briefly

L

reviewed. e

Chordotonal organ

<

‘.f?he chbrdbtonal.organs in the insect leg‘have been mapped .
in many §r6Ups of}inseCES'by‘Debaisieux,(1958). .There Are usua;ly .
.c9£a1, fembr#l_tibi#lj;nd taréo-pfetarga; organs. 'fhe chorthOq#lﬂ

. ptgaha'a¥e situated ﬁeiéﬁ ﬁhe‘hypédermis'and gre defiﬁed from the
'Ahyboéérmis;jbzacb organ ;dnsiStsof one td‘geyeral'hunﬁted‘chﬁfdoyonalé
.sensill#.' An-individdhllsenstlium ¢9§tgins éhegnetve;ceil ﬁhd two
tb'ihrég chh:ééterlstic celle~(Sﬁngra$s,{1935;.7Cray,_1960:  f;ung, 4‘
_'19?0), Ih’thévnééothp;géic;legfpfitheféockrogéh éﬁe cbxai dnd.femofal.
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organs are snpplied by a total of about thirty nerve fibers of medium
or small dianeter (legs than 10 um) (Nijenhuis & Dresden,” 1952).
Becht (1958) has recorded impulses from the sensory fibers from the °
coxal organs. lhese organs are so orientated that they are stretched
bxvextension of the coro-trochanteral joint. Thevrecordedbimpulse

f requency ingreased when the organ was stretched. Impulses generating

larger extracellularly recorded potentials (larger than 500 V) adapt
. . o

~

" quickly and completely. Impulses generating smaller extracellularly

recorded potentials (smaller thanLSOO-uV) show incomplete adaptation.

The histology and physiological property of the tibio-tarsal chordotonal

_organ in the cockroach was examined by Young (1970) 'The sensilla are

divided into three groups based on the size and the number-of bipolar
' B 2 1
neurons that are associated with the sensillum, Group 1 sensilla

consist‘ of two bipolar neurons, 15 - 20 vm in diameter: “Group 2

sensilla consist of two bipolar neurons 8 - liavm in diameter and

group. 3 sepsilla: consist of a single bipolar neuron about 10 um

3

in’di‘lrter. Electrophysiological records made from the afferent fibers.
aiow that orgsn responds to downward and backward deflection-of the

tarsus. Group I sensilla show a unidirectional phasic and tonic

. " 3

"response to extreme detlection .of the tarsus.' Group 2 sensilla give

) s

a tonic response to the full range of deflection of the tarsus. The

-
’

characteristics of the resppnselaf group 3 sensilla are not described. i
The fémoral chordotonal organ in the metathoracic legs of the locust
and ;rasshopper has been studied by Usherwood et aZ (1968), and Burns }
(1974) has examineg the same organ in the‘prothoracic and mesothoracic

legs of the locust.' Recordings from tn: afferent fibers from che

c?ordotonel.organs-}ﬁ the:study‘ofuusherwood et al revealed two

e



patterns of activity: a tonic discharge and a phasic rapidly adapting
discharge. The frequencv of the tonic dischnfge varies with the femur-
tibial angle while the phasic discharge {s related to the velocity of
tibial displaceéont. The feedback from the femoral chordotonal organ

is found to be important in the contpol of walking (Usherwood ¢ al,

1968).

Campaniform senstlla
The campanifornm sensiJa are located in groups near the
joints of the legs in insects. ‘T ev are small domes of 20 - 30 um 1in
diaﬁete: and in surface view, the sensillum mav be circular or oval
"in shape. There is some variety in the detailed construction of the
L4

cuticular part of the sensfllum indifferent insects (Snodgrass, 1935).
The sensillum responds to strains in the cuticular skeleton (Demoll, ,
1917% Pringle, 1938 a, b) and it is innervated by a single large bi-
polar neuron (Thurm, 1964; Moran et al, 1971). Spinola and Chapﬁan
(1975) suggested that the excitatory stimulus of the campaniform sen-
silla of the tibial group 6 in the cockroach is a compreséiOn perpendi-
cular to the lcﬁg axis of the cap of‘the sensillarand that ptopriof>
ceptive stimuli (caused by straining Cﬂe cuticle) also excité the
sensillum by indenfing the cap of the sensﬂé}um. The'proprioceptive

function of the trochanteral campaniform sensilla has been discussed

by Pringle (1940) and Pearson (1972).

Multipelar stretch receptors

The histology of the multipolar stretch receptors in the
insect leg are generally similar to the feceptors described by Finlayson &
Lowenstein (1958 )in the abdominal segments of various‘insects. Zawarzin(1912)

) . I
[l



located such a cell in the trochanter of Aeschna and similar tvpes of
cells were noticed in the termite.limbs bv Richardh(lQSU) and Denis
(1958). Guthrie +(1967) described three multipolar stretch receptors in
the femoro-tibial joint and the femoro-trochanteral joint of the cockroacg,
The large cell (about 30um) located near the femoro-tibial joint
responded with low frequency, slow adapting trains of impulses to
tibial levation. Three multipolar'stfetch'receptors are also located
.in the femoro—tibial jpint of the<¥gcust metathoracic leg (Coillet &
Boistel, 1968). Increasing the femur-tibial angle resulted in an
increasing frequzncy of discharge from these receptors. The pattern

of activity generated is composed of a phasic tonic and a‘togic com-
ponent (Ceillet &.Boistel, 1969).

Hair sensilla and hdir‘plates |

In the insect, much of the body surface bears innervated

hairs, the histblogicalistructure of which was_deseribed by Snodgrass
(1935). The physiological properties of the hair in the prothoracic
segment of the locust was studied by Haskell (1959). Recordings from
the afferent nerves of the hairs shqwed thet_the'sensilla responded
to a constant maintained deflection of the hair. The initiél fre-
querncy of'dischsrgeiin respunse-to the deflectiou was high (200 - 3OQ
‘impulses per second) and bec me'adapted to a sﬁeadv level of 40 - 50
impulses per second which was maintained for a long period of tire.

The hair sensilla located on the metathoracic tarsal segments of the
locust and grasshoppers were studied by Runion & Usherwood (1968) The
hair sensilla were described as phasically responsive mechanoreceptors.

The discharge frequency of these receptors is proportional to the



6

velocity of the displacemgnt of the sensorv appendgges. These sensilla
signal the contact of the tarsal segment with the substratum and
changes ?n load during walking (Punion & Usherwood,'1968).

Hair plates are groups of hair sensilla near the coxal-thoracic
(inner and outer coxal hair plate), coxal-trochanteral joints of the
leg (trochanteral hair plate). fhe properties of the coxal hair plates
and the trochanteral hair plate have been investigated by Pringl; (1938
The response of the sensilla of the hair plate was elicited by mechanical

stimulation with a needle, the adaptation of the response was described
r'\

i

as incomplete and it was commented that the hair p}ate functioned

to register position, In the locust, the hair plates on the'smqller
sclerites of the neck act together with the paothoracic hair sensilla
to provide the animal with the pfoprioceptive feedback for the proper
origntatioan the body with the head. The inormation of the head
position relative to the body derivéd‘from the hair plates élsb func-

tions to control grasping movements in the mantis (Mittlestaedt, 1957;

Lindauer & Nedel, 1959).

Free nerve endingé

These are sense cells with branched deydritic processé;)
ending'unde: the flexible cﬁtivle'at.the joint membranes (Zawa‘rzin,iv
1912; Nijenhuis & Dresden, 1952). There has been no attempt to
ﬁap_;hesé nerve endings systematigallonr to record impulses in their.

t
afferent fibers.

(11) Proprioceptive control in‘insect walking } ;

In the walking insect, it is quite apparent thatvpropriOCep-



tive feedback plays a significant role in shaping the motor output.

On indication of this is that there are differences between the motor

output’recorded from freely walking preparatione and de—afferented

preparations. In the cockroach, the highest recorded frequency of

the reciprocal activity in the levator and depress%r motor axons in

a de—afferented preparation is significantly lower than the highest .

frequency of walking (Pearson & iles, 1970). Similarly, in the

milkweed beg; the frequency of reciprocal rhythmic motor bursts recorded

from contralateral iegs 1s much lower in immobilized preparations -than

In intact ones (Hoy & Wilson, 1969). This suggests that leg proprioceptor

effects the frequency of the rhythmic motor bursts but is not necesséry

for the patterning of these rhythmic motor bursts. In the cockroach,

proprioceptive leg reflexes induced by forced 1eg movements folloved the-

input at frequencies higher than those encountered in running (Vilson, 1965;

Delcomyn, 1971) This observation suggests that the proprioceptive )"

feedback can phasically influence every cycle of the .motor output
"underlying walking novements A more direct indication of the

involvement of proprioceptors in the control of walking is that removal

of certain groups of receptor or alteration of sensory input by a change

oad can markedly change the motor output associated with the walk-
ng movement. In the cockroach an increase in resistance to leg
retraction during normal wdfking results in aniincrease in discharge
rate of the levator and depressor motoneurons (Pearson, 1972) it

was suggested that the trochanteral campaniform sensilla are the |

receptors responsible for producing the changes in motor output



associated with the change in load. When the femoral chordotonal o.gan
of thc metathoracic leg is removed. in the locust, the anim 1 can no
longer jump (Usherwood et al, 1968; Basslef,'1968). Bassler (1968)
showed that the 1ocust‘takes off‘by a jump only if full flexion is
reached between the femur and tibia of the metathoracic leg and that
this position of the leg is signaled by input frcm the femoral chordo-
toﬁal organs. Reflex studies have shown that in the,lochst and grass-
hopper metathoracic leg, :he chordotonal organ feedback excites the
alow extensor motoneuron‘innervating the extensor tibiae muscle during
imposed flexion of the tibla, (Usherwood et al, 1968)l’ Following the
" removal of the chordotonal orgaa, the speed of walking is lowered
and this be}’:avior is ‘co'rrelated with Jpronounced decrease in the
recordec activity from the slow extensor tibiae muscle. The input from
the tarsal.receptors in tHe_metathQracic legs of the locust 4nd
grasshopper (Runicn & Usherﬁood, 1968) teflexly excites the fast and
alow excitatoty mctonecrons and the inhibitqry neurons innervating-
" the e#tensor tibiae muacle. These'receptors:are excited when the tarsus
.ccntacts the substratum. After the_removal of the metathoracic
tarsal segment thete is a significant fall in the activity of the'slow
and inhibitory neurons to the metathoracic extensor tibiae muscle when
the animal is standing. During walking,&ﬁecordings from the extensor
tibiae muscle reveal that there is a large reduction in the activity
Elv;of the inhibitory neuron. Wendler (1964) has shown}that the hair plates

in the proximal part of the legs fh -the stick insect are part of a

feedback system»to stabilize the leg pogition‘telative to the body.
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Removal of the hair plates of the leg caused the operated leg to over-
step during walklng. However he had not investigated the reflex
effect of the hair plates cn the leg motoneurons and there i{s no
concise explanation for the overstepping of.the leg following the

removal of the hair plates during walking.

"(111) Intracellular recordings from insectlnéuroné'
Intracellular activity in insect neurons was first recorded

. from cicada motoneurons (Hagiwara & Watanabe, 1956); By using

KCl - filled glass microelectrodes, they recorded resting potential

and svnaptic potentials from motoneurons innervating sound- evoking
tymbal muscle. Subsequently, Rowe (1963 1965) reported successful
~attempts'to record the intracellular neuron;l activity in the meta-
"thoracic ganglion of the cockroach. The ganglion was first desheathed
and intracellular recordingséf'“e\sfde/trom both the cell body

region and the neurog&l region.; RecordingS‘were made . in unidentified
neurons. The'intracellular nenronal‘activity during rhythmic movements
(stridulation) was first recorded by Bentley (1969 a, b) in the cricket.
| He obtained a preparation of cricket, which after‘iocgl;ced brain leision,
sang contingally.for‘IZ hours. With simdltanedus‘recordings of intrae |
celldlar‘activity fron.the mesothoracic neurons (motoneurons and
'-interneurons) and extracellular activity from motor nerves innerVating
stridulatory muscles, he was able to correlate the reCOrded activities
v d assign them to the closer or opener system, . Intracellular activity
a[corded from opener or closer motoneurons showed rhythmic burst
patterns‘that follow‘the rhythm of‘the'calling song eVen in the absence

N . T,

N



of any phasic sensory timing. Following Bentley's investigation, a
number of studies were conducted to ‘examine the neuronal activity

associated with rhythmic movements such flight 4n locusts (Hoyle &

&
.

N Burrows,.l973 a, by Burro&s: 1973 a, b), rhythmic ieg moyements.and
walking in iOCusts (Hoyle & Burrows, 1973; Burrows & Horridge,
1974) and in cockroaches (Pearson & Fourtner, 1975). Attempts were
made in these studies to investigate the central mechanism responsible
for producing the motor output underlying these rhythmiC’moyements.
In the cockreach walking eystem, a nonepiking neuron is identified
as part of the rhythm’generating eystem (Pearson &.Fourtner, 1975).
Burrow & Horridge (1974) examined the influence of internenrons and
sensery input onto leg mbtoneurens during iumoéed,and sporitaneous
\\1eg movements.in'the_loeust. One of the general conclusions they
reached is that there is a lack of nbnoeynaptic reflen connectione in
the crustacea and inseets.‘ However further investigations in the
‘ ‘locust flight system (Burrows, 1975) uncover the monosynaptic connect-
. .
//:;:: between the wing stretch receptor neuron and flight motoneurons.

Similarly in the cockroach leg, a monosynaptic excitatory connection

_ between the trochanteral hair plate and the ‘extensor motoneuron D

10

has been described (ang & Pearsén, 1973)_and it seems that the extent

of exietence of mbnoeynaptic‘COnnectidns in the arthropei cannot yet'
be assessed uatil further investigation is conducted in other arthropod
systems, 'VfA '

(v) Present study

In the cufrent investigatipn, experiments are performed



to investigate the pgoperties of the trochanteral hair plate in the

cockroach and its‘reflex effects on motoneurons innervating.leg

mic

A

oelectrodes are carried out to define the synaptic mechanism
underlying the refleg pathways from the hair plate to the leg moto-

neurons. In addition recordings are made in the leg myscles of

?uszles that produce walking movements. Intracellular studies with,

walking animals both before and after hair plate removal.A The changes

~in the motor output associated with the abnormal walking after hair
el . :

plate remdval aré(examined, The findings of these investigations

+

provided information on the role played by the trochanteral hair

[

plate in the control of walking.



CHAPTER 2

i .
PROPERTIES OF THE TROCHANTERAL HAIR PLATE

. ‘-
2.1. INTRODUCTION ]

At certain pointe om the integument of'the cockroach, most
frequently where there is a cuticular overlap, small grouns of hairs
‘”eégregate to form hailr plates. In the legs of the cockroach, there are
thtee groups of hair plates situated in the proximal segments., These
three groups of hair plate are the‘quter and inner coxal hair plates and
the trochanteral hatr‘plate.‘ The inner and euter coxal hair plates are
situated in the membrane between the coxa ane>the pleuron, and the
trochanteral hair plate 1is loeated.near the coxo-trochanteral joint.

The hair plates are normally excited by a fold of the intersegmentel
membrane at the joint. KThe properties of thehimner coxal hait mlate end
the,trochentetel’hair plate have been investigated by ?ringler(1938b).
The response of the sensilla’ of the-hait-plate was elicited by mechanieal
stimulation with a meedIET\’The adaptation was deseribed as slow and

nd 1t was .commented that the hair plate functioned as

ineomplete
"position"-Sense oréans. The involvement of the hairvplate receptots
in controll ng leg movements during walking in the cockroach must be
j'consider d p‘obable since- removal of thé proximel hair plates in ,the .
stick 1nsect produced significent changes_in the leg movement dutihg
i.walking (Wendler, 1966) N |

In the present investigation, the properties of the trochanteral

hair plate are reinvestigated. The ;eaponaes of the ir sensilla_to .

. step and-sinuaoimel diaplaeements-are‘etudied, ‘The_résnits-Shew'thatfthe v.ﬂ_f
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hair plate sensilla respond to both static and dynamic displacements,

2.2. METHOD

(1) The preparation ~ 3

‘Male or female adult cockroaches Periplaneta dmericana were
kept in aquarium tanks ficted with wood partiticns. The animals were
fed with dog chow and water. For experiments to investigate'the pro-
perties of the nair plate, the»énimals were ligntlylanaethestized with
carbon dioxide and pinned ventral side up cn a .cork board. ‘One-pin yas i
placed off. center near the lasf abdominal segmentdand anotner throngh
ethgfdorSel cuticle just enterior ro,tne prothoracic segment. A%l
studies of the trochanteral hair plate were carried out on the left meta-
thoracicxleg;of.;he‘cockroach. .The legs cf the animal were extended and .
.£1xed wirh plasticin\on the cork board, ‘When the leg was in.the extended
position, the trochanteral hair plate was exposed i

- The trochanteral hair plate i8 located near the ventral coxo-
trochanteral condyle.*.Tne‘axons frcm the sensilla of rhe trcchan;eral
hair'plhte rnn'in nerve Ser (noiation‘cflpica & Cook, .1959): Nerve
5r5b joins nerve 5 of the metathotacic ganglion 4in the trochanter ne ar: g

&
the coxo-trochante:al joint (Nijenhius and Dresden, 1955) Detailed:‘f
description of gheianatomv_of the trochanteral_hair plate_wili be
Presented in the results section. . :~ | o I | ;. *

Removal of the cuticle in the ventral surface of the thorax id
'.the metathoracic segment'exposed nerve 5. All recordings from the nerves

' were made with 75 um. silver wire electrodes. Nerve 5 was first cut close

 t9 the‘gangliqn.l The distal cut end Was lifted clear of ‘the haemolymph

Ia
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qu_bﬂ
and coated with petroleum jelly to prevent drying. Ihe preamplifier
used to record from nerve 5 was an Isleworth type Al10l. These amplifiers
were connected to a Tektronix 502A ostilloscbpe and ‘the output from
the tathode_tollowets of this oscilloscope w;s fed to an Ampex SP300 |

seven channel tape recorder. All experiments were recorded on magnetic
tape. This allowed filming og the records at a latter time, |
(11) Stimulation of the trochanteral hair plate

(a) Mechanical

The hair sensilla of the trochanteral hair plate were displaced

mechanically by a bent insect pin conneetedbto the armature of a vibrator
- gnerator (Pye-Ling V47). The vibrator'was driven by a Hewlett. Packard
- 3300A function generator. Movemerits of the insect pin were monitored

by a length transducer (Hewlett Packard Model ZADCPT-OSO). The hair
sengilla of the hair plate were made to rest on the bent tip of the in-
lsect pin. The hair sensilla were pushed by the insect pin in the
direction that _they would be deflected during femur flexion.‘ The. return

of the hair sensilla to their resting position was passive.

(b) .Electrieal
A sharp‘inseet'pin was used,es anlelect:ode to ptimulate'tde
hair sensilla of - the hair plate. 'Tﬁe'pin was gently pressed against -
:the base,of the hair sensilla. Positive voltage pulses of 0.05 msec.
'duration, 3~30 volts were applied for stimulation from a Grass SDS
stimdlétor. The strength of the . stimulus was adjusted so that either
vactivation of aingle hair plate afferents or simultaneous activation of

‘more than one afferents can be evoked from the hair sensilla._
; _ _‘r_\/‘t
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(111) Analusis of records

Al

Some of the experimental data obtained using sinusoidal
drlving function has been analvsed by using a DigitallEquipment Corp-

oration LAB-11 computer. All time domain processing of impulses

3

generated by the driving function from single sensillum was accomplished

using the PULSE and FNFW-PULQE programs,(French 1970). A cycle histo-

\ i

gram is built up when the impulses fr0m the hair plate afferent are
generated by a sinusoidal displacement of the hair gsensillum, For

each histogram 100 cycles were summed and the best fitting sinusoidai

; L4

curve was caICulated (French et aZ 1972)'

2.3. RESULTS. @

W

(1) Anatomyeof the trochantéral hair plate

13
4

The hair sensilla of the trochanteral hair plate could be
"distinguished into two groups according to their reﬁationship with the °
intersegmental membrane of the coxal trochanteral joint (Figure 1.
Approximately 30 sensilla, from 30um to 70um in length, rested on the
intersegmental membrane.' Individual sensillum of this group showed a
curvature that enabled them to rest along its lengrh on Ehe fold of the
intersegmental membrane. Another“group of aeneilla located more‘;
distal to the joint did not contact the intersegmental membrane. The
: length of the sensilla of this group ranged from Sum tof30um. Obser* -
:vatione under the dissecting microscope revealed that they were not
{}fdiepiaced by the intereegmentel membrane even during extreme flexion
h ‘of the femur. All the»reaults 1n the ptesent study vele dbtained from the

”

group of longer hairs that contacted with the 1ntersegmentel membrene. ‘These L

.
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Figure 1.

'~sur ace - of the ;ioch nter. (b) Enlarged view of the trochan~ .

- of the membrane during femur flexi n. The samll hai s
-

”nbt_cOntacc-the intereegmente1<mEmbrane end they a
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) .
intersegmental
ﬁ membrane

coxa- % long hair
-.’:‘r:"; / &‘
hairpiate @ & ‘ ’

campaniform
sensitla

trochonter-—

(a)'Vectral.view'of'a porcion of the left. metathdracic.leg of

the. cockroach shcwing ‘the location of the trochanberal hair

:,platq and three gro ps of campaniform sensilla in the ventral '

' membrane of the coco-trochantetal joint are excited by a fold

'ot dis-

- placed by the n;girgﬁe even during extreme flexion of the

:'femur.
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sensilla were arranged in rows such that a foldingﬁof.the intersegmental
membrane would first displace the most proximal row of sensilla. 1'

With further flexion of the femur the increased folding of the membrane
WOuld displace the next row of sensilla and so on. Thus the arrangement

of the hair sensilla is such that increased numbers of .sensilla are

¢
y

‘displaced when the flexion of the femur-is increased.
(i1) Respohse to mechanicdllstimulatidn ’

- Individual hair sensilla were separated from the group -and
stimulated mechanically. | Impulses elicited from different hair sensilla
recorded by the silver electrodes placed on nerve, 5 varied in amplitude
It was obsﬁrved that impulses with thetlargest recorded amplitude
were always elicited from the longest hair. The group:of long hair
sensilla normallp resting on the intersegmental membrane can be further

divided into two types. according'to their response to mechanical dis—

'placement These two types of sensilla are named type 1 and type II '

C» -~

hair sensilla (see below) . '\\
(a) Step»dtsplacement T ) |
When step displacements werelappli‘t to the hair sensill;,‘
the onset of the displacement pushed the sensilla away from the inter- . -
,segmental membrane. This direction of displacement was the same as
that'along‘whichlthe sensilla would be. displaced during femur flexion. f

During the releaae of the displacement, the hair sensilla returned

to its initial position. :
‘ : L ,
'Type I hair aensilla responded to the onset of the step

displacement with an. initial phasic dischargé followed by a quick and°

: completeladaptation_(Figute 2 ). The size of the impulses generated by

. ! o . ! v o -~ ) . .
- . : o } - X R .
. : . . K . . ) N o
\ B M . .
) : ) . 4
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"ing position by its own elasticity. (a)
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P
100 msec

» ¢

. A N )
. " Response of different haiszensillum to step displacement.

Upper trace of each record shows the evoked impulses from

" the hair sensillum recorded from nerve 5. Lower trace

signals displacement of fhe hair.  Upward deflection signals

3

~onset of diSplacement when the hair is pushed away from the

intersegmental membrane. Downward deflection signals release

¥gf displacement when the hair returns to ;;;'aiiginal rest—

1 sensilla

2 i

Notice the intense initial phasi% component evoked by the

¥

onset of diSplacement which’is absent during the offset.

“(b) Type 11 sensilla The response,to the onset-of the dis-

placement adapted more slbwly.than'the_same response of type 1

-

sensilla. The. response to the release of the displacement 1s

lesa intense than the response to the onset.
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type 1 hair sensilla recorded by a monopblar electrodes placed on nerve 5
was in the range of 0.3 - 1.0 mv. For type II‘hair sensifha, the %
adaptation of .the response to the onset of a step displacement was
slover and complete for only small displacements (Figure 1 ). For
larger displacements type I1 hair sensilla tonically-discharged during
‘a meintained displacemeht. The magnitude of this static discharge
was monotonically related to the degree of displacement Thevsize
of the impulses generated by type I1 hair 7nsilla were always smaller
than 0.3 mv. Both type I and type 11 hair ‘sensilla displayed directional
sensitivity. For type I sensilla), the initial intense phasic discharge
uaccompanying the onset of the displacement was not evoked by the release
For type II;sehsilla, the onset of the displacement was acccmpanied by
a more intense discharge than the offset of the displacement.
(b) Sinusoidal displacement

A 1arge number of hair sensilla, both type I and type II
sensillarincluded were made to rest on the stimulating insect pin
and the sum discharge evoked from the hair sensilla were recorded
Figure 3 shows that the sensilla responded phasically to the imposed
displacement. The reSponse showed directional sensitivity, discharges
were.only‘elicited froﬁ the hair/eensilla when they were pushed away
from the intersegmental membrane. The return of the hair sensilla to
' the resting position was. not accdﬁpanied by any dﬁscharge Within |
.each cycle of displacement, the most intense discharge-was always
elicited by the uaximum velocity portion of the cycle. Responses
elicited from type ‘I and type 1I hair sensilla could be distinguished

by the size of the recorded impulse. It can be observed that during

- Iow frequencies of displacement (under 10 Hz), type 1 sensilla respogded



Figure 3.
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Response of thelwhole group of long hairs to sinusoidal>dié—
placementf‘ The upper trace ef each record shows the evoked
activity from the'harr:sensilla recorded by elegfrodes placedA
om nerve 5. The lower trace of eachﬁreeord‘signalé the dis-
placement of the hairs. An upward direction smoms thar'rhe
hairs are pushed away from the. intereegmemtal membrene;

When the stimulgting frequency.is at 5 Hz, the 1mpulses with
the longestanmlitude recorded from nerve 5 are generated by .

type 1 senailla. Notice ‘that the maximum response always

occursibefore the maximum diaplacement.
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to a much smaller portion of the stimulating cvcle than type'II sensilla,
The response of type I sensilla always occurred in-the maximum velocity
‘portion of the displacement. As tﬁe freduency of displacement increaseéed,
the sumned discharge frequency,of‘both type I»and type II sensilla with-
in each cycle increased. In addition, tvpe I sensilla were recruited
to respond earlier in the cycle, although they still responded to a
smaller portion of the cycle than type 11 sensille.'
| The response of single sensillum of both type I and type II to
sinusoidal displacement is shown in figure A: ‘The frequency response
of.ooth‘types of sensilla to sinusoidal driviné function was analysed.
In order to prevent fatiguing of the preparstion during'threse experi¥ -
ments, the preparation wa§ rested for one minute between periods when
the sensillum is stimulated by 100 cycles of sinusoidal displacement
of a constant frequeucyﬁ; _ \
. During‘SinUSOidal displacement’of an individual type I sensillum,
1t was found thet a certain frequency~ofAdisplacement was'reduired‘

(threshold frequency) before the sensillum.responded to the imposed

o displacement. For various type I sensilla, the threshold frequency

:ranged from 4 Hz - - 12 Hz when the displacemept amplitude was 0.02 mm.
Senislla generating impulses with the. largest recorded amplitudes have
the higheét-threshold frequency. Figure 5 shows the results of‘an
analysis of the response of a type 1 sensillum to a constant amplitude:;

- sinusoidal driving function of 0 02 mm, The smplitude and the phase
of the fitted sine curve wvere both ploted as a fUnction of ‘the dis—'

‘placement'frequency. The threshold frequenc;‘for this particular

“type.I hair eensillum weerﬁ,ﬂz. Above the threehold frequency, the p'

.



Figure 4.

‘relponse of type II sensilluu. v
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5 He

10 Hz

0H

Response of*rype I and type II sensillum to sinusoidal
displacement . The upper traces of each reCOrd‘shows the

' evoked activity in che hair 5ensi11um afferent recorded from

nerve 5 The bottom traces of ‘each record signal the dis-

' placement of the hair. An upward déflection shows that the

hair is pushed away from the 1ntersegmenta1 membrane. The

top recdrds in every frequency of stimulation show the B

BN

"reaponse of type I sensillum and the bottom records show the
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phase of the sensilla response always occurred at 90 advance of the

maximum displacement.. The response amplitude of the sensilla is
directly proportional to the displacement frequén;y fromv6 Hz to. 20 Hz.
These results suggest that tvpe-I sensilla responded to register the
velocity of the iuposed displacemeﬂtrtre
Figure 6 illustrstes'the behaviour of a type IIvsensillum to
sinusoidal displacement of 0.02 mm. There ere three distinct differences
between this‘snd figure 5. (1) The response 1is never zero vaiued, even
at the lowest~frequency (0.§'Hz). (2) The phase of the response is
closer to the peak of diSplscement, never leading.it bylmore than
about 60 »~(3) The amplitude of.resoonSe is smaller than the type l'
by sbout 302. These results suggest that thebtype 11 sensilla responded
| to”register'both the_magnitudé and tﬁe velocity of the imposed displace-

b

ment .

lehe lowest'frequency of displacement that indiyidual tvpe‘II
' jsensilla respondedntvaas depeudent'on the level of:displacement,
Afhigh level of displacemeutbwas reouired oefOre resuonses:could be
elicited wheuvthe frequency of displecement Qas‘low; ‘(This‘observation
is- gonsistent ‘with the results obtained when step displacements vere
used to. stimulate the type II sensilla. It was observed that a tonic

dischange was only elicited when the displacement level vas high)

O-The phsse of the response however was not affected by the different

levpls of displacement. .
(C)t Pynctdts_stimulatian

‘In some experiments, s'shsrpfipseotfﬁih_wss;used to'press‘h

...‘
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7.

100 msec

i

Response of type I sensillum to punctate stimulus and reflex '

activation of motoneuron D by the afferent activity from the
: sensillum. Top traces -.en paseant ‘nerve 5 record bottom «

: traces motoneuron D activity recorded by electrodes placed

in muscle 177D. The arrow 1n the top record 1ndicate the

| start of the stimulus. The bottom reco:d 13 recorded l 5 sec. h

\_)

_ after the start of the stimulus.f The larger 1mpulse recorded f’dji

from nérve 5 is the mptoneuron D impulse identified by a 1 l ;; '

correlation with the activity recorded from the mussle.i The

amaller impulae recorded from nerve 5 is the affereut 1mpulee R

generneed fron type I sensilluu;
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: lOOmsec'

|

, Fi‘gure 8.. ResponSe of the,ha‘ir .plate' sens_iﬂllai t’ox pcnctate stimulus and
- | ref»le‘;c"bectivatio_n’ of mot'orledron D.? by the afferent activity
_‘frodfthe sensilla. Top traces -~ en paaaant nerve 5 record
N Bottom traces -’ motoneuron D activity recorded by electrodes -
e ‘placed in?nuscle 17?D The arrow in the top record ahows the-
',.'letart of the punctate stimulus. The intehse activity recorded
"in the top record (indicated by a ba; drewn underneath the
“}r.record) 1is probably due to a movement of the probe._ The larger
1;fimpulse recorded from nerve 5 is the motoneuron D impulse |
identified by a 1 1 gorrelation with the activity recox}ded
x"ﬁﬁef:om the mudcle._ The sﬁaller inpulse recorded frpm nerve 5 tf

. '__-;fiu the impulseo genented in tlu afferent fibcr cf type II

‘fﬁThe botton record iu obtaiqed 1 ec. after the ;pplicacion_if;;-,;

}Aof thc stmm. S

‘-fff;nensilhmn Middle record 1: a continuation of rhe top record'éfﬂﬂ\}}
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EEEE Y

against the base of the hair sensilla.. Usuallv when sufficient
pressure was applied to the base of the hair (by the insect pin),
continuous sensory discharge from single sensillum can be elicited.
Figures 7, 8 show the response of type I and type 1T hair sensilla to
,stimulus apnlied to the base of Specific hairs. A tonic discharge

' /
usually resulted from‘this stimulus.i The time course of the response
of type 1 Sensillaiwas not noticeably different from that of type II
sensilla. The tonic dischsrge’usually continued for.more than one
second. It was noticed that a maintsined pressure had to be applied
to evoke such e response from the sensilla. Removsl of the stimulating :
pin from the base of the hair sensilla alwaus resulted.in an abrupt

cessation of the response. This reSult indicates that the response

was not caused by an injury of the hair sensilla.
(111) Response to'eZectricaZ stimulation

Electrical shocks applied to the base of different hair
sensilla via a stimulating electrode elicited impulses from the sensillum.
The size of the impulses recorded extracellularly by a pair of bipolar
'electrodes placed on nerve 5 ranged from 0 2 mv to 2 0 mv. Increasing‘

N\

the stimulus strength at any one of the sites of stimulation resulted

in the generation of a synchronized response from several sfferents.
'For responses elicited fron a single hair sensillum the all-or-none
cherectefistic of the afferent impulse wes obeerVed at threshold

.

! stinulus strength. For synchronized response elicited from severel

- heir eensilla, decreeeias the stimulus strength by a sufficient amount. L

Avrfusuelly resulted in e decrement of the enplitude of the afferent

= volley. Thus the occurrence of e single unit reeponse end a synchron-‘



ized response could be readily distinguished.

The conduction velocity for impulses-elicited fron different
hair sensilla was determined by placing two pairs of bipolar electrodes
with known distance apart on nerve 5. The time.elapsed.hetween the
recording of the‘evoked impulse by one'pair of electrodes and the
p next was noticed. The conduction velocity can then be calculated
The conduction velocity. of the afferents from different sensilla\
ranged from 3.5-5 m/sec. The relationship.between‘the conduction
velocitv and the amplitude of the.ektracellulavly recorded impulses,
elicited from the hair sensilla has been4pyatematicallv investigated
, It,was found that the tu*?tion between the log. amplitude of the’ impulse
and -the log of its velocity of propagation is linear with a slope of

.0.4, The amplitude of the extracellulatlv recorded impulse, then, 1s

proportional to the 0. 4th pover of the conduction velocity. This

relationship betyfilla sl ’1tude of ‘the extracellularly recorded
" impulse and its | Jocity 1s the same as that obtained for

the motor axons i} pach (Pearson,. Stein & Malhotra, 1970).

29
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2.4. DISCUSSION

i) Properties of the trochanteral hair plate

[
The experimental results suggest that type I hair semsilla

reepoaded to register the velocity of the displacement, thle»type 11
.senSillalresponded to register both the magnitude and velocity of the
displacement. Both.types of sensilla respended transiently to a step
displacement. ‘Static discharge of tjpe II sensilla'wasyonly'evoked
when the level of.displacement was high. ‘This property of type II
sensilla is censistent‘ﬁith fhe findings'qome'other mechanorecepte;e.
It has been shown that the evocation‘cf a‘glatead dischatge_fre; a
mechaaoreceptor often requires a higher stlﬁulus‘sttength than for
dynamlc respcnse (Cattea,&.PeToe, 1966). fhe hair plate might
-,therefcre have a role in controlling the‘ﬁoaition of the femut provided
that the sensilla are displaced to such an extend that tonic discharge

can occur. 1 have not systematically -examined the discharge rate of

»

1 hair place at . various coxo-trochanteral angles. How-

‘v ever it is clear that when the femur 1s at a slightly extended position,

. ho tonic discharge can be recorded from ‘the hair plate. Hence 1f the

_hair plate haa a role in position control it will not be effective

‘,lwhen the femut 13 in an extended poaition.

",; Previoualy it has been suggested that the hair plate functions

:to register the poaition of the fcnur telative to the coxa. This

o Ougsestion was baued on the finding that the responae of the trochanteral

a-fhair plate to. iuposed dieplacement of the hair aensilla is slowly :

o



‘.1 ment however, both the onset and offset of the displacement are
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adapting (Pringle, 1938b). >Our results do not totally support these

findings. We conclude that the hair sensilla functiops primarily to
" register the velocity of therimposed displacement (see figure"3).‘

The reason for thke oiscrepancy betueen thp present finding and Pringles
| observations is not immediately apparent. It should be meneioned
that in éringle's studp emphasis yas placed on the-investigation of
the inner coxal hair plate. The results'on the investigation of the
trochanteral hair plate‘was not presented,-although it was commented

T~ : . .

'/that the properties of the trochantera1~hair plate were the same as
those of the inner coxal “hair .plate. Furthermore it is ;%ssibie.

: that in Pringle s study, he had selectively stimulateq tvpe 11

sensills and® had applied a high level of displacement. A more likely

”
o,

’ explanatiou for the descrepsncy between the present and previous study
_is that in Pringle s study, the hair sensilla were stimulated by the
: pressure applied by the stimulating probe to the base of the hairs.

The time course of the response of the hair sensilla to these punctuate
' stimuli obtained in the present experiment is comparable with the

records obtained by Pringle._ |

: The present results also suggest that the hair sensilla

f espond to the direction of the 1mposed displacement. Duting sinu-

- soidel displacement, responses are only obtained when the hair sensilla

S

are pushed eway from the intersegmentsl menbrsne.' During step displace-»

_accempsnied by dischargel, although the offset is accompenied by a

~jwesker reaponse. These results suggsst that the threshold for activation
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in both directions of displacement (awax and towards the intersegmental
membrane) are not the same., A higher velocity of displacement 1is
" required before the hair seﬁsilia are activated when the Girection-éf
displacement is towards the intersegmental membrane, that 1s, when
the hairs are returning to their resting position. .This property of
the hair sensilla cén be compared with.othe; mechanéreceptors Qhere
the threshold féf evocation of response by imposed displacements {ir
opposite directions 1is not the same (C;tton, 1970). Since the
direction of displacemEnt of the hairs by the intefsegmental membrane
during flexion of the feﬁur is in the same direction as during the

r :
onset of the step displacement, the hailr platelis fﬁéreforé presumably
activated oniy by the flexion of the femur.
*g - The anatomical arrangemené of the-héir sensilla is such
tpat‘lhey are not displaced by-tﬁé intersegmentai membrane unﬁil the
fequr-is in a relatively flexed poéition. Furthermq:e, the hair
sensilla are arranged in rows suéh thatiinéréased erXibns of the
femur will displace a larger number of hair sensillé. fhe‘hair sensilla -
will therefore only. be exciied byimovements o§~xhé.femur ﬁéar the end

o

df the protréttion phase ofgleg movement in a ﬁalking animal. Hence
S

the input from the hair plate will provide information about the v ﬁ

'position of the fenur near the end of the protraction phase.
an Rature of tmnduc'er_procesa and ‘reception sensilla
The fine struétures of the. hair-cenailli-in the'loCust.

4.tlltl¢ fii and ‘honey bee have bee have been 1nvect13ated (J G. Thouns,

', 1971. Ricd Galun, & Finlaylon. 1973 Thutn, 1964) It was discovered |
, thnt the seaailll fnnctionud through a; lingle prinlry a&nae cell -,’ ‘
‘ .

- . . . C - )
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a large bipolar neurom with a cell bod} of epidermal origin. The
axon of the neuron went tb the gangliom and the dendrite was associated
with the cmticlc. At the tip of the dendrite was the basal body, this
basal body gave.rise to thg cilium, Cmgpécted to the distal part of
the cilium was the sensory proéess, which was a membrane bounded .
bundle of 350-1060 parallel microtubules. The ‘sensory process was
connected with thé joimt membrane in the hair:sénsiila (the membrane
connecting Fhé base of the hair with the 3urroundiné cuticle),
© The fine structures of the hair sensillum in the cockroach
had not been -investigated. However, detailed studies -of the structure
of cémpaniform'sensillum-have been described (Moran, Chapman, and
léEllis, 1971). ‘The inner stfucture.of the campaniform sensillum in
the cockroach is comparable with that of the hhir sensilla ‘in the
honey bee. Furthermore it has been shewn that the inner strugture Qf.
the campaniform sensilla and the ﬁaif'senéilla afe the same 15 the

'hmney bee Presumably, the structure of the hair. sensilla will fiot
be dierrent from ‘the hair sensilla in the honey bee. y

It has been suggested that Epe immediate, effect of a dis-
placement of the hair sensillum is the deformation of the densory pro—

cess (Thurm, 1964; Rice, Gnlum, & Finlayson, 1973) Thuru (1964)

7 augggated that a pinchiug of the sanaory procesa occurted when the ..@.w',
hair wu disphced. An uolatcd compronion of tha sanaory procaas S
w:lthout disphcing the lu:lr cchicvcd by ptuaing 'a /ncpdle into the o = '
base of the mr umd intma dum:;.. He concmm cm a0

"uchmical fma vhtcl{ vas. tranmm to tlu amory ptocen m the

,»effcétive stilulul.' In tbe preunt ltudy, ,when punctate atimuli lpplied _
‘ Y o e
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~

co the hair sensilie (pressure on the base of the hair); tonic dis-
charge lasting for more than 1 second can‘be elicited‘ffom both type

I and” type II sensilla. Presumably, during the application of the
punctate stimulus, the deformation of che sensory process 15 maintain-
ed and a tonic discharge is evoked. This indicates.chat there is
only slight of adaptation of the spike generating mechanism in the
receptor terminal. This adaptation (spike adaptation)‘is not sufficient
to account for the_adeptation of the traunsient reSpqnee when the hairs
areistimulated by displacement. Mosc nrobably the adaptation of the
sensilla response during displacement of the hairs is caused by

the mechanical properties of the sensory process. Presumably the
sensory process is only transiently deformed by the onset of a dis-
placement and relaxed during the- substained displacement (viscoelastic
slip) hence causing adaptation. In the hair eensilla, ‘therefore, it
is the mechanical properties of the receptor that is piimarily
responsible for the adhptation and possibly the diff¢rence in the

rate of adbptation in the two. types of sénsilla. .

S



CHAPTER 3

REFLEX EFFECT OF THE TROCHANTERAL HAIR PLATE AND _THE FUNCTIOV OF
THE HAIRPIATE IN THE COVTROL QF WALKING

3.1, INTRODUCTION

The - reciprocally patterned metor output in motoneurons
producing fenur flexion and extension in a cockroach can be produced
by the central nervous system in a deafferented preparation (Pearson
& Iles, 1970) The legs of the cockroach however, is' equipped with an ela-
~ borate gystem of proprioceptors and the reflenes generated by them
during 1mposed leg movements persist at freouencies of movement higher
than those encountered. in running (Wilson 1965 Delcomyn 1971).
A c0mpar1son of motor pattern recorded from the deafferented preparation '
~and 1n an intact animal has led to the proposal that reflexes generated |
by sense organs do mndiiy the centrally patterned motor output during
wulking (Pearson, 1972) | “ | | B ., |
_ Proprioceptors 1n the legs of the cockroach can be divided
into five groups, namely thq chordotonal orgons, the canpanifotn sensilla,
tho nultipolar stretch receptora, the freo nerve endinga and the hair f |
platcl (Prlngle, 1981 Guthrio, 1967, ‘& Young,l970) The proparties
o! the hair plstes in tl\e proximnl part of the cockrolch lag JAW een
studied pnevioualy (Pringic, 1938b) It wns propased that these hoig
| ,platu ate iqmrtant 1n Che tonic conttol of hg poaition. s 'me R

ext!nésco whtch thesc roflvlf;l also functiou 1n eoutrolling leg

. leClla:l duting‘valtlng is :°;Hl:“ but th;ir 1nvolv¢nant in walking
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must be considered probable since removal of the pronimal hair plates
in another insect,bthe stich insect, produces significant changes in
leg movement (Wendler, 1966). . i

In this chapter, the results of a study designed to deter-
mine the function of the hair plate receptor in the trochanter of the
cockroach metathoracic leg are reported Thebreflex effects of the
afferents from the trochanteral hair plate on leg mptoneurons and
the efféct of removal of the hair plate on leg movement in a walking
animal has been studied It is concluded from this study that one func—

tion of the trochanteral hair is to limit the extengfof femur

' flexion and possibly to promote the initiation of femur extension

" 3.2. METHOD

All experiments were carried out on the left metathoracic

‘ leg of adult cockroach Periplaneéa dmerieana The preparation was.
l{always kept at room temperature (20 +1 C) when experiments were per-
formed.» The methods for mechanical and electrical stimulation of |
the hair plate sensilla “have been described in chapter 11.__

To inveutigcte the reflex ffects of the hair plate afferent”' ”f
- on leg- lotoneuroua, ;reparations in which senaory and motor activity |
" ‘wcould be recorded upon st:lmlar.ion of. the hair plate wera developed
.To 1nveot181te bho funccion of the hair Plate in the conttol ot wnlkr'{idﬂ‘i

4‘_‘11:3. tccordiup ot tba -uunh aetiv‘

ytian wure obcninnd both prior

- t‘.o aud atur :bc :amnl o&“ thc‘

,hair pllto« Chlngnp 1a thc uotor
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(1) Anatomy of nerve and muscle
In previous studies, various motor axons in nerves supplying
the metathoracic coxal levator and depressor muscles have been identi-

fied and labelled according to the amplitndes of the extracellnlarly

-recorded action potentiels and discharge patterns (Pearson & Bergman,
i . . o

1969; Pearson & Iles, 1970). Axons 5 and 6 in nerve 6Br4 innervate

the posterior'coxal levator miscle 182 (notation of Carbonell 1947).
1]
Activity in these axons produce slow, graded contractions causing flexion

~ movements of the femur Axon D in nerve 5rl innervates the coxal

)
©

depressor nnscles 177D and 177E. :Slow graded conttactions-of these
vmusctes produced by activity in axon‘Ds ceuse entension of the‘femnr.v
Branches ofcavcommon 1nnibitor nenron‘reacn the;oeriphery viefbothA
nnetve 6ﬁrb and.Srl. Ihef ereylabellédAQ:and-b3'in'eoch nerve_reopect-
™

1ve1y

i x ¥

(11) Extmoellular reoordmg of eenaory and motor actwtty

All recordings from nerves were made with bipolar electrodes

"nnde of 75u 8ilver wire. Netve 5 of the metathoracih ganglion wns

\

lifted clear of the haemolyﬁph and coatad with petroleum jelly This._,

B allowed tecording of the activity in the afterenta from the hair plate V-

Ind the axnn of lotoneuron D sinco thele exons run iu nerve 5. To

::and 6 in utrve 68!4,,11 ndsat

:ﬁcord tho activity 1n axnn: 3.

left !ntnthoracic leg f: .btﬁtld "o nmaoie~th;noorol1 iﬂo;oﬁ the
' the ¢ ¥3 brm:h

B eloctrodcn._;_ i
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to the tip, were inserted in specific regions ofvmu5cles 182C and

177D respectively (Pearson, 1972). ° The excitatory‘junctional potentials
. . . ' . . 4

-~e1101ted'by axons 5 and 6 and axon D could then be recorded.

3.3. RESULTS

(1)Refiex effects of . the hair pZate on motoneuron D,

i f(a)' Reaponse to mechanzoal stimulation

The onset . of a step displacement of the hair sensilla of the
hair plate transiently increased the spontaneous activity of ‘motonguron

(figure 9).  This reSponse in motoneuron D adapted quickly

. although the displacement of ‘the hairs was maintained -The release of

N

{ the’ displacement vas accompanied by a much weaker excitation of moto—f

neuron D .’ It has been shown that the hair sensilla responded with

- a more intense discharge during the onset of the step diSplacement than_

during tbe release(figure 2) This property of the hair sensilla can
account for the much stronger reflex response of motoneuron D during
the onset of the step displacement of the hair sensills.,,‘ d

Figurs 10 shows the reflex response of mtoneuron D during
sinusoidal displacement of the hair sensilla of the hair plate. Moto-.

nenron D vm retlexiy Activated only when the hnirs were puahed

| Ths retutn_of the hair sensills’d;;:ff'

""1my"iotmuroml rssposu. g
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L
100 msec.

:"?fsp:§f9}'_'3csponae of uutoncuton D to ptep displacenant of the hair o

fgonaill;.\ Uppcrvttacn notnnturon D activi:y racotded by
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5Hz‘

50Hz

90Hz.

Figure 10. Response of motoneuron D to sinusoidal diSplacement of the
, S
'»hairfsensilla. Uppet ttace motoneuron D actiVity recorded
| by eleettodes placcd 1n muacla 177D. Botice the ahApe of thc -

v,ltecorded potantial at 50 Rz and 90 Hz of hlir dinplacausnt.

PO

_Tho 1n1t1¢i sixkt.is c‘ f' §by :he 1upula¢ proplsntinz in g
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‘Tesponse adapted after,the initial)ene or two secomds. At frequencies
Aof_displacement lower than 50 Hi; the reflex respense can be elicited
for tens of seconds without_snowing adaptation.

| The posiéion of the first reflexly sctivated D, spike
in a stimulus cycle at different frequencies of hair plate s:imulation

' was measured Figure llsbows a plot of the results.. Below 15 Hz,

» the‘firSt Ds response_was always actiyated at 90 degrées'befqre_the
uaximum displacement cf rhe°stimulus cycle occurred. Above 15'Hz,
‘the phase advance decreased and at 25 Hz of stiﬁ?lus frequency, the
phase advance of the first D reflex response decreased to 60 degrees.
The time elasped since the start of the stimulus cycle (when the hair
gﬁusilla were in the reating position) to the occurrence of the first
D response at: different}irequencies of stimlus was messured o

Cs

This gave rheila ency*of the first D reﬁponse.A Fignre 11“hows that

9.

when the stimlna trcqucuey wac below 20 Hs, ‘the latency decreased

: t vith an increue in v‘the freqmey of stimlus. At 20 Hz, the value







:ulfclicit a nynchronized volloy fron oevoral hai: aenailla (fi ure lab)
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\

It can be observed from the;record that the sensory valley and -the
motorlinpulse are opp%sfze in the order of their positive and negative
phases._.This feature of the recorded extrecellular activity enable

one to differentiate betggen sensory volleys and motoneuron impulses
travelling, in the opposite direction in a mixed nerve (Stein & Pearsson,-
1971). In addition, the motoneuron D impulse recorded on nerve 5 was |
identified by a 1:1 correspondence'with the junctional potentials
“recorded from ‘muscle 177D.

Impulses elicited from'a single sensillum of the hair’ plate
produced an excitatOry effect on the activity of motoneuron D . Thio |
‘ effect was aeen for both type I and type II sensilla (recognized by
size of extracellularly recorded impulse) _Thus both types of . sensilla
'establiahed excithtory connection with notoneuron D Figure 13a
shows the disttibution of latencies of t;: impulse in motoneuron D
; following an impulse elicited in-a single hair aennillum. There uaq

’ 'eonaid‘}dble variation in the lntency‘of the' response. The variability

in lntoncy wao teduced when the stinulun -treugth vas in&reaaed to

| "’l'hu ninunn 1amcy of tho notonuu:on rupmn. hawevor. was not -
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&P

Occurrences

. .(‘b)

- Occurrences

| ”m”‘m),

Bigurehlfi. Histogt‘am of t:he latency of the spike evoked in ax(m D by o

fafferent activity of the hair platg. Pointa on the recorded

o . S .jff&unt vollcy aad effei'ent 1mpulse taken fot the measutement

.-Vil}of lu;mcy nre shovn in the inae:. y) Lacency ‘

o

Hdtoueuron D 1: t

f‘f‘ toamr ‘thm 2 1 uec. o
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l‘?igure; °14. ‘(a‘) Diagram showing the- afrengément of electrodes for the
. .Xé neeeurement of central latency The reflex latencies recordgd
' by electrode peir a and pair b are t, and tb 5espect1ve1y

3

’:B - t = time for afferent and ef£e§ent activity to propa—
| Qe&e lm Therefore central latency - t - (tb’- taﬁ) msfec, |
x"‘:(b)-ﬁppet trace. record of-effetent and effereefxect101tj‘
| -recorded by electrode pairb Lawer trece' efferent and

Do

effetent ect:lvity recorded by electrode peit a-
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be reflex responses.

To measure the minimum central latency of the reflex, two
pairs of bipolar electrodeé were placed on nerve 5.vrThe proximal pair
of electrodes were placed at a distance of 1 mm. from the root of nerve
5, and the distal pair of ‘electrodés were placed at a distance of 1 mm.
S'from the proximal pair (figure 143 A synchronized sensory volley‘was
then evoked to activate motoneuron D FigurelAb shows the sensory
volley and the motor impulse recorded vith the electrode arrangement
illustrated in figure l4a. The difference in the reflex latencies

: recorded at the distal and proximal pairs of electrodes éives the sum

of the time required for sensory volley and motoneuron D spike to
| ‘propagate 1 mn. By subtracting this sum from the reflex latency recorded
by/the proximal pair of electrodes the central delay can be obtained
: (s legend of figure 14 ). Froﬁ five preparations, the minimum
central delay was calculated to be 1.3 msec. Thus with this electrode
arrangement, the central delay can be calculated without having first
to compute the propagation velocity of the senaory volley dnd motor

spike.
‘\

(11) Hbjiaz effbct qf the trochanteral hatr platefon fZezvr motaneurons

4o

Onset of the step displacement of ' the hair sensilla produced
a traneient inhibition of the tonic letiVity of. flexor motor -axons .
‘5 6 end the connon inhibitor nxon 3 (tigure 15) It vas observed
that .the duration of inhibition of the neurona vas directly related .'-
to their size. Thue the ectivity of axon 3 the ennd of the enellest
_ neuron,_was inhi\ited &or the eherteat period of ti-e The duretion .

of inhibition for eann ‘a the Iarlent axpn that ves active during the
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(Ib‘-‘)A |

| WO |
100 msec

+

'Figureliw' Record showing inhibition of- tonic activity of flexor moto~
| neurons 5 and 6 and coumon inhibitor neuron 3 by a displace-
ment of the heirs of the hair plate. Top trace shows the

acticity of axons 3 5 and 6 necorded fron nerve 6Br4 he.
lpulse with enolleat recogded amplitude is generated in axot
| 3. The inpulse with the largeat recorded anplitude is generated»-
: kin axnn 6 The lower trace of the record signals the displace- -
nlaz of the hnirs. An upvord deflection 1ndicaces that the :
haira ere puthed avay. fton the intersegnental nenbrane and
l~l dowuuard deflection iudicates the. return of the hairs to -

: the renting pocition.._euf
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100 msec

| Figute 15 Records of inhibition of rhythmic flexor butst by repetitive
| electrical stimulation of the hair sensilla of the hair plate
o Aﬁtivity of axons 3, 5 and 6 is recorded by electrodes placed
.eunder nerve 6Br4 The application of elecerical shocks
| 18 indicated by tixe line drawn @der the nerve tecord. The
. stimlus artifect geneteted by the shock can be obaerved.

~1The bats above the nerve recotd indicate where the flexnr

C _bnr-ta would have occurred had the ;timluu not been npplied P

"(d) ‘rhe electrical shoclu wer: Aysliad btheen the flaxér
.fhur.:a.. (b) The Iectrical dhccko ‘were lpplied during the

o ﬂeur burat. A
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displacement of the hair sensllla; was the longeSt. Single affere s,
excited bv electricsl stimulation of the hair.sensillabof'the hair plate
dis not produce any observable inhibltion of the aetivity‘of axons 3 '
“5 ann 6 Synchronized volleys from Several hair sensilla had .to be
\ evoked before the activity of axons 3 5 and 6 could be inhibited A
| [rough estimste of the latency,of inhlbition was obtained'by messutiné
the tine~elapsed ftomlthe‘enset.of the step dlsplaceuent't; the ‘>
t supbressionsof'the tonie:ectlvity. The lstencv ebtsined was_less than'
‘.10 nsee . | - | i o
Rhythmic bursting activity of axons 3 5 and 6 genetates the ::7
flexion movement of the femur during walking Previous study has |
: shown that these rhythmic butsts can be generated in de—affetented : ‘,_'
preparstlons (Pearson & Iles, 1970) We have fOund that stimulation
of the hair plate with hish frequency shocks (100 Hz) 1nf1uenced the '
timing of these rhythmic-bursts Preparations with cut thoracic
| connectives were. used for this study since rhythmic bursts of axons
3. 3, and 6 could be elicitéd ‘more easily. Figutelés shaws that when
the hair sensilla of the hsir plate gere stlmulated betweeu tho flexorlx
butsts, there was s supptsssion of ths burst activity., Burst activity L-A
"I then rcsnned after a delsy followina the cessation of the stimnlus to :
ths hsir sonsills. The bcCurrnnes-of the first buzst following the

ati lus was not usually at the 1nstant vhen s burst of activity vouldf

hm bun cmcud_ha'__ "”r.he mr umn- not bm stimlated In
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burst (figure 16b)-.

(111) Effbct of pemoval of the hair plate on the acttvtty of the fiexor
motoneurons 5, € and the extensor motoneuron D, 3 o

¢« . The hair plate can be easily removed by a pair of forceps
with minimum damage to,the surrounding cutic;e. >Subsequent rpxrempval,
flexion of the_emerered'leg was exEQgeratedvduring,welking; 'fhie
oversteppihg'effect-ceused the operared metathdracié leg.to coliide'
"’with the ipsilateral mesothoracic leg during flexion. The same bffect
on leg mcvement (overstepping) has been described by - Wendler (1966)
} when the coxal and trochanteral hair plates Wete removed in the stick :‘
 1insect. | O | R
| Recording of muscular activities 1n an Operared animel
.enabled me to emine the changes in motor outm;r,pvhich were associated

: with the abnormarﬂleg movements following hait plate remnval (fignre 17 )

;An analysis of resultg in rwo nnimals reveaIed tha: (1) the duration

L i B ‘-y -

;the one 1n the ipailateral netnal lea (figure 18 ), (2) the 1nrnnsity 'j'_.'ei;
of the fleznr bqrat waa 1ncrelsed (figure 18), and (3) the initiation :

._of the extenaor burat.follawing the end of the flexor burst 1u a '. ;:’75 L

atep cycle 1n the operated les,wus nst delayed._';ﬁ  T:V}¢T¢wf$‘;:¢~~;
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that produced femur. extension and flexion movements. Furthe?%ore .
'removal of the hair plate tesulted in overstepping movements of femur
in the opetated leg during walking ‘ Thef results indicate that the

!
trochanteral hait plate has a role 4n the control of walking

'(i) Refiem ejfbct of the . trochanteral hatr plate affbrenta onto the
femu.r extensoz' and ﬂexoi motoneurona

The affetent activity of the hair plate reflexly excitq the " o
femur extensor motoneuron D and inhibits the flexor motoneu‘rons 5 and . ‘}
,6 The . excitatory connect‘lon with motoneuron D can follow high
frequencies of afferent input, ‘and the minimum central latency of the
*reﬂex is short (1 3 msec ) 'rhe time for this latency includes
‘(1) sensory conduction tim within the gangliom.(Z) synnptic delay, -
(3) time f.ot tbe tiae of EPSP to thresbol.d, and (4) notot conductiong |

E "tine within the gangli.on Auunins that the synaptic aite wae 200u



frequencies at more. “than 20 Hz without a, noticeable phase shift. “The

constant phase advance of the D reflex response at different stimulus‘

_frequencies is probably caused by the yelccity eensitiye prgperties
of the hair plate eensillg. Aé'the etimuius ftequehc§ inereaeed thel
\ discharge frequency of‘the hait plate sensilla (both type 1 and type
;II) within each stimulus cycle incteased and more type I sensilla :

‘:-are recruited to tespond (type I sensilla haVe velocity thresholds)

Consequently as the stimulus frequency increaaed the amplitude of

the affetent input also incteaeed., The increaae in amplitude of the

senaory input will cause a larger and faatez rise of the membrane f;’

‘:_ﬂ_potential of motoneuron Dy and hence vill ewcite D with a shorter\ :

=TIAtcncy.h At 20 n: of,ptiuulus frequcncy. the »atency for the firat

55
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flexor bursts. The inhibitvry effect of the hlir plate afferent on the
.tonic activity of the flexor motoneurona 5 and 6 is oﬁ shqrt latency
» An approximate estimate of the latency 1nhibitory pathway was 1esa than .

10 msec. This 1nhib1toty effect 1a prabably mediated vja a diqynaptiC'

[
ELAEN

| pathvay (see chapter 4)., -
(11) chtwn of the troohantcral hair pZate dumng walking
Following tbe removal of the ttochanteral hair plate 11 the
.t_leg ot the cockroach, the aperated leg cvetsteps during waIking dué tp
exaggerated flexion mnvenant of the femur. Cortespondingly, the 7
‘ictivity of the erXOr burats are more intenSe and the»duration of
;,_i]the bursts are yrolonged. Theae changes 1n motor activity of the flexor;
| -,burst can be a direct conseqnence of the removal of the 1nhih1tory | .,
teffect of the hair plate affetents on the flexor UDtoneurona’adeor the

a ayatem of interneurons producins the £1exot bursts., In L3 normal

'f',fanimal feunr flexion presumably exnites the hair plﬁte affe:ents near




®

&

inputs from the wing stretch receptors excited during wing elevation

1nh1b£t the elevator motoneurons and excite the depressor mo;oneurons.

' These reflex pathways may therefore function to limit the amplitude

»

of wind elevation (Burrows, 1975) ‘e isoperhapa significant that in

'all these motor systems (walking, mastication and flight) reflexes “f

l\

: functhon to tetminste the motor. activity underlying the phase of

s .

".moysmq¢t in which there is- unlikely to be any varietion in load. ‘Aj

n 'siuilsr coptrol for the position of end flexiou in. the forelipb of

FK_ the doh hss also been described (Orlovsky & Shik 1965) It wss found B

: .thsuidhr;ng walking, the elbaw of the dog alwsys flexed to a deflnite

. U
. 14

~sngle'irrespective of the 1n1t1a1 sngle when flexion began._'

'7ﬁ5‘é‘ f The advsntages of utilizins the feedbsek fton the hsir plate .

sél”rsnts to terminate the ceqtrally genersted flexnr burst sre not
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the end‘of.the‘protrection phase.dflleg mdvement-in a_waiking animal,
~ the excitatery connection of the afferents of the hair piate on the
extensor notoneuron‘D-‘could be,impoftant'in the initia:{on-of'the

- extensor bnrst Accordingly it can be assumed that if the hair plate

e
SRR
is removed, the occurrence of the extensor burst' in a cycle will be

delayed, causing a longer interval between the end of a flexor burst
and the start of an extensor burst. However, this eXpected result was -
~‘not observed. Probably other afferent channels (e g, 1nput from campan—

. iform sensilla) are involved in inittating the extensor bnrst and the

: remova1~of‘one channel may not.produce significant changes~' Therefore~ .

'tbe function ot the hair plate 1n initiating the extensor burst during

"walking canhpt be exnluded by our negative £inding. The excitatory

7rt;pathwn“'£ron the hair plate to the extensor notBbeuron D may also

nfunction toietabilize leg.posture during stnnding. Any external

‘i‘diaturbanceﬂwhith tenda to flex the famur will excite the hnir plate and

: }hence reflexiy insrctse'thg leVel of activity 1n the femur‘extenaor

e



. CHAPTER 4

- INTRACELLULAR STUDIES

. 4.1. INTRODUCTION

(1) Impulse conduction in the terminal branches
| _Axon terminal-s“of the motoneurons'and 'sensory neurons branch
profusedly before forming synaptic connections with the next cell
(Burrows_, 1975.; -HcIntyre , 197-4‘,.Usherwood-, 196?),. Theoretical considet—
.’ otions have showh thet 'an'inereaae in inpnt conéucﬂé ‘ean 'occor at
-- | _‘the branch points of the nerve fiber which will reduce the slfety
' :'factor for the, propagation of 1mpulse past this point (Goldstein & Rall,
~ 1974) Failure of 1mpulses ‘to 1nvade some terminals of the motor axon
in the neuromscular junctions of both vertebrates and invettebrates
_h&s been ;ep(orted (Krnjevic & Miledi 1’959,. Pamas, 1972 Hatt & Smith
_1975) and it has been demonsttated 1n the invertebrate prepara /}on
" that this faﬂ:ure of iq:ulsé occu‘rred at the btanch point in the mtor
’ ~amn tetminal (Grouman, Spita & Pams, 1973) The possibility that V

5 the branch voints of the uneoxy tenﬂnalu nay influence 1mpulse conduc-g .

“",.tion hu been suggeeted 4‘"y . nuﬂser ~of pf‘cma. studies (chung, Raymond

‘eonduoti.on‘ in the eensory terninals :

yant 'tiu, iupulse londuction
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-~ (i1) Postsynaptic potentials evoked in motoneurons

The recent use of intracellular recording techniques has‘led
to the identification of monosynaptic excitatorf pathways~f;om the
sensory afferents onto motoneurons in‘the locust fligﬁt system (Burrows;
1975) and crab eye movement system (Sandeman 1969; Silveyv1974). Wifh
the lack of studies»in the magbrity'of'other arthropod systems the
extent of the existence of monosynaptic reflex path&ays cannot yet be
assessed, and 1t is certaiqu premature ?o propose a general rulg '
that most reflexes are mediated via in;erneurons (Burrows'&»Horridge,
i974). JIn the previous chapter it was demons trated, using éxtracellular
recording techniques, a short latency excifatory‘conngction from
‘tgochanteral hair plate afferents to the slow coxal QEpregsor moto-
heuron'DS in the(cockroach meta;horaéic l;éf The results reported in
this chapter show that this connection is mbnosynaptié and transmission
across it is medtfted chemically. | |
Théfsﬁiy detailed 1ntracellu1ar);tudy of an inhibitory reflex
v‘ pathway I;_arthropodé is that by Burrows (1975) on the locust flight
system, wheré he showed thgt impulseé in wing stretch receptér'afferents
;voke fairly short latency (4-6‘mséc3)fihh1bitory'pqstsynaptic\poéentials
IPSPs, in wingAelevator motoneurons. He conciﬁded ﬁhét this inhibitory
‘connectfon is probably monosynaptic. However, from the published data,
~‘th§¢possibiiity.that ;he;IfSPa,were elicitéd via a polysynaptic pathway
was not test?d and excluded7  In Chaﬁter'ﬁ it ié shown. that activity
in thgiﬁrdghénteral hair plate gff@rénca ﬁ;oduced.i short l;tency inhibi-
tiéntof'tonig,actiwi;y in leg flexor motoneurens of . the ;ocﬂf§g;h.
'Ingracel}ulig #tudie;,were pérfotg¢d to detétpine vhether.this

.. o
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inhibitory effect was mediated monosynaﬁtically or polysynaptically.
Although the data does not exclude the possibility of a monosynaétic
inhibitory connéction,.it is more probable that IPSPs elicited in flexor
motoneurons and' some unidentified interneurons, in response t% actrvity
in trochanteral hair plate afferents are produced via a pathway contain-

ing a non-spiking inhibitory interneuron.

" 4.2. METHODS o o TR

(1) The preparation

. Experiménts Weré»per med on male and female cockroaches,
Per planet'a_ameri cana. The experimental arrangement is shown in
Figure 19 1In most'preparations.the animal's left i;etthoracic leg was
rotated to e;posé the dorsal,surfacé Qf the coxa, énd the’nerVe 6Br4
to't;; left éostéfior ;oxal levator muséles was cQg éloée to tﬁé
levator musclés and retraéted medially. This aliowéd feéorﬁings to be
made frdm the motor axons in ;his ner.ve‘“with the ventral surface of .
the coxa uppermost (figuré 19). In ;other pt;paratior;; nerve 6Bré (
- web iieft; intact. , ’ R o | ' E
N The aniqnl was mounted 1n wax ventral side up on a cork board
. The coxa of the left leg was held rigidly in wax. An inse’ct pinl‘
posi;ioned -1n.. the gntgrvior_ bor,de}‘ of .th_e,.fe_mr’ kept the fenﬁu? in a.
glightly éitquded ‘posiﬁibn -Vso" ‘tha't;the_ ttocli?ntex“qi’ hair plate vias |
expoiéd.. Extension mvuantn of the feuur was poa;ible vh;n the leg
' was fixed in thia unner._ 'rhe cuticle tbove the muthoracic |
g;nglion aud nmm S wn rc-oud togo:hcr vith the undetlying fat deposite.
The expoud mglion vas eamnntly lohtanad by period:l.c &ppl:lcation |
“of cocktoach uum (215 dl amm chloridc, 3. 1 m acuuiua chlaride.

'1 8 e caiciuu chloride. 2 0 dl :odinu bicllbmta. 0. 1 ﬂ‘l codiul o

. '”'0
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7 Figure‘19s Schematic diagram showing the éxp;rimental ppeparafion and the
artangpment of recording and stimulpfing electrodep. The
’animal was fixed ventral side up on a cork board and a stain-

"leas steel plafe, P» placed under the exposed metathotacic

' ganglion Staples, 8, ware placed around. the anterior and
\ posterior connectives to ‘hold the ganglion firmly on’ the plate
Monopolar eittacellulat recording electrodes vere pﬂaced on f
. ~narve Stand nerve/énrb (the 1attervbetng positioned after
” di:sccting nerve 63:4 fron‘the dorsal side of ‘the: coxa) The .
':rochanteral hair plnte, t.h. p., zaa expoaed by extending
d7'thn fe-nr and re-oving a cd@leular flnnge at the diatal end

t

of thc eoxa..‘A, stiﬂulnting eiectrode, st was placed on

: g.’thn hnir plnte. rhc ganglian vis pcnctrntad by an 1nttace11-"; -

ular racnrding nleroclnctrodc, n. on the oidu ipnilataraa to -

.'dethc c:innltcius lloctrodl-;, | gi_“-‘l S
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phosphatg monobasic);' A stainless steel pl#tfbrm (p) was positioned
Qnder the ganglion and staples (s) placed ;round the'antegior.and post-
erior coﬁnectivesR This procedure héld the ganglion réasoﬁably firm.
Exfraceilular recording electrodes we{e plﬁcediéithér on nerve 6ﬁr4
or fn.the.coxal levatorfmuscléé to QSnitdr the activity in ;he»fEeXQr
motor axons to the posferior coxal levator muscles. ReCOrding eigctrodés
were aiso placedvbn nerve 5 to monitor'the.afferenf inpu£ from the J
hair.plagé and aétivity in the slonmotoneuron»D; to the coxal depresSor
‘muscles. Mbnopolér silver electrodes were used fﬁr all ne?ve recordings
and 75y copper wires insulated to’the.tip were usea for muscle reéordiqgs;
The hair platé afferents were either exciﬁed by mechénigal'stihuiatibn
(see chapter 2 or by the aﬁplidatibd of_0,0S msec. gutrenf pulses
ihr0ugh a sharp iﬁgect piﬁ to the base 6f_th§ hairs in thé'héif'plate.'
N ﬁy'catefully piacing_the stimglatiﬁg elécgrode and finely-adjustiné the
cqrgént, siégle afféreqts frém the haifﬂﬁlgte couLd Be'eic%fedl.
Sychronous activdtién of more tﬁ#n.oﬁé affeients daf achieved by using
'IAtgcr atiuulus cutrent (see chaptet 2 ) | |
T (14) Ihtmuaellular rcoordtng
| g Intrdceflular recordinzs were made with 2 0 H potasaium l-
'1'c1tr.te - filled uicroclectrodea. The qlasc cubiuu\(pyrex glaaa tubing
v0 «86 mm, QD and 0 51 un. ID purchaaed form Druunond Scientific, Broomall
,Pa.);van thfatded with four otranda of fibcr 31.:: bcfore pulling. The .
 ££5¢: 3111: atraudu not only allov the iu-diute filling of the elegtrodas j

(rlaki Tuukahara. Ito. waynar & Yu, 1968) but lllb 1ncr¢at-4 tho

.chhnnicgl,.;xgnsth‘pf‘che ;19;,(qu;con~§jrpqg;ngr,-1!75) All
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-y : .‘ 0
electrodes were inspected microscopically before .use and rejected if
the tip showed any sudden changes in diameter The best" tips were

ones in which the diameter decreased gradually so that the taper of the

tip was constant. The electrode resistance was bfg een 20 and 30

h Mohms. . . ) _ L .
lhe ganglion was prevented from drying'duri g the experiment

.by placing a small warfring areund it.and saline was retained within

thq@wak'ring. The connective’sheath of the g?Zglion{was softened

by treeting the ganglionlwith a 0. lZ pronase—in-saline solution for lO

minutes, then thoroughly washed with saline The procedure adopted

to penetrate the sheath with the microelectrode wag as follows. The

electrode was very slowly lowered until its ti tly touched the

-ganglion. This was indicated by and incxease in-the recorded electrode'

“ noise. The electrode holder was then gently and regularly tapped with

a finger while the electrode was’ lowered still further. Penetration of
.the sheath wg} 1ndicated by a sudden negetive shift of - 70—90 oV, followed
.by the sudden return of the potentiel to zero. This negetive shift 18 -
'presumnbly due to the eleotrode tip entering 3lie1 cells on the periphery
of the ganglion. "To succeeefully penetrate the neurites within the
neutopil it wee neeeaeery to eontinue the light tapping of the electrode
holder. Penetratiou of a neurite wee indieated by a sudden negetive :
»potentiel ahift of betweeu 30 end 70 nv by the appearance of synaptic
‘activity. and ‘often by the eppeetence of epikee. - |

| The enplifier ueed tor theoe 1ntrlcellu1er atudiee wee a
1EHP Inetrulintl H—Q eleetr0lt:er. A bridze eircuit in thia instruuent :

‘elloved currentt to be peeaed #nto the elle tad the resultd _T




‘diffuee up the expoaed eld of the dendrites of tho sensory cella

24 hours-.
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in meﬁbrane‘potential to be observed. The magnitude of the current
injected was monitored by recordingithe potential drop‘across'a 100
Kohm "~ resistor in the ground\return. In eome experiments the '
microelectrode was also used to moniter the extrecellolar.actipity in
thelafferentiterminel breﬁches ih.the”ganglion.
(111) {Staining of the hadr*plate affereﬁtav

: Prelimihary studiee were performed to define.anatomicallf
the geometry of the hair plate afferent fibers within the ganglion
Cobalt chloride vas allowed to diffuse up the afferent axons, then

the preparation was treated with amonium sulphide to form a black ,

precipitate of cohalt sulphide

The cockroach was fixed ventral side up in: wax on a cork- . J _f'
; board.o All the legs were firmly fixed and no movemeut was allowed

_The trochanteral heir plate of thermetathorecic leg was removed by a

pair of finé forceps The dendrites of the seneory cella of the hait B

‘oenoilla werethus exposed A drop of concqétrated solution of cobalt

- chloride was then applied to the hole in the cuticle where the hair

_plate was situnted prio!jto ita removel Colbalt chloride then could 7f?’:f5lf

‘o

The notnthoracic slnzli;*;;
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hair plate afferents and their términal branches in three ganglia
had been'lightlyvstained, It seemed that modifications. in the procedure
(e.g. concentration of coibalt chloride, time'alloweddfor back.

‘diffusion of . colbalt chloride) are required before good stained nre-

parations ean be obtained

4.3, m:suus

"(i) Raoondznga from affbrent termmnal branches o | _" L } ‘.

" Prior to the penetration of the afferent terminal branch by
the microelectrode extracellular activity of the terminal branch was
'recorded by the electrode., Figure 20~showsthe record obtained when .
the microelectrode was in close proximity of the afferent terminal ‘
‘fbranch The recorded potential showed a biphasic (poaitiVe-negative)‘-
ahapa indicating that the terminal branch was. invaded by the action

ES

potential (Ecclea, 1964 Hubbard and Schmidt,31963) As the micro-

-': electrode waa 1owered further, the magnitude of thg recorded biphasic'

~p0tential becaue larger, auggedting the nicroelectrode was now closer

’;to the terminal Hith atill futthar lowering %;ior to the penetration

iizﬁ"iﬂf the tltlyntl hranch by thﬂ iicroolectroda the ahape of the ex:rﬂ"'

- 'weellularl,i ruzotded potmt:{.ﬂ abmytly changed fro:a biphaeie to

t3=f;{' ?ienopbeaie (poe!iive on' ), tha negative paak of the previuualy

L‘;‘.A’“ &Ph"ic‘ mﬁtm, dinmim (Hsure 2%). mphm.c
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. Figure 20. Extracellular tecordinga ftam terninal branch of the trochant-
| .“*eral hair plate afferent by a microelectrode inaerted in the

;3an3110n. Top :races - extraee!!ular recordings from terminal

;f:branch' bOtton ttacol - nczve 5 records. The olcctrod is 1n— -

‘,nnrtod 3raduu11y dcaper in:o tquggngliou fton (a) (d) thtcd

| ;that thn cxcrncellularly rccordcd pptanttal 1n the ;erninnl ":

V ' ff}thln¢h ?h“"d lhlvﬂ tton biﬁhllic (potitIVO-ﬂﬂtitiv‘) iu (a)
St mphuzc in.6). Ta (d); the alectrods 1. uu to pens-
‘-}trata thn hraaah and.thajiatrlcclluiarrtignlnc ia socordad.-

h
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iThe change in shape of the extracellular recorded potential in the
afferent terminal branch suggests that a blockage of the action potential
oecurred when tne microelectrode was placed very close to the terminal
'oranch;'fProbably,'theypressure'of'the'uicroelectrode'on the terminal

" branch caused the block After.penetrAtion of;the terminal brancn.

by the microelectrode, the intracellular recyrded spike was within

the range of 20—40 v and the peak was never positive The character—r'

istics of these spikes are similar to those recorded- from sensory :

afferent terminals in ‘other animala (Kenedy'r Calabrese, & Wine. 1974,

R
,Koketsu, 1959) -

The latency of the afferent termdnal spike following the

f axon. spike recorded from nerve 5 was ‘in the range of 0.5 to 0.8 msec.

in different preparations (figure21) The lateney was measured from
'»uthe negative peak of the triphasic extracellular record to the- positiVe~
peak of the afferent termdnal apike. Both these pointa could be .

| ;lnccurately ideatified in our racords.' Sinee the negative peak of the : 'r"

triphasic recotd frou.aerve 5 corraoponds to the tima when the peak of

L the actioa pOtcnti° ia paaatng tho rocording aite (Stein and Pearuon, :

‘~ﬁ9?1). thia iotourt‘_ %hc caenlation of the averase

1& of Iatancy allowad

*neonduction va

: Iwan approxiaa'“'°

tn}thaihair Llaeo;atfatanta;iaiyery;cloqejeq;k"

7 of ‘the agtion’ potentia:
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O

”;fisg#g'ii.v_Iutracellulat recordinka fron terminal branches of frochauteral

“ _hnir phte affcnnu. 'rop tracea - ﬁtracenul&r recorda, |

. ;botgon tmcu - ncrve 5 ucords. (a) thn ex:racellular .

.3’_;_ ‘} | ‘7;'90teut:lal rccordad erl the amn of a .1n31e tfteunt (bottom)
 "f_1c !ollowed shorcly by an action patcntial in one of, ihl termina1 

’(‘ R '_ --f_.btmhu (:op)' Note t:hnt t.here 13 no pumccntial pteﬂdial o

;'_';eho tcr-tml “&.:’: (b) nnd (c) aro ncord: fm anothtf i_ jb
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that (3.5 ~ 5 meters/sec.) reported in chapter 2. Having obtained

recordings from the terminal branches'of theﬂhair plate afferents, it
was - then ‘possible to determine more accurately the times of transmission
of information from these affdrents to other neurons within the’ ganglion f
In experiments designed to demonstrate conduction block in “
the afferent terminal branches double electrical stimuli vere applied ’

to excite. the hair plate sensillum. Following the absolute refractory

period due to the first impulae, there was a gradual recovery of the

‘ excitability of ‘the axon and ita terminal branches (relative refractory

.period) (Stein, 1967 Fuortes, & Mautegazzini 1962) During this

time it vas poasible to evoke a second impulse from the aenaillum.

b e e bas e

7,The ability of the second impulae to-invade the terminala at various

intervals ‘after the firat iupulae vas examined. The double ahock

»

'_‘procedure wda used xo detect low aafety factor regiona for impulae
-Aicnnduction in the motoncurons 1n the cat (Brock Cdombs, & Eccles, |
.l_1953) and giant Eibera in the cockroach (Parnao. Spira. Werman & Bergman, N
_-1969)

N,

Conduction block 1n thc affcrent terninal branches waa o

‘mfirat indicatad by rocordingp~mada of evakcd postoynaptic evento in S




Figure22 .

'yi!tticec - narvc 5 rocordo.- (a) Dbuble electrical stimu11 L

AH'_"Gt‘ lPrliid to onc hair plate recep:or, two evoked

71

Records shdwing’EPSPS*réc&tded'1h a nonspiking neurod'in

response to. electrical stimulation of trochanteral hair R

li

_affetcnta. Top traces -‘intraceilular records' bottom

e

= muu ware recorded by thc»ultctrodu plmd on ‘nérve 5 o
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~impulse picked up in nerve 5 and the cnset of EPSP was 1.1 msec. 'This
value of delay time suggests that the EPSP was gene;ated.monosynaptically
by;afferentvimpulse“(see‘following section on'excitatorj postsfnaptic
motentials). Theistimulsting‘electrbde‘wss then moved ahd plsced to
stimulav% another'hsir r;ceptor.' The response of‘the same‘neuron to a
.pair o% 1mpu13é3 evoked in the second afferent-fiber is shown in figure
22bfd. In this case, only the first of two closely spaced impulses
gnereted an EPSP The delay measured hetween the recdfded extracellular
activity of. the first impulse and the onset of the EPSP was 1. 1 msec.
This measured delsy 18" the same as that recorded in figure 224q.. The.second‘
'afferent fiber therefore also established a monosynaptic connection with
the deuron. When the test interval was increased eventually an EPSP
was generated by the setond affetent impulse. The minimumrresponse-
intervel for the lecond impulse to generate'an,EPsP was 6 msec. (figuyre 22d)
.Hhen the test intervsls were Ionger than 6 msec.. the second impulse always
‘-Lgenerate an EPSP.' Two possible mechanism could have caused the failure
of the secoud impulee to generate-sn EPSP« The impulse may have failed
‘ﬁto imvade the terminals or it may have invaded the terminals but failed to
. 'canse trlnsmitter relesse.v To distinguish between the two possibilities,
intucelluhr recordings were ude in the termiml branches af the afferent
o '-.-'tibcr. , ‘l’he critetis used far :Ldentifying a8 reeord fm the terminal branch

"f;ﬁot a hnir pllte efferent wtre t (l) the spiknl elicited in them by stimula-.

" .‘,,'.ifttml t»dm: pllte wm of ohort du ten (wprox. 1 5 nec) and vith- .




,enell pre»nli

‘"f};tefrectory period of the receptor.‘ Calib:etiogs. Amplitﬂde -i_
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n

-Intracellulq; recordings from termﬁa?l branches of trochanterai

hair afferents. Taqp traces - intracellular records, bottom

: traces = nerve S-records.‘ (a) Impulses evoked in one hair, d
,plete receptor invaded the termdnaq tegardless of the tesﬂ
Jintervel (b«c) In the terndnal o% another afferent a minimum

:etntervel vas required (2 maec ) beforeﬁiﬁe second impulse ‘

1'of e cloeely epeced pair invaded the terminal ). Votice a

5t1a1 (atrow, c) that appears when the second »d

1lpulee failed to 1nvade the terminel.. In (b) only qne: 1mpulse

'yﬂvne evoked from the heir receptor by the double scimuli.

Prnbebxy tﬁe second stimnli wae applied during the absolute

0 -

\‘.’

zs -v; zm_’f'--'s Maec. oS

..ef:}e,:;e¥;7?:i-ej;t. : :xﬁi..
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the afferents 1s that preliminary anatomical studiesvusing.cobalt
staining tech’iqnes‘have shown that some of the terminal branches of
the hair plate afferents are located in the region of the ganglion
from which these ;ecordings were made (see section 1ii of method). Fig-
ure 23? shows that for one afferent fiber, the impulse invaded tne
terminal branch regardless of the duration of the test intervel. In
this case, the second impulse recorded intraeellularly is_snaller than
the first impulse because the second impulse was generated during the
relative refractory period. The results recorded from this afferent
correSponded ‘to the postsynaptic recording illustrated in figure 22a
where EPSPs were always~generated by the afferent impulses regardless
.of the duration of the test interval. Recordings were then made in
the terminals of other afferent fibers from the hair plate Figures 23b d
show the inttacellular record obtained in one terminal where a minimum
test interval was requixedvbefore the second impuise invaded the
terminal. When the test interveie were shorter than 2 msec., the

second impulse only generated a small posiztvg’pntential at the site

of eecording (Figure 23¢). This small potential was pfobably caused

by the eledtrotonic spread of the afferent impulse from the ;ite prior

to its £ailure Figure 23d shows that when the test intervals were
longer than 2 msec. , the“second impulse always invaded the terminal.

It can be obsérved that at this minimnn-response-interval the size of
the aecond impulse had almost reached the size of the first impulse,

indicating~that by, the time thE'eecond impulae invaded_the terminal,

the terminal had almost totally recovered froh its refractoriness.



Figure 24.
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Extraeelldlar recofdidgs freh terminal branches of'tfochanteral
heir plate afferents. / Top tidges.- extracellular records
obtained by microelectrodes pIaced cloae to the. terminal brarich-
es; bottom traces ~ nerve 5 records . (a) Invasion of the

L
terminal by two closely spaced afferent 1mpulses evoked from

a hair plete receptor. ,(b-d) For the terminal of another | '1'

dffetent a minimum interval (3 msec.) was reqUired before

the second fmpulse of a closely epaced pair invaded the terminal

‘(d); The breaks 1n the extracellular records (top ttace b- d)

are caused by the stimulus artifnct. Calibrations Amplitude -

(e)‘SFmV; (b;d)‘Z.S oV; time -~ (a) 10 g-ec;, (b-d) S‘psec.~
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Intracellular recording from these fine branches of nerve

fiber inevitably caueed damege to them. One indication of this is that
stable recordings rarely lasted longer than 15 minutes In order to
investigate whether conduction failure also occurs in undamaged
terminals, the extracellular activity‘of the terminals was recorded._
, Figure villustrates the recordings obtained by a microelectrode placed
'- close to.the afferent terminals. ..Two impulses invaded the terminal of
one afferent (figure 2485regardless of the interval between them. For
the other afferent (figure‘24b-d)a minimum interval'of 3 msec. was

required before the second‘impulse invaded the terminal. N

;(11) Exoitatory postaynaptzo potentzals

LJ

| Electrical stimulation of the hair plate afferents evoked
/h'an excitatory postsynaptic potential, EPSP %n at least two motoneurons
giving extension movements. of the femur and a number of unidentified
| nonapiking neurons (figureZS see Pearson and Fourrner, 1975"for the
‘criteria used for classifying a neuron as a non;piking neuron) The
| two extensor motoneurons found to be excited by the hair plate‘afferents
were 1) the slow motoneuron to the coxal depressor muscles, motoneuron
’ Ds, and 2) a fa:t motoneuron to the main coxal depressor muacles with
its axon in nerve 4. v'u

To record from the neuritee of notoneuron D ’ nicroelectrode

| penetretione of the neuropil were nnde slightly poeterior to Iateral
‘ndrve trunk 3 nnd fron 150 to 250 nierone fron the nidline. In a |
_'previous study it hae been lhown thnt a nunber of pro-inent neurites
'of this uotoneuron ere loeeted in this region (Peerson and Pourtner, 1975)

SRR

H
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Figure 25. EPSPs recorded in éktensor moto‘n’e{xroi'_m.(a and b) and a non- |
| 'spikih-g ﬁéuron | (_c‘), in response to elec'tric.ai‘ stimulation -
of trﬁghapte:al‘héit plate afferenﬁs. ~po'tra¢§é -.1ﬂtr$cell-' :
ular .records; .bbntc.om‘t_race's - gerve.S re_corq.is.‘. )(af V.EIPSPs. in
motoneuron D : 'left - 'EPSP' in 'reabome to ac:ivfby 1ﬁ a'siﬁg.le
- af erent middle - increase in the amplitude of the EPSP upon
‘synchrondus activation of a number of afferents. right - a.
large EPSP elicits an action potential in motone\;xon D (tﬁis '
action potentidl can be seen as- the ucond spike 1n the extra-
| _cellular record ftom nerve 5) (b) EPSPn 'in a fut extensor
_mtoneuron' left - EPSP in rupoun to activity in a single
- y'afgcrant' right - iucrene An’ upl:ltudu of the EPSP upon ,
.'lynchl'omn activation of a numbet off Aft'erentn. Calibution. .

- o _amu:ude EPSP: - lo -v. tiu 8 uoc.
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Since motoneuron D is the only motoneuron with an'axon in nerve 5 to
be readily activated by hair Plate stimulation, the criterion used for
establishing that;recordings were made intracellularl§ from this-moto-
neuron was that stimulation of the hair plate sfferents evohed a short
latency,spike in the impaled neuron and this spike was correlated 1:1
with spikes recorded from a single motor axon in nerve 5 (the axon of
» motoneuron D is in nerve 5). To confirm that this criterion alone

is sufficient for identifying motoneuron D s extracellular recordings
‘were made from the coxal_depressor muscle in which the excitatory
junctiOnal potentials evoked in these muscles by motoneuron D can be

. &

unambiguously identified (Pearson 1972) A fast extensor mo toneuron
with an axon in nerue 4 was identified by the 1 1 correspondence of
intracellular spikes with phasic exteneion movements of the femur and‘
the absence of a spike in the extracellular record from nerve 5. Since
there are a number of fast axons in nerve d to the coxal depressor
nnscle,v it was not ‘certain thst the same fast extensor was penetrated
. in different prepetations. No attempt was made to physiologically or
, anstomically identify the nonspiking Reurons. from which EPSPs were
\ a recorded Since- these intemeurone were encountered in different areas,
o of th3 dorsolateral region of the ganglion, it is probable that a |
aignificent number of interneurona receive excitetory input from the
hair plete efferents. R , | ‘ : ‘
'*74 - An iuportant obaervstion was that in repested penetrationa in:' :

tg uu preperation different neurons were encountered in *which the

| "‘! '“"‘“t fiber produeed !PSPs. Thie observntion




~ single hair plate afferents can.simultaneouely exite ﬁotheextensor
motoneurons and certain nonepiking neurons§‘ﬁ

The evoned,EPSPs in the slow and faet\extensor notoneurona
and.tne unidentified‘neurons were.very sihilar ao regards their.
'amplitude, time course and latency .Consequently, in the follouing-
Y description of these characteristics of the EPSPs, a distinction
will not always{be made between the EPSPs recbrdedvin'different
'Neurons | ' | |

The EPSPe produced by a single afferent had an amplitude of
- between 1.0 and 2.0 wV. There was no obvio:: correlation betweén n
nthe‘amplitude of‘the spikes recorded extracellulquy on~nerve«6-from
single afferenta (which givea én indicatiOn of the diameter of the } {\«
afferent ‘Pearson et al., 1970) and the EPSP amp‘itude | Stimulation of
: ‘more than one hair plate afferent led to a larger EPSP due to- the
summation of the individual EPSPs (figure 25). An EPSE of mofe than a
.few millivolts usually initiated an action“ootential in motoneuron_n
'(figure 25), while synchronous activation of many hair pi)te affetents
only rarely initiated a apike in the fast extenaor motoneuron. |

The duration of the EPSPs vds between 10 and 20 msec. and the |

rioe time approximately 2 ‘msec.. Tho time course of these BPSPs 18’

_sinilar to that obaerved in other neuroua of the cockroach (Callec et al.,

‘1971).

v e er

14’” | Tho lltoncy of the EPSPa nnluured froﬁ the negative eak of

; '.the triphuic potcntial rocorded fron th- aftoront mn in nerve 5 vas
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Aj;“rtllt:\;i lncordo showing ths canstnnt latency of the Epsps elicited

ES

'ln notoneuron D (top traces) by activity in a single hait

:"J“f;pl't‘ afferent.: 3°t°°ﬂ trt;eg - netve 5 record of afferent .

.ctiVity. : Th‘ fqut .‘c‘ Qf récordg ’hm in this figure ate .




81

preparations (fignre 27). Tablel lists the mean'value_of thevlatency

‘measured 1n the.extensorimotoneurons and the nonspiking inte?neurons.
.inidifferent preparations From this it can be seen. that for all’ these
neurons the mean 1atency was very similar aud slightly gteater than

1 msec. Allowing for the conduction time of the afferent impulaea.

into the ganglion (which is approximately 0. 6 msec., see figure 27) the
transmission time from the afferent terminal spike to’ the initiation

of the EPSPs is clearly 1ess than 1 msec In two preparations it was
:poaaible to directly measure this=delay since I was fortunate enOugh tﬁ ‘
" first. record the EPSP elicited by a spike in a singla afferent ‘then

- on a aubsequent penetration of the ganglion record intracellularly
from the terminal branch of the same afferent\(figure 28). | The latency
between the peak of the afferent terminal apike and the beginning of the

."EPSP in bqth preparations waa 0 4 qlic Thia amall but significant N

- value of the central t?anamiaaion delay indicatea that the EPS%; are

[ . :
= . R

elicited via a monoaynaptic connection from the hair plate afferenta
":and that tranamiaaion acroaa thia aynapae is chemically mediated. .

\.A further-deuonatration that there ia an appreciable delay between thei |

' afferent ierninnl apikh aad the initiation of the EPSPB ia aeen by

*‘7g=coaparing the latenciea of theae two eventa in all preparatibna in -

”ff:ﬂvhich they were recoraed (figure 27) The mean value of the peak of

ch. t‘l‘linll 'pikﬂ wl. 0. 62 ”ec. ‘ while the mn v‘lue og th‘ . 'Cy .

qfto the baginning of tha EPSP waa I;lf’aaac. Theae obeervationoha;‘ffvf‘jﬂfT‘
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. Figute'27- Diagghm showing the’ latencies of the afferent terminal spik&s. g
. | i I the EPSP! lnd the IPSPa measured for all preparations. The<= ;
o R ,

_lttcncieu were maauurcd from the negative peak of the extra-
'%ffgccllulnr recard of afferent activity in ne:ve ) to the peak S
'.{of tho affptnnt tnrninal spikea and to the beginning of the

't,éa
po'taynnptic pctenrinla. The nrrow to tha.left of each group

“f?:of dltc' ointo shous thn nntn‘lntency £or tha: group. Tha
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. o 7 TABLE 1

Mean latencies in milliseconds of the'qffefent,terminal spikes, EPSPs,

and IPSPs. The number of observgtions 1s bracketed. '

Afferent terminal | - o o o )
___spikes . . . " - _EPSPs I IPSPs
o . : . ) ) ) . J\ b‘ . o e

: 0;62:(6) o ‘ 'Mbtnﬁeuronlns- 1.24 (%) | ‘;.:Flexor'moéoﬁeu§0ns- 2.81 (3) |
| - Fast extensor 1.025’.(%)', . Other__  '  3  »3{00 1

s | other - rareasy |
< . o i . . .,._* ;. ' . — .'—l v——.——'——‘---“—‘ o S q’-?--——‘-v \“

4

F | e 117 ) | et o, 283000

2



84

e

o Figure 28. .Records chowing the delay between an affgrent terminal spike

R

"(middle trace) and thqc baginning of an EPSP in a fas«: extensor

N o rpo,toneuron (top trace) The bottom :race ia the nerve 5
et r? "I"r-'OCO;‘:i. Tho EPSP was evoked by an action pot:ential in . a:

. ‘f‘_single affetent nn;i :he terminnl spike recorded m the same o
- :f!crcx;t on 8 Iuh«quant penctration o£ thc unglion._ The -
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- The significant delay (approximately 0.4'mseci)ibetween-
the peak of the spike in the terminal branches of the hair plate
afferents aﬁd the beginning of the EPSPs indicates that transmission
'is chemdcally mediated A second indication for chemically mediated
:~ttansmission is thapcthe duration of the EPSPs (10 to 20 msec. ) ie
' ”aimilar to the duration of other chemically evoked EPSPs in arthropods
"(Burrows, 1975 Callec et al., 1971 Zucker, 1972) and significantly
lloeger than the dhration-of‘electrically evqked EPSPs (Zucker 1972)
Two further tests for demonstating chemical ttansmissiOn Were

. . .
_carr ed out, namely the studying of ‘the effect of 1) hyperpolarizing '

.

»

ucurtents in the poetsynaptic neuron on the amplitude of the EPSPs,

«:and 2) bathing the ganglion in a aolution contaihing a high concen:ration ‘

.Uof wa;nesium. Figute29 shows that the passage of hyperpolarizing j ‘

.dcurtenta iglleaaea'the amplitude of the EPSP, as is expected 1if trans-
'»l:~ miasion is nidiated chemically. The effects of large‘depolarizing .

currencﬂ in motoneurons cennot be atudied eince the generetion of action -

potentials by the depolarizing current obscured the evoked EPSPs.} In ST T

3

nonspikins nuurona depolerising currents decreaaed the EPSP

c
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of chemically mediated transmission.
lA :onventional technique to demons%rate chemical transmission
i8 to increase the external magnesium 1onlconcentration, which’has been
shown at manp synapses to block;the release‘of transmitter. “hOWever
we werg unable to demonstate this- effect on tgpnsmission from the hair
e ’
plate afferents. Bathing the ganglion in a‘polition containing a high
uconcentration of magnesium (50 mM) for periods up to 45 minutes did not-
block the reflex activatidh of motoneuron D by the hair’ plate afferents
’n&r the production of short latency EPSPs by %hese afferents Desheath—.
J’ ing the ganglion in this high magnesium solution also did not lead ‘to :7
,O'a block of transmission. The'inability ofvhigh magnesium,solutions to

chemical transmission -

: prevent the 3eneratipn.of EPSPs doeé not-eXclu'
for 1t 1s possible that there 1s . a marked diffueion barrier between

- the exterior of the ganglion and the synaptic sites within the‘neuropile. _

‘.1‘In some other animals chemically quiated synaptic transmission is k nl

v'alao known to be unaffected by high magneaium solutiOns (Zucker, 1972)
Burrowa (1975) wag elso unable,to cOmpletely block the production of

- EPSPs in locust flight motoneurons with high magnesium but he did -

oboerve a: aignificant decrease in EPSP amplitude over a period of 45

" minutes. - If a similar decnease in,gmplitude occutred in the present experi-'

,f Iaintained penetration. »;,tkfhiﬁt??”-ih.f%i".fia f-;i" nivi ; o ’é

' A connon characteristic of ch; ‘eel synapaea but not electrical -
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Figute '30, Showé a plot of the time course of the amplitude of the
unitary EPSPs evoked by high frequency stimulation (IOOVHz)

of the hair plate sensillum.
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synapses 1s a facilitation and/or depression of EPSP amplitude following
repetitive stimulation (Bennett, 1974)., For a wide range of stimulgtion
frequencies 1 never observed agy facilitation in EPSP amplitude but with
high frequency stimulation there was a progressive diminution in
‘amplitude. Stimulation at 100 per second for 1 second decreased the
amplitude of the EPSPs evoked imme@iateiy'foliowing the stimulus train

to about 75% of the initial value (figure 30).

(111) Inhibitory postsénaptic po?entials

In the previous chhpter{it was shown that the slow flexor
motoneurons to the posterior ccial levater muscles were inhibited by
stimulating the haiTr plate. On three occasions I penetrated the neu-

rites of slow motoneurons to these muscles and observed an inhibitory
‘e

¥

postsynaptic potential in reshonse to electrical stimulation of the halr
plate (figure 31). It was not possible to‘individually identify the-
flexor motoneurons from which recordings were made, but since the

region sf penetration contains the main neurites of the motoneurons 5

and 6 éPearson & FOurtner,31975) it is probable that on at‘leaSt_one
occasion, one of these neurons were penetrated. IPSPs were also recorded

from unidentified nonspiking interneurons in regions close to main

i neurites of the flexor motoneurons (deep within the 1atera1 edge of

~the ganglion approximately level with nerve 3). Since the amplitudes,
durations and latencies of the IPSPs in the motoneurons and the non-
spiking neurons were similar, no‘attemptsiwill be naﬁe'to distinguish
between the neurons in the following description of the characteristics
of the IPSPs.

The amplitude of the IP6Ps depended upon ge‘ number of
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‘Figﬁre 31 IPSPs recorded fraom flexér motoneurons (a and b) and a non-
spiking Aeuron (¢) evoked by’stimuiatioﬁ‘of the»trochan—
teral hair plate affereiits. (a) Left - IPS? in flexor moto-
ﬁeuron, thg pottém trace is the nerve 5 récord; right - record-
igg in same motoneuron~showiﬁg 1:1 correspondence bétwéen intra-
ceiiularly ré;orded splkes (top) and.e;Lracellularl; recorded
junétionai potentiéls'from the posterior coxal levator muscle
(bottom trace). %b) A éeries ;f IPSPs recorded 1nfa:flgxo:
- motoneuron on repeated stimlation of thethair'pla:e afferents
showing Jariations in latenqy. (é) A séties‘of IPSPs rgcorded
<:f ‘in a noh;piking neu;oh:on repeated hair plate-stimulﬁfion ) - 
»sﬁpwing»slmbs; nq_#brié;ion in‘laténcy. Calibratiohs: |
a@pli:ﬁdg - (a).and‘(g)'é mY; () 8 mV; time - (a) left, (b)

f_and (c)‘B;mbed., (a) right 50 msec.
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active afferent_fibers. Only rarely was an IPSP produced by activation
of a single afferent. On most occasiohs a numbe: of afferents had to
be synchronously activated to evoke an IPSP,. With'strong stimulation
of the hair plate the peak amplitudé/of the iPSPs could be as high as
-5 mV: The durations of the IPSPe were within the range Sf 15 to 30
msec. and thus slightly longer than the duration of the EPSPs.

The latenciee of the IPSPs were in.the'tange of 2.5 to 4 msec.
and‘on\average about 1.8 mse;, longer than the me;n latency of the EPSPs
occurring in other neurons (Table 1 and figure2? ){ The variation in
latency of the'IPSPs in -any one neuron was usually (7 out of 10) very
small for repeated stimulation of the same group' of afferents and may.
be regarded as constant (figure3l¢). This variability was not noticeably
"different from that of the EPSPe described above (figore26 )-"By‘con—
trastlin one motoneuton.And two'nonspiking neurons the‘latency of the IPSPs

showed considerable ‘<;iagion with repeated stimulation of the same

Ftb) .  The mean values of the variable latency.

4

afferent fibers (figur

"IPSPs were similar to those of the constant .latency IPSPs and the range
. . - . . Y

of variation was between 2.5 and 4 msec. = Because the neurons in which
VIPSPs were recorded cannot be identified it was impossible to determine
dwhether the individual neurons in which the latency of the IPSP was

i variable differed from those ip which the latency was constant ,Clearly
this 1is an important point since the pathway for eliciting the constant
vlatency IPSP may differ from the pathway eliciting the variable latency

~

‘IPSP. 1t was observed however, that both motodeurons and internenrons -

could have constant and variable latency IPSPs.
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Figure 32. IPSPs tecorded in a nonspiking neuron evoked by.stimulation

of the hair plate afferents, Top traces - intracellular

i recotd;'Bo:tomftrgceé -'nervé'5~reco;d. 'Sydchroni;ed
sensory vdlley elici;ed_fro@ the hair plate evoke an IPSP

[N

in:this ﬁ&uroh (top fecord); ‘Dbuble shocks eliciting tﬁo
affgfent volleys évpke two IPSPs thét,summéd. Discrete

- ;PSPg'are'evdged‘even when the sengory yolley are arriving ’,‘%

at a éiope-intebval:of.3.5 msec, (bottom recofd)}

Calibration: igtrac.elltlxlaf record, Ainp'liﬁuéé -4 inV;’_, |

(. Time - B-mbgc.
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Figute 33 .Reversal of IPSP in a ndnspiking neuton by’ the Eaesage
of a hyperpolarizing current. To elicit the IPSP the hair:
platefagferents wete Btimulated'by tﬁo pulsee separated’by
2~uwec. No IPSP was elicited by single pulse stimulation.‘i»l i
.'TOp traces o intracellular records, bottom traces - nerve 5

records. (a) Current =0 nA, (b) current - 7. 5 nA, (c) current -

14 nA.' Calibrationa.' IPSP amplitude - 4mV, time -8 msec.

\" .. - KR ) . . '
v . b . y ) . : .
V . . .
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Both‘i‘nStant(andlvariable latency IPSPs could be elicited -
1:1 by stdmulation_of the hair plate afferents at frequencies up to
60 per second.. Beyond this frequency fusion and diminution in amplitude
of the IPSPs prevented us determining whether they continued to be
elicited 1:1. 1In two pulse stimulation experiments two IPSPs could be

elicited with the interpulse interval as short as 3.5 msec. (figure32 ). Y
: : ) . .
- Thus the inhibitory synaptic link when activated appeared to be very secure.

2

‘Injedtion of small hyperpolarlzing.currents diminished the

- Ced

amplitude of the IPSPs while large hyperpolarizing currents reversed d

¥

the IPSPs (figure 33. The reversal of the IPSPs demonstrates that
these are generated by a conductance change with an equilibrium ﬂ
potential more negative than the resting membranevpotential. Thus it can
be concluded that the IPSPs are_produce' in the cbnventional manner~by

an inhibitory chemical transmitter and not by the removal of a tonic-

[}
'

excitatory input to the neurons. No further tests for chemical trans-

~mission such as measuring postsynantic conductance changes,~studying

P ]

the effects of high magnesium and of chloride ion injection were conducted

(1v) Pbstaynaptza reaponae to mechantcal atzmulatzon of the trochanteral
: hatr plate o . . S . .
R { oo Step displacements were,applied to stimulate theh\if plate

PN

A

{(see chapter 2 for method). Figure34 shows a record df the. excitatory
postsynaptie potentials evqked in the fast extensor motoneuron by ﬁ

activity in the hair plate afferents. Both ‘the onset and release of

i o

"\the diaplaeement excited the hair plate afferents and evoked EPSPs

in the_motoneuron. Unitary EPSPs were evoked by the afferent impulses



'_Figure'SA{

’,\y

EPSPs recorded from the fast extensor mbtonenron evoked

by mechanical stimulation of the hairs of the rFochanteral

' hair plate. Top traces - intracellular record Middle -
' r’

traces'-'nerve 5 record Bottom traces - record of the level

of mechanicel displacement of the. hairs, upward \deflect-
ion eignelo the onset of displacement, downward deflection
u»

' nignels the release of the displacement. Calibration: o

-

intracellular record Amplitude -8 mV Time.-ISQ msec .’



IPSPs. recorded from flexor motoneurons evoked by iﬁ;erent

,acgivity from the trochanteral hair plate sensilla Top traces
- intracellular records, second traces (from top) - nerve 5
_record; " third traces - nerve 6 record monitoring extracellular

activity of flexor motoneurons, bqttom traces - level of .

t
mechanical dieplacement. Record (a) is obtained from one.

flexor motoneuron and recoxd (b) & ‘c) is obtained fram an-

other motoneuron.- Nq;ice the 1: 1 correlation of the intra-

.cellular recorded spikes and the extracellularly recorded impulseA

in (a). The efferent activity e‘oked during the onset and -

&

1're1ease of the dinplecement evoked IPSPs in theae moconeurone.-'
In record (c) current is injected info the motoneuron result-
/ing in a break in the intracellular record . Spikes evoked in

" the motoneuron is recorded from nerve 6. Calibratione.v Intre—

s

celluler*record, emplitude - 8 av; time - 50 msec.
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These unitarﬁ EPSPs summed when the afferent impulses were arriving

at close intervals. Figure 35 shows IPSPs evoked in the flexor moto-
. &

neurons by the activity in the hair plate afferents. It seemed that

individual IPSPs were generated by @ number of afferent impulses.

e

Furthermore, activity in tul hair pdate afferents did not always

generated observable IPSPs. Characteribtics ofJEPSPs and IPSPs evoked

Y

in nonspiking neurons resembled those recorded in the extensor wmoto-

K3

neurons and flexor mo toneurons neSpectively. These observations<suggest"

2 (4

that the inhibitory synaptic link formed by the hair plate afferents

with the flexor motoneurons and nonSpiking neurons ig not as easily activat-

ed as the excitatory synaptic link formed by the hair plate afferents with
the extensor motoneurons and nonspiking interneurons

(V) | Dmphastc patentzals evoked in nonspzkzng neurons .

°

~VA)(/ - This type of nonSpiking neurons were identified_not only ‘*\\*

physi Iogically feom the type of response evokgd in them by the activity
of ch\hair plate afferents but also by their location in the ganglion
In four preparations successful recordings were obtained wh;}y the -
'microelectrodes were made to penetrate the lateral edge of the ganglion
level with the posterior edge of nerve 3. Although it ieemed very
“gr probable that the same .neuron was penetrated. in every case, the possibi-
litybof the existence of a 10c;112ed population of tnese uonspiking g
neurons could fiot be excluded Figure 36a shows the unitary excitatory
'postsynaptic poteﬂtial evoked in ‘the nonspiking neuron by an afferent
| impulae from the hair plate. The synaptic noise recorded in this. neurod .
L\:gga usually very high The unil}ry EPéPs summed with the synaptic noiserf‘

The latency of the onset of the unitary EPSPs measured from the negative '7

s . e : v A —_— —

#



Figure 36,
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- _ o en
Postsynaptic responses in a nonspiking neuron evoked by elect-

'rical,stimulation of the hair plate afferents. Top traces -

-~

intracellular record; Bottom traces - nerve 5 regord. (a) &

(b) are recorded from the same neuron, In (a) unitary EPSPs .

are generated after a constant latency by affer ' impulses

recorded from nerve 5. The synaptic noise of the neuron ig

3
high. .The EPSPs summedﬂydth the noise., (b) Increasing the

stimulus current to the. hair sensilla enoked larger sensory

t‘ P

volleys. . The bottom record shows that with the large ‘fnsorv
volley, a biphasic postsynaptic potential is evoked (depolari-
zing - hyperpolarizing) in the neuron. (c) Same effect of

increasing sensory volley on the postsynaptic response re-

corded from a nonapiking neuron in another preparation. THe’

':two arrows in the second and third recorda from the top

.i icate a diacontinuity in the recorded po§tsynaptic potential'

"caused by the onaet of the hyperpolarizing phase, Calibration.

Aeintraeellular recorda amplitude-- 4 mv- ‘time -,8 msec,

.



-Figure .37

afferent impulses. (c) Biphasic potentials genejated by ‘syn-
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astsynaptic potentials recorded from a nohspiking neuron evoked

by hair plate afferent activity, Top traces - intracellular re- -

cord middle traces - nerve 5 record bottom traces - nerve 6

record. . (a) Left record, spontaneous actiVitj’in a hair plate
afferedt and'unitary EPSPs evoked in the neuron, right record,
electrical atimulation of the hair sensilla and postsynaptic

response.in the neuron. (b) Unitary EPSPs evoked in the nonspiking

>
et ./

-neuron summed when they are generated by two closely spaced o

¥ |

: chronized sensory volleys elicited from the hair plate. When the

two afferent volleys are closely spaced (gecond record from top),

~.the seeonﬁ volley does not generate sny depolarization. Calibration.

'”-intracellular record amplitude - 4 mV'ltime - (a) 50 maec., (b) &

.

.(c) 8 nsec.'"

L
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peak of the triphasigipotential recorded from.afferent axon in nerve
' > was extremely constant. As the size of the afferent volley increasdd
by increasing the: the stimulus current applied to the hair plate

sensilla, the poétsynaptic_response also increased. When a critica&-
- , -

size of the sensory Vvolley was evoked, the shape of the evoked post-

Y N

synaptic potential changed and consisted of” two phases (figure 36b,c).
These two phases are an initial-: ‘depolarizing phase follow;d by a hyper—‘
ploarizing phase Results on double pulse experiments showed that

when the second sensory volley arrived at the nonspiking neuron

during the onset of the hyperpolarlzing phase caused by the’ first
sensory volley, the second;)ensory volley could not cause any depolari-
zing effect in the neuron (figure 37c¢y. This suggest that the hyper-
polarizing phase was caused by an increase in the membrane conductance

o

of the postsynaptic nonspiking neuron. In some'iecords, the onset
-3 N

of the hyperpolarizing phase was abrupt causing discontinuity in
‘/the recorde postsynaptic potential (Q;gure 36c) The latency of

the J*.et of the hyperpolarizing phase measured from the negative

'peak of.the afferent'volley recorded from nerge 5 was 2.4 msec. This

value of latency is in the range of the latencies measured for IPSPs

evoked 1g other ‘eurons by the hair plate afferents |
S ’ : ’ SV a

4. DIscussioy N

(1)  Impulee cong?uctwn block in the terminaZ. branches of the hair, »'
~ plate dff?rent fibers I S 3

[

Iutracellular recordings made in the term.inal branches of the -
.h 9
hair plate efferents showed that following one impulse the conduetion
~—

of a.second impulse may - he blocked in }some terminals 1if the second .

] .
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impnlse occurs within a short interval after the fitst impulse. On
theoretical grounds, it is probable that this bloct occurs at the
branch points. All the recnrds in the experiments were obtained
within 30 minutes of the beginning of the experinent and mostly upon

first penetration of the ganglion. 1t can therefore be assumed

the b]%ckage of impulse conductance in the sensory terminal branches

1s not due to deterioration of the preparation since recordings of
postsynaptic activities and spontaneous neuronal activities can stillv
be obtained in the preparations for well over an hnut. Although the
significance of conduction block iIn the‘afferent terminal is not yet
clear, it is unlikely that this effect could be negligible. The

longest minimum-response-inferval obtained from\the result in one
afferent terminal is 6 msec (figure 22), suggesting.that some of tne
afferent impulses arriving at 170 Hz and above will be blocked and wéil
not{invade the terminal. In cnapter 2 1t has teen shown that tran-
sient responses of well above 170 Hz can be elicited from the hair plate
receptors by mechanical stimulation of thevhair plates - If the

branch points are the regions of conduction block they will filter -

out some of the high frequency afferent impulses generated by the

hair plate receptors during normal function. Moreover, if the
excitability of the branchpoints can¥be influenced by changes in

2? extraceliular potassium ion cencentration and

electrical events in adjacent neurons, as suggested by a number of

factors such as pCo

§

previous studies (Barron, & Matthews, 1939"Grossman, spira, &‘Parnes,

1973 Krnjevic, 1974; Morfis, 1971; Whll Lectvin, McCulloch & Pitts,

'1956), then conduction block in the branch points could be an important
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mechanism for regulating sensory input.

The resnlts also demonstrated that for ;ome afferent fibers
impulée conduction to their terminals 1s not blocked by any amount of
reduction in excitability during the relative refractory period in [y
thelr axons and bronch points (figures 22, 23, 24 ). For other afferents,
blockage of presynaptic impulses does occur but the minimum—recponSe-
interval is not che same for the terninal region of different afferents.
This indicates that for different parts of the terminal brqnches, tho
reduction in snfety factor for imoulse conduction 1s not the same. cTHe

a7 '
difference in reduction of safety factor is probably due to a
difference in the geomctry‘ofvthe various afferent fibérs. Thus the
" branching pattern of afferent terminalo could be of importance in
the transmission of sensory impulseo throughout thc'ganglion.

(11) Ezcitatory postsynaptic potentials

In the previouo’chépter I described an excitatofy reflex
pathway in the cackroach metathoracic leg from the trochanteral hair
plate afferents to the‘slow motoneuron producing extension movements
of the femur in aiwalking.animal (motoneuron D ) Some data~in
that study indicated that transmission in this reflex pathway could
" be monosynaptic. One of the main conclusions of the present invest-
igation is that the.trochanteral hair plate affercnts do monosynaptically
connect fo_motoneuron.D ; as §;11 as fo‘at leost»one other extensor'
motoneuron -and to a number of unidentified nonspiking neuron, and

transmission at these junccions is mediated by a chemical transmitter.

The conclusion that the EPSPs are elicited monosynaptically
. i , o _ _
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follows from the observation of a short constant dela ( 0.4 msec.)

\
N~

between the peak of the afferent terminal spike and the beginning of
the EPSPs. This latency is too short for the EPSPs to be generated
via a disygeptic pathway with chemical trensmissions in the synapse,
and too long for the EPSPs to be generated monosynaptically via an
electrical junction. Thus the FPSPs must be produced either
monosynaptically via a chemicallv transmitting junction, or disynap-
tically with either the first or both junetions being electrical.
Since no postsynaptic ootentials were recorded with latencies as
short as the afferent terminal Spikes (figure 27) the‘possibilitv

of the hair plate afferents making electrical synaptic connections
on -any neurons(within,the ganglion must be considered u;likely.
However,Ait is conceivable that recordings were not msde from

the intercalated neurons either oecause of their small slze or their
location in regions of tne ganglion other thsn'those penettated. Desnite
this reservation the simplest ‘explanation of the experimental data is
thst the EPSPs are elicited monosynaptically via a chemically transmit-
’ting synapse, In addition to a short syneptic delay, further evidence
for chemical transmission is the increase in amplitude of the EPSPs on
the passage of a‘hyperpolsrizing cutrent (figure 29), and‘the diminutiona
of the EPSP -amplitude following high frequency stimulation of the hair

L

plate afferents. The failure of high concentrations of magnesium ions
’

~to sbolish the EPSPs does not exclude chemical synaptic transmission. -
It 1s possible that there is a bsrrier which ptevents the ‘diffusion
'of magnesigm ions to- preéynsptic sites within the neuropile. Chemical
A'synaptic transmission at some junctions in the crayfish abdominal .
'gsnglis are also resistant to elevated coheentrstions of magnesium ions

L4
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(Zucker, 1972), as'is chemical transmission at some junctions in the
mollusc Aplysia (Tauc et al., 1965).

(111) Inhzbttorj postsynaptic potontzalo

The main question to be considered in this part of the discussion

18 whether or not the inhibitory postsynaptic potentials recorded in

flexor motoneurons and some unidentified nonspiking interneurons-<are

monosynaptically elicited by spikes in the hair plate afferents. The

importance of tnis question is that at present there 1is no convincing
example of inhibitory afferents in any arthfopod system. The IPSPs
occurring in elevator motoneurons of the locust flight system in.

response to activity in wing stretch receptor afferents may be mono-

synaptically elicited (Burrows, 1975), but the possibility that this

inhibitory pathway is di- or polysynaptic hae.not beenvexcluded.

The long'latency of the IPSPs following the épike in the
afferent terminals kfigure 27) is che first indication that the ;;"
connection is not monoeynaptic. - The value‘of.this letency; 1.5 to 4

msec., is significantly greaée& than the value for synaptic delay con-

,ventionally taken to be about 0.5 msec. However, it may be that the

ynaptic delay at central inhibitory synapses in the cockroach is
ger than the delay at synapses in other animals Loqg latency mono-

eynaptic excitatory connections have been desoribed in the leech

((Nichols and-Putves,_1970§?while the laténcy at some inhibitory synapses

2

%n molluscs can be as high as 3 msec. (Kandel et al. 1967) Another

- possible reasou for the long latency of the IPSPs is that conduction

along the 1nhibitory terminnl branches may be slower than that along

btanches giving excitation. If this was 80 then the 1nhibitoty o
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s released in a graded manner. The variabilit} in latency would
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branches woyld presumably be very small and not allow microelectrode
penetration. This would then explain the faflure to record the long

latency afferent terminal spikes expected in the inhibitory afferent

~-terminals, Since;long latency extracellular. field potentials from

the afferent terminals were never recorded, it seems unlikely that the
conduction velocity in the terminals leading to the IPSPs is slow.

More compelling reasons for believing that the IPSPs ame
not monosynaptically elicited are that usually more than one afferent
- ' .
fiber is required to produce an IPSP and that there is a variability

-in IPSP latencies in some neurons. Neither of these two effects can

be readily explained if‘the connection is monosynaptic It 1is con-
ceivable thats the IPSPs elicited by a spike in a single afferéent are

too small to be detected above the 10i8e, while variability in the \\\

latency may be due to unusdally high uariability}in the stochastic .

; v
processes underlying chemical transmission at the inhibitory.syna§§E§T\~/‘//

HoWeVer, both these effects, as well as the long latency of the IPSPs,

‘are far more readily explained by assuming that the IPSPs are elicited

via a disynaptic pathway involving a single interdalated inhibitory

~interneuron._ The need for a synchronﬁus afferent volley to elicit

the IPSPs is then explained by the need for sudmation of EPSPs in
the inhibitory interneuron either to produce an action potential or

to depolarize the interneuton to 5§nevel where inhibitory transmitter

then be due to variation in the time‘for the membrane potential to

]

reach this threshold level as a iesult of spontaneOus fluctuations in

nembrane potential vhich are known to occur, én aome interneurons
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(Pearson & Fourtner, 1975). Thus it is mere probable that the IPSPs
are produced disynaptically. It remains to consider whether action

potentials in the inhibitory interneuron are requtred for transmitter

release.

The Qbserration that the variability in the latency of the
,IPSPe is usoally very small (figure 3lc) immediately suggests that
| graded depolarization in the inhihitory interneuron is responsible
for tlfe ‘production of the'IPéPs. When recordings were made from -

-

neurons in which spikes were elicited by stimulation of the hair platet ®

afferents the variability in the latency of the spikes was-always
larger than the variation in latency of -the IPSPs;(for examplevoee =
figure 13and compare with'figure 31b, \c ). Thus the action potentials

in none- of the spiking neurons recorded could have produced the IPSPs. -

of course it is conceivable that the IPSPs were elicited by action

potentials in interneﬁro;;:EEFpedétrated in the experiment However,

3

since it is known thﬁt there.are'many nonSpiking interneurons*in the .
;cockroach ganglion>and no spiking neurons have yet been found to
‘influence actiVity in flexor motoneurons (Pearson & Fourtner 1975),

_ the simplest explanation for the data is that the IPSPs are produced
‘by the graded depolarizations in nonspiking interneurons. “Some of the
nonspiking interneurons found to b monosynaptically excited by hair : }
~plate afferents could obviously be- the interneurons in the inhibitory
: 3pathways to the flexor motoneurons and some nonspiking interneurons.
At leaet three nanspiking interneurons can inhibit activity in- the .

'-flexor notoneurons (Pearaon & Fourtner, 1975) but there fs no’ evidence‘b

‘to clearly deternine whether &ny of thale 1Qterneurons are monosynapti-

/ TN L -
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cally excited By the hair plate efferents.
(iv)  Biphasic potentiaZs svoked in nonepiking neurons
Sychronous ecﬁivity in a number of hair plare afferenrs
evoked an initial depolarizing and subsequent hyperpolarizing response
in some nonépiking neurons. Probably.rhe«initiaf depolarization evoked °
" in the nonsniking neuron by the hair plate afferent activity
raised the membrane'potential.to such‘a leVel that an outward current
is. activated, causihg the hype;polakﬂzing phase However the abrupt
onset of the hyperpolarizing phasesuggest that the hyperpolarizing phase
is not coupled with the depolarizing phase. The latency of the onset
of the,hyperpolari;ing (2.4 msec.) éuggest thet it is evoked b& the
.’\\“ acrivity in the hair plare.efferen;s via an inrercalating inhibitoryv .
nenron. An observation whichitends to support this posfularion-is'
dthat a number of afferents have to be activated before the hyperpolari-r
. 2ing phase is observed (figure 36): 1t can thus be concluded that the
: ////;;ir place afferents establish monosynaptic excitatory ‘and disynaptic
inhibitory connections with these nonspiking neurons. |
(v) Comparzson wzth other systems |
| The organization and properties of ‘the reflex pathways from
- the hair plate afferents to the femur flexor'and extensor motoneurons
- described in this paper are similar to those ;n rhe lokust flight
aystem described by Burrowa (1975) In both systeme :he primary
- afferent fibere give monosynAptic chemically mediated emcitation of
| ',one group of motoneurons and” 1nh1bition of - the,aatagoniatic group of ‘.."

, notoneuronn. The latency of the IPSPa 13 from 1 S to 3 msec.

leret than ‘the EﬁSPe in both syotemn, it iu tharefore
B Q‘ . g‘ :

.
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: probable that che LPéPs are elicited via a nonspiking inhibitory
interneuron. Furthermore, in both systems activity in the group of

mog oneurons receiving the inhibition causes movements which excite
.tﬁe sersory afferents. Thus the reflexdpathways are organized so as

to terminate the movements in one direction end promote the initiation
of the opposite movement. The possible functioﬁal-advantages of
organizing the reflex pathways in this manner have been discussed in-
‘bchapter 3.
(R
Monosynaptic reflex pathways onto motoneurons are well

known in vertebrates but have only recently been identified-in invert-
ebrates. Burrows (1975) hascleerly'demonstrared a monosynaptic excita-
_ tory reflex pathway in .the locust from wing stretch receptor afferents
to wing depressor motoneurgns, snd in tne crab‘Sandemanr(1969) has
described a. monosynaptic excitatory connection from head hair receptors.V

L
» tOo motoneurons giving eye withdrawal movements.' The_present finding

of the monosynaptic connecrion from rrochanterai nsir receptorvafferenrs‘ ,
to fenur;extensor noroneurons is thu; a third eXamplelof‘a monosynaptic <///
réflex pathway]in srthropods. The existence of these pathways together-'
with the finding of monosynaptic reflex pathways in the leech (Nichols
snd Purves, 1970) and the. mollusc Aplysza (Caste%i.cci et al., 1970)

‘ clearly indicates that monosynaptic excitatory connections of sensory
sfferents onto motoneurons may be widespread 1n invertebrates. |

. A type of biphasic pos:synnptic response isfdescribed in |

,-'Aphyata aalifbrnta (Wachtel-and Knndel 1967. 1971).' It cﬂnsists of a f"
_ coupling of excitatory snd 1nhibicory actions observed in neuron L7

'_"when neuron L10 is nnde to fire by diroct intracellular stimulation.

3 -!f . c, . . S . R - . o
‘: . . - s w8,

L33 B
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Direct Ach application by iontophoresis to the somatic membrane of neuron
L7 'also causes a biphasic reSponse composed of an early depolarization
and a slower hyperhilarization Evidently both phases of the response
 are evoKed by the same{transmitter (Ach)., 1In the present experiment,

»

the possibility that the biphasic response obtained. in the nonspiking

N

neuron is evoked by a dual action of the presynaptically released trans-

mitter cannot be excluded.



A

CHAPTER 5

FUTURE WORK

The present study is part of an investigation to examine
how specific receptors interact with the centrally programmed motor
output to produce the motor pattern underlying walking. The results of
the study show  that the inputs from the trochanteral hair plate play
a»significantrrole in the control of walking. The extent to which a
number of other proprioceptors are involved in the control of walking
awaits future investigations. In the following section, future work
pertinent to the study of reflex control in walking and spegific
experiments designed to further investigate the function of the hair

plate will, be discussed under the apprOpriate headings

'(i)'lﬁesponse of the trochanteral hair'plate sensilla 5 fbmur fiexioh»

In the present study, the properties of the sensilla of the

’ hair plate wvere studied by an analyeis of” their regponse to displace- _
" ment by an insect pin. The Tesponse of the_ggis,zéneilla to the flexion
of the femur was not investiga}e& During femur flexiou, a large numbet f

2

. of proprioceptors in addition to the hair plate are excited (e.g.' "

,j_ila and the. multipolar receptor) The afferents
of ell theee proprioceptors are contained in nerve 5. Hence electrodes

- placed on nerve 5 will record the summed discharges from the proprio~

% ceptors during femur flexion and it will not be possible to study the,f’

iheir plete reaponse frou luch a record. In chepter 2 it wat euggested

: =that the" hair plate eensille lre activated 01 v when the femur is in a f'

- relatively flexed poeition. »:bie euggettion 13 besed on the observation
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that the hair plate sensilla are not physically displaced by the
intersegmental joint membrane until the femur is in a relatively flexed
position. In order to fully underatand the function of the hair plate

in a walhing animal,iit.is eseential to obtain detailed information

on how the hair plate seneilla is activated by.the imposed or Spontaneoue'

.flexion movements of the'femur. Since the‘eatracellular activity of
single afferents from the‘hair plate can be easily recorded with micro-
electrodes placed in the ganglion and such recordings are_usuallybquite
stable (see chapter 4), a simple approach to investigate the response

of the hair aeneilla to femur flexion is to record the afferent activity
extracellularly in the ganglion. The hair plate afferent will first

be activated by electrical stimulation of the sensillum Once an
extracellular recording of the afferent activity in the ganglion is
obtained, the response of the hair plate‘sensillum to either imposed

or spontaneous flexion of the femur can be recorded Results from these

Vatudies will provide information'on (l) the position during femur flexion

’at which the hair sensi#fum is activated (2) the velocity or frequency

© of femur flexion required for the activation of different type I sensillaA

A.and (3) the importance of type IT sensilla in the control of leg posture.

Furthermore extracellular recordings from the hair'plate afferent terminal '

branches will permit the atudy of impulse conduction in these terminal

‘ branches when ‘high frequency impulsea are elicited from the hair plate

) aenaillum during the apontaneoua flexion movements of the femur.

(ii) Tha study of the effect o,f hatr pl.atfa dfferejnt actwtty onto
: tdmtszd mtemeurona L SR o

t. A'nﬂﬂbef»¢f.50“521¥¥“85i#§¢fné#:éh55inlthe.qbck;aach}walking“

T
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system has been identified and labelled (Pearson & Fourtner, 1975).
Since the activity in atileast three of the identified nonspiking inter—_
neurons can inhibit the Spiking activity in the flexor motoneurons, one.
of the questions that arised from the present investigation 1is whether
the inhibitory effect of the hair plate afferents ont\\the<flexor moto-
neurons is mediated via these interneurons o Nonspiking interneurons [5,
. can be identified physiologically by recording their activity intracellular—
ly and examining their influence on the motoneurons. They can also be
identified anatomically and physiologically by the application of dye
filled microelectrodes. The influence, if any, of the activity in the
hair plate’afferents onto these identified interneurons will be examined

N

and the results may provide further information on the characteristics

of the inhibitory pathway from the hair plate to the femur flexor ‘moto- -

°

a .
neurons. , . ‘ - i .

: !
The syatem of interneurons producing the flexor bursts (central
oscillator) in the cockroach has been investigated and one of the inter-
' neurons in this system has been identified and labelled as interneuron I
- (Pearson & Fourtner, 1975) Results obtained by extracellular studies
in the present investigation showed that the afferent acti&\;y from the .
' trochanteral hair plate directly influence the system of interneurons

'producing the flexor burst (figure 16 ) Experiments ‘will be performed

to invastigate the effect of the afferent activity from the hair plate o

4

¢

Zminto interneuron I Results of: these exparimcnts will be of general inter-,-

- dat because at ths pressnt time there is no direct evidence, from intrs-'
) . . ' . . . ‘ u .
cenum recordings, showing that printy afferenta teminate on’
',. nsurans of any rhythm gnnerating systen.;ll :-ufj ﬁ‘-_ S PR €%§

»(111) 'ﬂw study of propnoaptwe fualback in ﬂu oookroaah walkmg Byatem
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»

he relatively éimple and accesslble motor system producing
the flexid} and extension movements of the femur during walking in the
cockroach (see method section in chapter 3 for a description of thi§€$7
motor system) provides an excellent_preparation for the stedy of the//‘
function of different proprioceptors in the control of walking. The
anatomy of a large number of seneory o;ganslln the mesotﬁoracic leg of

the cockroach is described in much detail by Nijenhuis and Dresden
¢

: &

(1952, 1954). ,Prellminary studies haye been cqnducted to investigate-

the reflex connections of the trochanteral campaniform sensilla‘and |
. the femoral chordotonal-orgah.with leg motoneuronsd The results of .\\"
thece studies will be briefdy"described here along with.the’possible

future direction of investigation. _

Previous studies indicated that input from the trochanteral
campauiform sensilla egeitee mctoneu’rorx.D,s and inhibits the flexor
burst‘generator (Pearsou, 1972),' T?e impbrtahce,of these reflex
cOnnection in load"compensatibn andvintersegmental coordination in
i walking animal has also beeﬁ'diScussed (Pearson, 1972 Pearson & Iles,
1973). Three groups of the trochanteral campaniform sensilla are
located on the ventral surface of‘the _trochanter and they are extremely
‘accessible. In a priliminary study, 1ndividual esensillum was excited

. by applying pressure on the’ cap of the sensillum with an insect pin (fig 38)
(punctate stimulus) Figure 39 shows a record from nerve 5 of the

'

“tesponse of a sensillum to the punctate stimulus and the activatiou of .

e
B

"toneuron D by the aensory 1nput. Afferentkftom this sensillum there-

5fore established excitatory connection with‘botoneuron D . Intra-

FA

cellular studies will be performed to examine the synaptic event eVoked '

‘.

An motoneuron D. /and other centrel neurons by the afferent 1mpulses

-
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B V%
1]

’
Pigu're‘ 38». Regpbnse pf a ,c’an;paniform. sensillum to punctate stimulus.
o The r“esﬂponse is ‘reco.nded,‘.from the cut distal end of nerve
5. The first _arrc;y indicéte _the sﬁarﬁ.of the stiﬁmlﬁs, |

_ tl;é secondq artow 1indicate a slight inciﬁel_ése,‘in the stimulus °

pressure.

‘ .



Figure 39.

l:lgml omt of ntimluu. ‘

» ¢« .
Punctate stimulus activate sipgle sensillum of the trochanteral

campaniform sensilla. Top traces - en paéadnt nerve 5 record;
Bottom traces - recdt&'frdm_muscle 177D; (a)-No stimulus

is applied.‘ Activity of motoneuron Dé recorded from nerve'5
is identified by l:i-cofreiatiqn'w;tb‘activity‘recorded ftdﬁ

mu@cle 177D, (b) Punctate stimulus appliéd to sensillum

‘evoked affetent activity which is recbtded f;qm nerve 5.

This afferent-‘activity causes an increase iﬂactivity of

'motdnéui-on b . (e) Punctate stimulus applied to aaothet

nensillum generaging larger exttacellularly record@ impuISes

also ref 1ex1y activutes gwtoneuron D o Arrows ‘_1n (b) & (c).
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from the campaniform sensilla. Detailed investigation on the synaptic
mechanisms'underiying reflex connections may ptovide info#hhticn on
. v ) .

the function of these connections in the controlyof walking.

Delcomyn (1971) showcd that motoneuroc Ds Qas exclted bf
imposed extension and flexion mov;;ents of the tibia and suggested that
theireflex acts to -augment the thrcst ofva leg dcring walking. Although
it {s not clear wﬁich specific ﬁtoprioceptors were activated when
the tibia was extended and flexed,’the‘femqr 1 chcrdotoncl orgac
must be consid‘cred‘cs aApo's'siblé candidate;'The recectot ‘tendon clfv
the femoral chordotonal orgac can bpe easily exposed and cut by opening

: 5 v :
a small hole on the ventral surface of the femur near the femoral~-
tibial ‘joint, Preliminary experimcnts showed that the activity of moto;
neuron D recorded by electrodes placed in’ the extensor ‘muscle increased
during the release. of a stretch applied to the receptor tendon of
vthe chordotonal organ. Figure 40 shows a record of excitatory potentiais
evoked in a fast extensor motOneuron by activity in the afferents of
‘the chordotonal organ., Both the stretching and the releasing of the
receptor tendon eiicited phgsic afferentvactiviCy which was recorded
froﬁ nerve 5.'tfhe affcrent‘activity_ih,turn evoked excitatory poSt; :
‘synaﬁtic responses in—thb motcneurona_ The afferent activity from R
“the chordotoﬁal organ also influence (exciteﬁor inhibit) a large o
number of unidentified spiking and gpﬁspiking centr%ﬂ neurons(fig 41).
.order to study the characteristics of the pathways connecting the
g_tenoral chordotcnal organ to varioua eentral neutons, the afferent

'nctva will be s:inulated electrically to :vokc a synchtonous ‘penaory

"vollay.. Th‘ latency bctvcen the onaet of thc po;tsynaptic events
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Tap tracea - intracellular record Middle craces - nerve 5

I

EPSPs in fast extensor motoneuron of the femur evoked by the

lctivity in the afferente of the: femoral chordotonal organ. IQb

.

’ irecord' Bottom traces - scinulus level. An upper deflection

_ni;nclt tha stretchiu; ot tha tendon of the chordontonal
"'“”_ottan and dowuu-rd dethetion signala the ralease.

(c) show-:chn npontanaoua ftring of the notoncaton. '

ot
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3 F"igure'_v 41. ;IPSPs in a non-identified neuron .evoked by activity in the
N ‘afferents of t:he femoral chordotonal organ. Top traces -
"inttacellular record Middle tracesﬂ- nerve 5 record

: Bottom tracea - stimulus level. Anvupward deflection |

) nignals s :tretching of the‘recepfdf ﬁendon'of the femorﬁl'
.vchordotonal organ. Rg (c) thea‘QOntnneoua fiting of the neuron :

 *3'1: 'uppreaued by the input fron the chordotonal organ._

_"-r [T



119

evoked in different central neurdns and the recording of the efferenr
volley on nmerve 5 will be measured..iThe number of synapses involved
in the various sensory to central neuron connections can then be deduced.
furthermore, recordings will be made in muscles of & walking animal
before and after cutting the receptor tendOn of the chordotonal organ.
A comparison of the records obtained in the operated and intact animal
_shouid provide information on the normal fonction of ‘the receptor
during walking. » : |

;Preparations will aiso,be-déveloped to investigate
other proprioceptors with'regArds to their influengﬁion the motor‘system
prodncing ﬁemur extensions ‘and flexions;, Results.obrainEd in the studp
- of proprioceptive funccion in the control of walking are of general interest

° .
,because they are related to the general problem of obtaining an under-

v

"standing of the role played by proprioceptors in the control of behaviors

: generated by rhythmic motor activity.
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