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RESUME

PART I. Innervation Patterns of Crustacean Limbs.

In contrast to the vertebrates where the skeletal muscle is built
up of large numbers of motor units, the limb muscles of decapod Crustacea
are innervated by a small number of motor and inhibitory axons. It is
possible to determine the details of the innervation and of the muscular
response elicited by each of the several axons by isolating them in the
nerve trunk. By such techniques, the previously determined innervation
patterns of the walking legs in the four tribes of the Decapoda Reptantia
have been confirmed and extended. Incowmplete innervation patterns for the
Decapoda Natantia and Stomatopoda have also been determined. Many
characteristic features of innervation and associated motor and inhibitory
effects were found to be common to all the Decapoda and the Stomatopoda.
These physiologically derived anatomical data support the classification
of the Decapoda into Reptantia and Natantia with division of the former
into four tribes. A tentative evolutionary hypothesis is presented to

explain the divergence of the ditferent lunervation patterns.

PART II, The Effect of Spaced Stimulation of EXcitatory and Inhibitory

Axons of the Crayfish. .

If a single motor axon to one of the limb muscles of a crustacean is
stimulated will palrs of shocks repeated at regular intervals, the
resulting contraction is greater than that elicited by fhe same number of
regularly repeated single shocks. This effect was previously studied in
the fast and slow contractions of wuscles in various decapod Crustaces. The
authors concluded that the effect was much more proncunced in the fast

than in the slow system. In order to extend these observations and to

determine whether or not it is a true wyo-neural junctional phenomenon,



the effect of unequally spaced stimulation of both the excitatory

and inhibitory axons in the abductor of the dactylopodite was studied.

The contractions resulting from such stimulation of the excitatory axon

were more difficult to inhibit than were the normal contractions. Stimulation
of the inhibitory axon with unequally spaced shocks resulted in a much

greater reduction of the contraction than when it was stimulated with the

same number of regularly recurring single shocks. It is concluded

therefore, that the spacing effect occurs at the myo-neural junction and

that it is not é mechanical effect at the level of the contraction.

PART III. ©Neuromuscular Mechanisms in the Grasshopper, Romalea microptera

(Beauv.).

Insect myo-neural physiology has'not been extensively studied but
recently the existence of single and double innervation and of fast and
slow contractions has been reported. The occurrence of peripheral inhibi-
tion has been claimed but the observations cannot be considered conclusive.
In view of the phylogenetic relationship between the Crustacea and Insecta
it might be expected that the two sub-phyla would have many characteristics
of the myo-neural system in common. Both histological and physiological
observations of the limb muscles of Romalea have coﬁfirmed this expecta-
tion. With one exception, these muscles are innervated by about six axons,
each of which gives rise to a characteristic contraction. The wmajority
of these contractions are of the fast type. True slow contractions have
not been observed. There is no marked facilitation of either the con-
tractions or the action potentials. The large 'Jjump' wmuscles of the»third
limb are specialized and exhibit only a single fast contraction type.

No evidence for peripheral inhibition has been obtained.
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INNERVATION PATTERNS OF CRUSTACEAN LIMBS Y
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INTRODUCTION.

In contrast to the innervation of vertebrate muscles, there are only a limited number
of efferent axons innervating the muscles of the Arthropeda (Princre, 1039; 1049; WiERrs-
Ma, 1941; 1946). By a technique of isolation of single axons in the legs of Crustaceans, it is
possible to determine this innervation for a muscle and to compare it with that of other
muscies in the same animal and with homologous muscles of other species. This type of
approach is particularly significant since it has become clear that each of the axons to a
muscle mediates a discreet mechanical response which can be determined by stimulation of
the axon and recording of the myogram. The axons innervating the muscles of the lower leg
are most suitable for this purpose as sufflicient length of nerve is available for the isolation
of single axons. IFor anatomical reasons, axon isolation in other muscles of the body, when
possible at all, is much more difficult. In most cases however, the relatively small number of
efferent axons can be determined by #n wvivo staining with methylene blue solution. The
regular, parallel branching of the axons on the surface of the muscle makes observation
relatively simple in the majority of the Crustacea. By this method it is often possible to
confirm innervation patterns determined by stimulation of the single axons of the leg mus-
cles.

Using these methods, innervation schemes for a number of the Decapod Crustacea have
been determined. Characteristic differences exist between the different tribes whereas in
general, members of a tribe have identical schemes. Previously the number of species
investigated within both the Palinura and Anomura was too small to aliow generalization.
The present investigation was undertaken to remedy this deficit and to extend our know-
ledge to species of the Decapod Natantia and Stomatopoda. Since for the latter two groups
no data concerning the mode of innervation were available, it became of considerable
importance to determine, in the first place, whether these forms have indeed an innervation
similar to that of the higher Decapeda. To date the highly characteristic peripheral inhibi-
tion 18 known to occur among the Arthropods with certainty only in the Keptantia Decapoda
Crustacea. Fast and slow contractions occur in both Reptantia and Insecta. From the point
of view of comparative physiology this makes the study of lower crustacean forms particu-
larly interesting.

All the reported experiments were carried out at the Marine Station of the University of
Hawaii on Coconut Island. We arc indebted to the Director of the Honolulu Aquarium for
supplying much of the material, and to the staff of the Department of Zoology and Entomo-
logy for their cooperation.

METHODS.

For a full description of the methods used in preparing singie motor and inhibitory
axons reference may be made to a previous paper (WIitRrRsMa, 1941). The number of prepara-
tions necessary to establish an innervation scheme depends very much upon the animal
investigated. One factor which greatly influences the ease of preparation is the diameter of

1) This investivation was made possible by a grant from the American I’hilosophical Society.

2)  McCallum Foundation Summer Scholar, and Union Scholar (Union of South Africa).

3)  Contribution no. 20 Hawaii Marine Laboratory.
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the axons. Rock-lobsters were found to have the largest axons and about ten preparations
were sufficient to cstablish a complcte scheme. On the other hand, the small sizc of the
axons of the shrimps was largely responsible for the failure to obtain a complete scheme,
notwithstanding the much larger number of preparations. Besides the actual size of the
axons, other factors which are of importance are the strength of the connective tissue
surrounding them and the viability of the nerve-muscle preparations. The latter was some-
times found to be exceedingly short, especially in the Stomatopoda, and was the main
reason why relatively few data werc obtained from a large number of preparations. At-
tempts were made to extend this survival time by using, instead of the customary sea water
for physiological solution, artificial solutions to bathe the preparations. They proved un-
successful.

In most cases contractions and inhibitions were observed by visual inspection although
in some cases kymograph recordings of the muscle action were made with an isotonic lever.

Methylene blue dissolved in sea water was regularly used to stain the axons on exposed
muscle surfaces. The results were extremely variable and depended upou the species used.
Thus, whereas in certain cases staining was of assistance in establishing the innervation
schemes with certainty, in others the staining was at best poor and few data could be glean-
ed from these preparations.

RESULTS.

The results will be presented
inanorder in which the higher
forms are dealt with first.

o
o

Brachyura.

The innervation scheme
(Fig. 1) previously presented
for the Brachyura (WIERSMA,
1941) is based on a number
8 of species distributed throug-
1T~ hout the tribe. Of the Hawaiian
species suitable for investiga-
tion only those which presen-
ted features of special interest
were used. The data collected
were incomplete in several
respects but in so far as deter-
= E mined, all were in agreement
with the established scheme.

Portunus sanguinolentus
(Herbst). A few preparations
Fie. L Brach L tion of th distal les of th of the distal motor nerve sup-

1g. 1. rac ra. lnnerva € seve 1stal muscies ne . 4

thgracic légs. J(l)ifoz)ener; C-clloc;r;r(;) S—stretchtr; B-bender; }‘—Dmain ply of the swimming legs of
flexor; A-accessory flexor; E-extensor. Solid lines -motor axons;
broken lines- inhibitory axons. The square bracket at bottom of legs, with their changed func-
diagram indicates thatall the axonsareincluded inonenerve bundle. tjon and reflex behaviour

(HERTER, 1932), have the ana-
tomical peculiarity that the opener muscle (abductor of the dactylopodite) is equal in size,
or even somewhat larger than the closer (adductor of the dactylopodite). It was therefore
of interest to determine whether or not the opener received only the customary single
motor axon and the closer both fast and slow axons. The leg was opened in the meropodite.
As in other crabs only a single nerve is present, and is easily split into six to ten
preformed axon bundles. From one of these a single motor axon was prepared
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which caused simultancous contractions of both the stretcher (extensor of propodite) and
opener and formed the sole motor innervation for both muscles. From another bundle, two
motor axons for the closer were obtained. It may thus be concluded that the swimming leg
has indeed the same innervation pattern as the other thoracic legs, and that the differences
in function are not accompanied by a special distribution of the axons.

Dromidiopsts dormia (L). This large sponge crab was of interest as it belongs to the
subtribe Dromiacea of which no representative has so far been investigated. The number
of animals available was, however, limited. Furthermore the innervation of the bender
(flexor of the propodite) showed a special functional arrangement which was of considerable
interest and formed the basis for a scparate series of experiments. For these reasons the
determination of the distribution pattern of the axons has remained incomplete.

The motor innervation of the four distal muscles has been determined and is identical
with that of all other decapods; double for closer and bender, one single common axon for
stretcher and opener. Since the ischiopodite is sufficiently long to permit preparation of
axons, it has been possible to find, in addition, that the extensor (of the carpopodite) is
doubly motor innervated and the accessory flexor (of the carpopodite) receives a single
motor axon. For the main flexor (of the carpopodite)} the motor innervation is more difficult
to study as it usually consists of four axons of which some may be small. In the present case
the quadruple innervation has not been shown.

The investigation of inhibitory innervation has remained incomplete. The ‘‘true”
stretcher inhibitor was found, and as usual accompanied the opener-stretcher motor axon.
In the ischiopodite an axon was prepared which inhibited closer, bender and extensor. This
axon is presumably the ‘“‘common’ inhibitor but its other functions werce not shown. An
axon was also found which inhibited contractions of the main flexor. This axon ought to be
the ““true”” opener inhibitor, but inhibiticn of the opener was not obtained in any prepara-
tion.

It can be concluded that all positive findings are in agreement with those to be expected
from the Brachyuran scheme but that some important data are lacking so that possible
differences cannot be excluded.

Calappa hepatica (L). This species, which belongs to the subtribe Oxystomata, was the
second of this group available for investigation. Previously Randallia ornata (Randall) was
shown to possess two opener inhibitors (WiErsMa and ELL1s, 1942). In Calappa the inner-
vation of the four distal muscles was determined in a few claws. Though the axons were
rather thin (20—40u) they could readily be prepared as the connective tissue was easily
ruptured. The motor innervation is as presented for Dromidiopsis. Three inhibitors were
found; one for the stretcher, one for the opener and a third which inhibited closer, bender
and opener for certain, but its effect on the stretcher was not definitely established. The
latter may be due to an early branching to the stretcher in some preparations. That the
opener has a double inhibitory innervation indicates the similarity of innervation scheme
of the four most peripheral muscles to that of the other Brachyura.

It may be well to point out now that our investigations of the Brachyura have been of
a more exploratory nature than those used in the following species. We have presented
the results for two reasons; to give the reader some insight into the techniques and difficul-
ties encountered and thus form an introduction to the rest of the paper and because the
results were just definite enough to warrant presentation as corroborative cvidence for the
Brachyuran scheme,

Anomura.

For the Anomura as a tribe, no scheme has so far been offered, although an almost
complete scheme (Fig. 2} has been worked out for the coconut crab, Birgus latro L. (WIERS-
MA, 1048}, In investigating the innervation of Blepharipoda occidenialis Randall, hy histolo-
gical staining methods, vaN HARREVELD (1939) found a number of axons which differed
{rom those of Birgus. For this reason the innervation scheme of Birgus was not considered
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as representative of the Anomura. In a recent investigation concerning the innervation of
the four distal muscles of the limbs of Eupagurus bernhardus (L.), it was found that these
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Fig. 2. Birgms latro. Innervation of the seven distal muscles of

the thoracic legs. Notation the same as for Fig. 1. Square brackets

indicate the merve bundles. In this and all following figures the
bundle on the right is the thicker.

differed from thosc of Birgus in that the common inhibitor did not innervate the opener and
stretcher (WiERsMa, 1951a). It was thus of importance to determine the innervation of
some other pagurid which might be expected to show further differences between the inner-
vation schemes of the pagarids and Birgus.

Dardanus asper (De Haan), a large hermit crab, proved to be very suitable for mvestlga—
tion of the nerve supply to the muscles of the walking legs. In large specimens both second
and third legs, and in small ones only the latter, could be used for exposing and preparing
the nerve in the ischiopodite.

The motor axon supply was completcly worked out for all seven muscles. In all but
one preparation it was in complete agreement with that of all higher decapods. In this one
limb the bender was innervated by three motor axons instead of the usual two. Although
this was almost certainly an abnormality, believed to be due to a branch of the accessory
flexor axon supplying the bender, it is reported because the bender differs in other respects
from that of most species. Im both Dardanus and Dromidiopsis, stimulation of either of the
two bender axons resulted not only in contractions of different speeds but also of different
directions. One rotates the propodite in one direction and the other the opposite way. A
special study was made of this phenomenon, and of a number of preparations made for this
purpose, none showed more than two bender axons.

The inhibitory axon supply was determined without undue difficulty. From the very
first it became clear that Dardanus showed the features to be expected from the scheme of
Birgus and not those found in Eupagurus. It could be shown in practically all preparations
that the opencr receives a double inhibitory supply. The “common’” inhibitor prepared in
the ischiopodite was found to have an inhibitory influence on the contraction of all seven
muscles. It was also possible to show that both the opener and stretcher inhibitors innervat-
ed respectively only opener and stretcher (Fig. 6b).
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Data from methylene blue staining have confirmed all these findings. It is especially
noteworthy that the opener has a triple innervation and not a double one as was found in
Eupagurus.

The distribution of the axons in the nerve bundles is remarkable and deserves special
mention. Two main bundles are present; a thicker and a thinner one. In the ischiopodite the
thinrer bundle contains the four motor axons for the main flexor, the opener-stretcher
axon, the stretcher inhibitor, the common inhibitor and in most preparativus the (wo motor
axons of the extensor. The latter three axons, in the Palinura and Astacura, are located in:
the thick bundle.

In a number of cases the diameter of the efferent axons was determined; motor axons
measured 40—80u, and inhibitors 30—50u in diameter.

Palinura.
The scheme previously presented for this tribe (lig. 3) was founded solely on that
determined for Panulirus interrupius (Randall) (WiersMa, 1941). It was therefore of con-
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Fig. 3.  Panulivus interruptus. Innervation of the seven distal
muscles of the thoracic legs. Notation the same
as for preceding diagrams.

siderable importance to investigate other species of this tribe. Available Hawaiian forms
closely related to P. interruptus are P. penicillatus (Olivier) and P. japonicus (De Siebold).!)
The slipper lobsters Paribaccus antarcticus (Lund) and Scyllarides squammosus (Milne
Edwards), belonging to the Scyllaridae, were also available. This family is classified by some
authors (e.g. EDMONSON, 1946) together with the Palinuridae and Homaridae as families of
the tribe Macrura. The difference between the Palinura and Astacura innervation schemes
is al least as great as thal between the other tribes. It was therefore of considerable interest
to determine the scheme of the Scyllaridae, in order to obtain evidence regarding their
systematic position.

1) Lrox~e (1950} found in serological investigations that Panulirus ianterruptus and P. penicillatits
are very closely related, whereas P. japowicus shows greater serum differences,
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Panulirus penicillatus and P. japonicus. Since there was no significant difference in
any respect between these two species, they will be treated together. For both it was
possible to establish a complete innervation scheme for the seven most distal muscles of the
limbs. The large diamcter of the fibres and the weak connective lissue made preparation
of single fibres casier in these animals than in any other species investigated in this series.

In the ischiopodite the nerve consists of two bundles. In the smaller one are found the
four motor axons of the main flexor and the single opener-stretcher axon. In the thicker
bundle are found one motor axon for the accessory flexor, two for the closer and two for the
bender. The two axons for the extensor are also often in this bundle but sometimes form a
very thin separate bundle.

With regard to the inhibitory innervation, an unexpected result was obtained. The
stretcher inhibitor was always located in the small bundle in close proximity to the opener-
stretcher motor axon but the preparations differed with regard to the remaining inhibitory
innervation. In many cases two additional inhibitors were found which showed the same
distribution as in P. inierruptus. One inhibitor, located in the thicker bundle, inhibited
closer, bender, cxtensor and accessory flexor. The other, located in the smaller bundle,
inhibited opener and main flexor. However, in a number of the preparations only one addi-
tional 1inhibitor was present. This axon combined the functions of the two above. It was
located in the thicker bundle and inhibited every muscle but the stretcher. The two patterns
occurred in different limbs of the same animal; the more anterior legs often showing the
presence of only one inhibitor whercas in the more posterior legs two were found. In the
latter case it is apparent that an early branching of the inhibitory axon tock place and that
there are in reality not three, but only two inhibitors in the limbs (Fig. 6c).

As mentioned before, the axon diameter can be very large. It is, however, difficult to
measure the true diameter since there is a very thick axon sheath. Axon diameters exceed
200y for the largest main flexor axons, and all motor axons exceed 100u. The inhibitors are
usually somewhat thinner but the stretcher inhibitor in particular is often well above 1004.
Mcthylene blue staining gave fair results which were in agreement with the physiologically
determined scheme.

Scyllarides squammosus. In contrast to the rock-lobsters, it proved difficult to conduct
the investigations on this animal. The connective tisste hetween the axons as well as that
surrounding the bundles, is extremely tough. In addition, the axons themselves, although
surrounded by a thick sheath, have a very fluid axoplasm and are thus easily compressed by
the stimulating electrodes. Furthermore the legs are much shorter than those of the rock-
lobsters and in order to expose sufficient length of nerve in the ischiopodite, it was necessary
to remove part of the exoskeleton of the meropodite. This interferes with the functioning of
the muscles in the meropodite, especially by damage to the proximal belly of the accessory
flexor. It was therefore not surprising that its inncrvation was found in only a few cases.
Again the short length ol nerve available makes it difficult to prepare all four motor axons
of the main flexor. As the main object was to locate the inhibitors, the fact that methylene
blue staining of the main flexor showed a quintuple innervation was taken as proof that
there are four motor axons present. The only motor axon regularly prepared in the small
bundle was that of the opener-stretcher, although in several preparations one or more of the
main flexor motor axons was prepared. In the large bundle, two bender, two closer and two
extensor axons were found. Imn several instances an additional thick axon was isolated. It
caused flexion of the carpopodite but in all cases this contraction stopped within a very
short interval presumably because of the damage to the accessory flexor.

An inhibitory axon for the stretcher was regularly prepared from the thin bundie.
This axon did not inhibit any other muscle, unlike the casec in the Astacura in which it is
common to both stretcher and closer (Fig. 6d). In a few cases another inhibitor, which
inhibits the opener, was found in the thin bundle. At least once this axon was shown to
inhibit contractions of the main flexor. In many preparations an axon present in the thick
bundle inhibited both closing and bending and in some, extension in addition. In two
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preparations it inhibited also the opener contraction resulting from stimulation of the un-
prepared thin bundle. In these two cases subsequent division of the small bundle resulted
in preparation of a stretcher inhibitor but no opener inhibitor.

Axon diameter was less than in the rock-lobsters and the sheath was relatively thinner.
The outside diameters of motor axons varied from 50 to 90u; inhibitors from 30 to 60u.
Staining with methylene blue often gave good results. These were in all respects in agreement
with those obtained in the rock-lobsters. Special mention of the double opener and quintuple
main flexor innervation should be made.

Paribaccus antarcticus is somewhat smaller than the previous slipper lobster but other-
wise resembles it closely in appearance. It proved, however, to be more suitable for axon
preparation. The results were somewhat more complete than for Scyllarides. The motor axon
for the accessory flexor could be prepared in the thicker bundle, as well as the pairs of axons
for closer, bender and extensor. In addition an axon which inhibited only these four muscles
was regularly found. In the thin bundle the opener-stretcher axon and several main flexor
axons occur. The inhibitor of the stretcher was regularly obtained and was specific [or this
muscle. An opener inhibitor was found which, in a few cases, was shown to inhibit also the
main flexor. In all respects this mirrors the findings in Panulirus inlerruptus.

Axon diameter was only slightly less than in Scytlarides. Methylene blue staining gave
exactly the same results as in the three previously discussed palinurans.

Decapoda Natantia.

No data have been published on the innervation of the muscles of the legs of the
shrimps. In this investigation it was found that of the available forms, two were suitable to
a certain extent for the type of approach used. These forms were Stenopus hispidus (Olivier),
belonging to the tribe Stenopidea, and Spirontocaris marmoratus (Olivier) belonging to the
Caridea. Both diameter and survival time of the preparations were factors unfavourable in
obtaining single axons. In investigation of the inhibitory supply, despite large numbers of
preparations made, insufficient data were obtained to complete the distribution picture.
However, our results did show that the general priuciples of the innervation scheme are the
same as in the Decapoda Reptantia.

Stenopus hispidus. The bandana shrimps were collected at night on the coral reefs off
Honolulu and Coconut Island. Difficulty was encountered in that they are very prone to
autotomise the large chelipeds formed by the third pair of thoracic legs. The animals are
very aggressive and concentrating them within narrow confines leads to severe fights with
great loss of claws. The second pair of walking legs which has small chelae, was occassionally
used but proved too small for purposes other than indicating that the pattern of innervation
is similar to that of the third legs.

An advantage of the shrimps over the higher forms is that the ischiopodite is relatively
long so that the nerve can be prepared in this joint and the innervation of the muscles of the
meropodite can thus be studied. The number of muscles in the limb differs from that of
the higher decapods. The dactylopodite is moved by opencr and closer but the propedite is
moved by three muscles which may be named stretcher, bender and rotator. The apodemes
of the stretcher and bender are opposed to each other while that of the rotator attaches
about half way between the two on the lower surface of the propodite. The contraction of
this muscle causes the propodite to rotate about the longitudional axis. This is made
possible by the fact that there is much more freedom of movement in this articulation than
in most species where only one plane of movement is possible. (However, see above for
walking legs of Dardanus and Dromidiopsis). The articulation between meropodite and
carpopodite is similar to that of the Reptantia, with limited freedom of movement. As in the
Reptantia, extensor, main flexor and accessory flexor occur in the meropodite. The latter
muscle again is comprised of two bellies and causes a flexion which is not distinguishable
from that of the main flexor.

On opening either the meropodite or ischiopodite, two main nerve bundles are found
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which are almust egual in size. Stmulation of the slightly thinner one causes opening and
the thicker closing. Isolating the axons is difficult because of their small diameter and
delicate nature. Some fast axons had a diameter of 530, but inhibitors as thin as 154 had
to he prepared. A diffienlty which oceurs anly rarely in the higher Crustacea but which is
common in this animal, is cross-excitation of the axons. This occurred most likely only in
cases where the axons were damaged distal to the stimulating electrodes. Such axons have
a lowered threshold and occasionally stimulation of an isolated axon would lead to their
discharge. Thus, for example, on stimulation of an axon which was presumably the fast
closer, the extensor, bender and closer contracted.

Preparation of single axons was considerably casier in the thicker than in the thinner
bundle. It was repeatedly shown that the closer posscsscs a double motor innervation; fast
and slow. Twitch contractions, sufficient to cause complete closure of the claw, could be
obtained with single shocks to the thick bundle. Usually these disappeared before the single
axon was prepared. Slow contractions were elicited only after a number of impulses had
reached the muscle. FFor the bender and extensor it was possible to find two motor axons in
several instances. A single motor axon for the accessory flexor was found in the same bundle.
These are most likely all the motor axons for these muscles.

The situation in the thinner nerve was more difficult to analyse. Stimulation of the
whole nerve resulted often in movement of only the rotator. A single axon causing this
movement could be prepared. After splitting the bundle, contractions of the main flexor
could often be obtained. In some preparations it was possible to find two single axons which
caused flexion. There was never any indication that more motor axons wcre present but
despite this we cannot claim the absence of a quadruple flexor innervation. Particular
attention was paid to the question of whether the stretcher and opener have a common
motor axon, as in the Keptantia, or whether two separate axons are present, as in the Stoma-
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Fig. 4. Stemopus hispidus. Incomplete innervation of the eight
distal musles of the third thoracic imb. R-rotator. Other notation
the same as for preceding figures.

topoda (see below). In many preparations we found that contraction of either stretcher or
opener resulted from stimulation of thin bundles or cven isolated axons. In such cases it
was never possible to obtain another bundle or axon which caused contraction ef the other
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muscle. In a few cases a single axon was prepared which caused contraction of both opener
and stretcher so it appears probable that the situation is as in the Reptantia. Reservation is
necessary in the light of the above-mentioned possibility of cross excitation but we never-
theless consider it as established with enough certainty to be included in the tentative
scheme (Fig. 4).

The presence of inhibitory axons has been demonstrated with certainty in some of
these preparations. However, tracing of the inhibitory pattern has remained incomplete.
It is definitely established that closer and bender share an inhibitory axon which runs in the
thicker bundle. Whether this inhibitor can suppress the twitch contractions of the closer
was not revealed. By the time the inhibitor was prepared the fast contractions were in-
variably fatigued so the inhibition had to be demonstrated against stimulation of the slow
axon. In the small bundle no inhibitor has been prepared as a single axon. That at least one
was present follows from the above-mentioned observation that stimulation of the whole
bundle did not result in any visible contraction of the main flexor, stretcher or opener, but
that after splitting, such contractions were often obtained. It was remarkable that the
rotator always contracted on stimulation of the whole bundle and that attempts to suppress
this contraction by simultaneously stimulating the thick bundle failed. [t should be kept in
mind however that because of bender contractions, it is difficult to determine rotation. Parts
of the thicker bundle which did not cause bender contractions did not inhibit the rotator.

Methylene blue was not very successful for determining the number of axons in these
preparations. The best results were obtained on the extensor which showed a clear-cut triple
innervation. In opener preparations most often a single axon stained but in some a clear
picture of double innervation was obtained. In a few cases therc seemed to be three axons
present for small distances. Thus it remains completely uncertain whether one or two
inhibitors are present in the opener.

Spirontocarts marmoratus. Only the first long chelate legs of the males were used for
the investigation. The gross anatomical findings correspond to those of Stenopus. Here also,
three muscles are present in the carpopodite. From investigations of a few other species,
these three muscles scem to occur generally in the Natantia. Again two main nerve bundles
occur and the distribution of the motor axons seems to be the same as for Stenopus. Prepara-
tion of single axons proved almost impossible but insofar as could be determined, the inner-
vation is the same as that of Séenopus. Only two motor axons for the closer were obtained
with complete certainty in the large bundle and in the small one only a single axon for the
rotator. Inhibitory axons were never prepared and the presence of inhibition could be
deduced only from the fact that stimulation of a nerve or bundle would give no visible
contraction but that on further splitting contractions appeared.

Stomatopoda.

Of this group three forms were investigated, namely Psewdosquilla ciliata Miers,
Squilla oratoria De Haan and Lysiosquilla maculata (Fabricius). Of the first species many
specimens were used but the other two species were available only in limited numbers. In
all of them the same difficulty was encountered; the muscular contractions which should
result from nervous stimulation were either completely absent or, when present, disappeated
after only very few stimuli. For this reason only few single axon preparations were obtained.
From these we gained the impression that in all the species the same nervous distribution
occurs. In almost all cases, only the subchelate second maxilliped was large enough to
permit successful handling. In the larger Lysiosquilla, other maxillipeds and the small wal-
king legs were used with but little success.

The number of muscles in the distal segments corresponds to that of the shrimps. The
dactylopodite is moved by opener and closer; the propodite by bender, stretcher and rotator.
Since the ischiopodite is short, no attempt was made to study the innervation of the four
muscles in the meropodite. Two main nerve bundles are present in the meropodite. It is
relatively easy to obtain single axons as they are of a fair size (40-—70x) and separate
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easily. However in many preparations no contractions could be obtained at any stage in the
operation. In others, particularly with opener bundles, contractions appeared after some

splitting. :

In all three specxes single motor axons have been obtained for each of the five most
peripheral muscles. It is partlcularly noteworthy that opener and stretcher have separate
motor axons and that therc is no reason to believe that these are branches of a cornmon
axon. In Pseudosquilla and Lysiosquilla it has
been possible to show, only for the closer,
0 that a double motor innervation exists. In

C good preparations, contractions obtained by
stimulating the larger axons to all the muscles
were brisk whereas those caused by stimula-
tion of the second closer axon were definitely
slow in developing. This Icaves no doubt that
fast and slow systems do exist in the Stomato-

B poda. The motor axons for closer and bender

i are located in the thicker nerve bundle; those

for the opener, stretcher and rotator in the
! thinner bundle. It is probable that two ben-
| ders are present but the slow was never pre-
| 1 pared as a single axon (Fig. 5).

) ] ) Methylene blue staining was of little assis-
Fig. 5. Stomatopoda. Innervation of the five tyn06 not so much because of failure of the
distal muscles of the seccond maxilliped. The .y
broken linc represents a motor axon whose stain but because the axons do not form regu
presence has not been shown by axon isolation. lar, parallel arborizations on the surface of the
Notation the same as for preceding figures. muscle. Instead, they enter at the sides and

are soon lost among the muscle fibres. The best
preparations were obtained from muscles in the meropodite, which were not physiclogically
investigated. One extensor, for instance, showed a good triplotomic inncrvation. The closer
most likely receives also three axons.

DISCUSSION.

The inncrvation schemes for the seven distal muscles of the limbs of the four Reptantia
tribes may now be considered complete {Fig. 6}, with one or two minor uncertainties. In all
four tribes the motor innervation is identical but the inhibitory innervation varies consider-
ably. Despite this variation between the tribes the inhibitory innervation is constant for all
members of each tribe. The Anomura appear as an exception to this statement in that two
inhibitory patterns are known to exist. Birgus and Dardanus share an identical innervation
which must be considered typical for the tribe, but which differs from that of Eupagurus.
The anatomical results for Blepharipoda (van HARREVELD, 1939) indicate that there are
further differences in the innervation but as no physiological investigation has been made it
is impossible to tell whether these differences are attributable solely to the inhibitory axons.
o1 whether the molor innervation might alse be involved.

It was previously considered that the Palinura had three inhibitory axons; common
inhibitor, stretcher inhibitor and the opener-main-flexor inhibitor. It has now been shown
that the common inhibitor and the npener-main-flexor inhihitor are hranches of the same
axon but that the pomt of dichotomisation between the two occurs at various levels in the
limb, thus resulting in misleading data in some instances. There are in total only two in-
hibitory axons. A similar position may exist in the Astacura where at present four axons
are known (WIERsMA, 19515). It is possible, and indeed from a functional point of view
seems probable, that all but the opener inhibitor are branches of a single axon. However,
we have no definite cvidence on this point.
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Fig. 6. Innervation schemes for the distal muscles in the thoracic limbs of the four Decapoda Reptantia

tribes. a-Brachyura; b-Anomura; ¢-Palinura; d-Astacura. In the Anomura the common inhibitor is

variable in position and may occur in the large nerve bundle. O opener; C closer; S-stretcher; B-bender;

F-main flexor; A-accessory flexor; E-extensor. Solid lines represent single motor axons; broken lines

inhibitory axons; square brackets distribution cf axons between nerve bundles, the largest bundle being
on the right.
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That the Scyllaridae must be considered members of the Palinura is beyond doubt, in
view of the exact correspondence of the peripheral innervation schemes in the two groups.
Some authors have separated the two groups on the basis of the general compression of the
body and the accompanying modifications of the antennae and eye orbits but in our opinion
this criterion does not justify taxonomic separation from the Palinura and should be con-
sidered as a habitat modification. _

The Brachyura have presented a completely uniform picture. Even in the functionally
modified swimming legs of the Portunidae, the motor axon distribution is completely in
accord with the general scheme. The double inhibitory innervation of opener and stretcher
is proof positive that the three known inhibitory axons are completely independent of one
another.

Our knowledge of the Natantia is as yet incomplete. However, it should be noted that
this group exhibits many characteristics which are found in the Reptantia. The opener and
stretcher have a common motor axon; fast and slow contractions are brought about by
single axons and inhibitory axons are present. At least in Stenopus the fast system of the
closer has reached its maximal expression, i.e., a single stimulatory shock results 1n a
maximal twitch of the muscle. The only other closer muscle in which this is known to occur
is that of the crayfishes, Cambarus and Astacus. Even in the lobster, Homarus vulgaris, more
than one impulse is necessary for complete closure of the claw. Tt may well he that this
represents a specialization of this particular shrimp as the claws are much better developed
than in the majority of the Natantia.

A third muscle is present in all species of the Natantia so far examined. Its contraction
tesulls in a bending and rotation of the propodite. The muscle has an independent motor
innervation and has apparently been lost in the Reptantia.

Although work on the Stomatopoda was performed wilh the second maxilliped it
would seem, in the light of previous experience, that the innervation scheme would not
differ fundamentally from that of the walking legs. Qur information on these animals is
incomplete but the separate innervation of opener and stretcher is noteworthy. Both fast
and slow contractions have been well established. Although we have seen many indications
of inhibition, it would be premature to claim its existence.

The following hypothesis is based on our knowledge of the innervation patterns of the
Crustacea. It will appear obvious to the reader that more data are required before the
hypothesis can be given a firmer footing. We wish to interpret the innervation schemes from
a functional point of view but in doing so it would be well to point out some of the more
obvious difficulties and limitations of such interpretation.

‘In the first instance we have no knowledge of the limitations the central nervous system
impuses on the peripheral axons. There may be certain combinations of axons which are not
permitted to discharge simultaneously and there may also be central connections between the
axons which make simultaneous discharge obligatory. Data on this aspect of the problem are
accumulating and we have hopes of being able tointerpret the phenomena more completely
in the not too distant future. [t is essential not to lose sight of the fact that the inhibitors,
with rare exception, are much more effective against the slow contractions. This means that
even if a muscle is suffering under obligatory inhibition it may still be capable of a fast
response although the slow transmission pathway is completely blocked. Lastly, it must be
considered that the common inhibitors do not play a part in the normal locomotary move-
ments. It has been suggested that their role during moulting is to block reflex contractions
resulting from the sensory bombardment of the central nervons system at this eritical time
in the animals life. However, the individual inhibitors almost certainly play an integral part
in locomotory movements and may subserve a secondary function in the moulting process.

From a general consideration of Arthropod innervation it is probable that basically the
muscles were innervated by one fast and one slow axon and that in addition all the muscles
on one side of a metamere were inhibited by a single common inhibitory axon. From this
tundamental scheme there have been divergences, primarily in the motor innervation and
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then as a result of this, modification of the inhibitory supply occurred. In the Reptantia a
spectacular increase in the number of axons to the flexor has occurred. This large muscle
is responsible for one of the functionally most important movements of the limb and in
order to bring about delicate movements, fine gradations of contraction are necessary. It
may be in response to such a demand that the graded quadruple innervation has arisen.
Conversely some muscles which play a rather simple role have lost one of the motor axons.
However the point in which we are most interested is the loss of the double motor innerva-
tion by the stretcher and opener and the innervation of these two muscles by a single
common axon. It appears probable that this modification led to the various alterations in
the inhibitory innervation. The common opener-stretcher axon must have arisen before the
divergence of the four Reptantia tribes from the ancestral stock, as indicated by its presence
in the Natantia. Subsequently each tribe solved the problems which arose from this modifi-
cation, in various ways.

The reason for the functional fusion of the opener and stretcher is obscure but in the
usual type of locomotory movements and the defence action of the chelae, independent
movements of the two muscles would rarely be necessary. In the presence of a rotator, such
as possessed by the Natantia, the common opener-stretcher might have constituted an
advantage but with the subsequent loss of the rotator it became undesirable. At approxi-
mately the time of this loss the four tribes were diverging and in the solution to the opener-
stretcher preblem the characteristic inhibitory innervation patterns were developed.

The sirnplest, although not the most efficient, solution of the problem is shown in the
Palinura where the stretcher has developed an individual inhibitory axon (Fig. 6c). This
allows independent contraction of the opener but the animal could not bring about closing
and stretching without involving the opener as this would necessitate activity of the com-
mon inhibitor with resultant inhibition in the wholc limb. If such movements arc cver
performed, the closer must simply override the contraction of the much weaker opener.

The Astacura (Fig. 6d) have an independent opencr inhibitor but the stretcher and
closer share a common inhibitor. This represents a much better solution for the regaining of
independent control of both the opener and stretcher. Although inhibition of the stretcher
would involve the closer, the animal can obviously have no need for simuitaneous contraction
of opener and closer. The functional aspect is further improved by the fact that even the
slow closer inhibition is very ineffective in some members of the tribe. Inhibition of the
opener allows independent action of the stretcher. The Astacura have then in effect inhibited
antagonists whereas the Palinura have inhibited protagonists.

The Anomura (Fig. 6b) certainly have the most flexible system in terms of peripheral
expression. The individual inhibitors of both opener and stretcher have reinstated indepen-
dent movement of both these muscles and in addition the common inhibitor has retained
branches to all the muscles. _

The Drachyura (Fig. 6a) have essentially the same solution as the Palinura, ic. a
stretcher inhibitor, but in addition there is a common opener-flexor inhibitor. Their position
is thercfore slightly superior to that of the Palinura, as inhibition ol the opener involves
only the flexor and not all the muscles of the limb. The common inhibitor has retained
branches to the opener and stretcher. This would indicate that the individual inhibitors
have not arisen from the common inhibitor. However, to decide the issuc of whether there
was originally a common inhibitor or individual inhibitors, data on the lower Crustacea
would be of great value.

SUMMARY.

1. By the method of axon isolation and electrical stimulation together with staining
of the axons on the muscle surface with methylene blue, the efferent innervation of the
muscles of the limbs of various Decapod Crustacea, both Reptantia and Natantia, and of
Stomatopoda, has been studied. Innervation schemes for the four Decapod tribes, together
with incomplete schemes for the Natantia and Stomatopoda are presented.
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2. Limited investigations on the brachyurans, Poviunus sanguinolentus (Herbst),
Calappa hepatica (L.) and Dromidiopsis dormia (L.) confirm the scheme previously present-
ed for the Brachyura. Although Porfunus has the fifth legs modified for swimming the
innervation of the most distal muscles is unchanged.

3. In the Anomura, the hermit crab Dardanus asper (De Haan) was studied. The
innervation corresponds to that previously reported for Birgus latre L. and differs from that
of Eupagurus bernhardus (1L.). '

4. Palinurans used were Panulirus japonicus (De Siebold), P. penicillatus (Olivier),
Paribaccus antarcticus (Lund) and Seyllarides squasmmosus (Milne Edwards). The innerva-
tion of these four species confirmed that previously established for Panulirus interruptus
(Randall} in all but one point. It was shown that there are two, and not three inhibitors
participating in the innervation of all seven leg muscles investigated.

5. For the Decapoda Natantia it is shown that in Stemopus hispidus (Olivier) and
probably in Spirontocaris marmoratus (Olivier), the innervation scheme resembles that of
the Reptantia in many respects. In Stenopus double motor innervation was found for the
closer, bender, extensor and flexor. The motor axon for vpeuer and stretchier is cuinpion.
An inhibitor for closer and bender was isolated. The Natantia have an additional muscle in
the carpopodite which mediates rotation of the propodite. This muscle, and the accessory
flexor were each shown to have a single motor axon.

6. The differences in musculature and innervation in the legs of the Decapod Crustacea
support the division of this group into Natantia and Reptantia, with a subdivision of the
latter into four tribes: Palinura, Astacura, Anomura and Brachyura as opposed to other
classifications which have been used.

7. Qwing to limited material and anatomical and physiolegical peculiarities, little
evidence was obtained from the Stomatopoda. Pseudosquilla ciliata Miers, Squilla oratovia
De Haan and Lystosquilla maculata (Fabricius) were studied. In the large, subchelate second
maxilliped double motor innervation was demonstrated for some of the muscles. Inhibitory
axons, although probably present, could not be isolated. Like the Natantia, the Stomato-
poda possess a rotator in the carpopodite.

8. In the light of the present data on the inhibitory innervation of the higher Crusta-
cea a tentative evolutionary hypothesis for the development and the divergences of the
innervation schemes is presented. ,

ZUSAMMENFASSUNG.

1. Mittels Isolierung einzelner Axone und elektrischer Reizung derselben, sowie
durch Farbung der Axone auf der Oberfliche der Muskeln, wurde dic Innervation der Beine
verschiedener Krustaceen bestimmt. Sowohl Reptantia und Natantia Decapoda wie Stoma-
topoda wurden untersucht. Fiir die vier Gruppen der Reptantia konnten vollstindige,
fiir die Natantia und diec Stomatopoda unvollstindige Innervationsschemata gegeben
werden.

2. Beschrinkte Untersuchungen tiber die Brachyurenarten, Porfunus sanguinolentus
(Herbst), Calappa hepatica (L.} und Dromidiopsis dormia (L.) bestitigten das Schema, das
vorher fiir die Brachyura gefunden worden war. Obwohl das fiinfte Beinpaar von Portunus
wegen seiner Funktion beim Schwimmen stark veridndert ist, so ist doch die Innervation
der distalen Muskeln die selbe geblieben.

3. Von den Anomura kam der Einsiedlerkrebs Dardanus asper (De Haan) zur Unter-
suchung. Die Innervation stimmt mit derjenigen von Birgus latro L. {iberein, wic dies
schon friiher bestimmt wurde. Sie ist von der von Eupagurus bernhardus (L.) verschieden.

4. Vonden Palinura wurden vier Arten benutzt: Panulirus japonicus (De Siebold),
P. penicillatus (Olivier), Paribaccus antarcticus (Lund)} und Scyllarides squammosus (Milne
Edwards). Ihre Innervation stimmt bis auf eine Abweichung mit derjenigen iiberein, die fur
Panulirus interruptus (Randall) bekannt war. Es wurde gezeigt, dasz nur zwei, anstatt drei
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hemmende Fasern an der hemmenden Innervation der sieben peripheren Beinmuskeln
beteiligt sind. ’

5. Fir die Dekapoda Natantia wurde gezeigt, dasz bei Stenopus hispidus (Olivier)
und wahrscheinlich auch bei Spironiocaris marmoratus {Olivier) das Innervationsschema
dem der Reptantia in vieler Hinsicht gleicht. Bei Stenopus wurde fiir Schlieszer ,Beuger,
Extensor und Flexor eine doppelte motorische Innervation gefunden. Offner und Strecker
haben ein gemeinsames motorisches Axan. Eine hemmende Faser fiir Schlieszer und Beuger
konnte isoliert werden. Die Natantia haben einen zusitzlichen Muskel im Carpopoditen, der
eine Rotation des Propoditen erméglicht.Es konnte gezeigt werden, dasz dieser Muskel
und der Accessorische Flexor je ein einzelnes motorisches Axon besitzen.

6. Die Differenzen in der Muskulatur und den Innervationsschemata der Beine der
Decapoden stehen in Einklang mit einer Einteilung in Natantia und Reptantia, und der
weiteren Unterteilung der Reptantia in vier Gruppen: Palinura, Astacura, Anomura und
Brachyura, und sprechen gegen andere benutzte Klassifikationen.

7. Wegen des beschrinkien Materials, sowie anatomischer und physiologischer
Eigentiimlichkeiten, wurden nur wenige Tatsachen fiir das Innervationsschema der Stoma-
topoden aufgefunden. Untersucht wurden die groszen zweiten Maxillipeden von Pseoudos-
guilla ciliata Miers, Squilla oratoria De Haan und Lysiosquilla maculata (Fabricius). Fiir
verschiedene Muskeln wurde eine doppelte motorische Innervation nachgewiesen. Hem-
mende Fasern konnten nicht einzeln isoliert werden, obgleich eine periphere Hemmung
wahrscheinlich ist. Wie die Natantia haben die Stomatopoda einen Rotator-Muskel im
Carpopoditen.

' 8. Auf Grund der presentierten Daten wird eine vorldufige Hypothese iiber die
phylogenetische Entwicklung und Divergierung der Innervationsschemata aufgestellt.
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INTRODUCTION

WiersmMa & Apams (1950) investigated the effects of intercalated
shocks and of ‘spaced’ 2) stimuli on motor axons in the legs of a number
of decaped Crustacea. They demonstrated that in most fast neuromuscu-
lar systems ‘spaced’ stimuli resulted in a considerably greater contraction
of the muscle than was caused by ordinary stimulation. In most slow
syste% on the other hand, no obvious differences were obtained between
iwo methods of stimulation. It was concluded that the enhanced
efféct. of spaced impulses can occur at these fast nerve endings only
when, m ;addition to the facilitatory processes in the transmission between

sensifive’ and ‘pattern insensitive’ endings.

Insthe monaxonically motor innervated opener muscles of thg;legs of
varisus Decapoda spacing of stimuli usually had an mtermcdlatemﬂp(,t
This is in agreerent with the observation that these systems of have
properties which combine those of biaxonically motor innervated siifiseles.

This is clearly demonstrated by the opener ol the claw ol £
bernhardus (L). WiERsMA (1951) came to the conclusion that at lggst in
this case, both types of endings must be present aithough they are sgrved
" by a single axon. On the other hand it is known that in certain opener
muscles, all endings must be insensitive to pattern, e.g. in the opener of
“Pachygrapsus crassipes Randall, which shows no fast properties.

" From these experiments it "follows that in pattern sensitive systems the -
same number of impulses per second can result in contractions of quite
different magnitudes, depending upon the specific spacing of the shocks.

he present investigation was undertaken in order to show that this

gnon does not depend. Ql’l any mechanical properties of e muscle

\gbiar (Umon of bouth Urma);, Lastitute Scholar (Cahforma Institute
#v) sponsored by the fistitute’ 6f International Education.
explanation of ¢ erm will be found under Methods. )
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substance but is really located in the myo-neural junction. Advantage
was taken of the fact that inhibition of contraction is possible. Deter-
minations of the inhibitability of spaced and non-spaced contractions of
the opener muscle (abductor of dactylopodite) of the claw of Cambarus
clarkit Girard, were made. Since inhibition, like excitation, is subject to
facilitation (MARMONT & WIERSMA, 1938; WikrsMa & HELFER, 1941) it
was found possible to study, in addition, the effects of spacing the inhibi-

tory impulses.
METHODS

Single axon preparations of the inhibitory and excitatory axons of the
opener muscle were made in the manner described by WiErsma (1941).
The closer (adductor of dactylepodite) inncrvation was removed and as
the opener motor axon is common to both opener and stretcher (ex-
tensor of propodite), the limb was clamped at the carpo-propodite
articulation so that only the dactylopodite was free to move. The mero
podite containing the exposed nerve bundles was placed in physiological
saline solution {(vAN HARREVELD, 1936). Prior to stimulation, the axons
were lifted to the surface of the saline on fine platinum wire electrodes
wielded in micro-manipulators.

In preparatior. of single axons induction coils were used but during the
experiment electronic oscillators were employed. These oscillators deliver
a rectilinear wave and allow independent control of the recurrence fre-
quency, pulse duration and amplitude. For obtaining spaced stimuli the
signal from one ‘gfi4he oscillators was fed into an electronic device {see
KEIGHLEY in WIERGMA & HELFER, 1941) which takes advantage of+the
sharp rise and fall‘6f the rectilinear wave to genecrate two pulses of 'the
same polarity and of short duration (0.3 millisec.). As there are thus two
spikeg‘for each rectilinear wave, the effective stimulating frequency will
be twiee that of the oscillator frequency. By alteration of the pulse length
of the'rectilinear wave, the time interval between the members of 4 pair
of shotcks can be adjusted. HIT

Thefnstrument- thus furnishes pairs of shocks which are repeated at
a chstant rate. We will call the frequency with which these pairs of
shotk#¥ fecur everytisebond, the repefition rate; the interval between the
first*dfid'second $hiélés of a pair (Fig. 1a’b’) the spacing tnterval. Equal
spaciHPds obtained WhEh the spacing interval, a’b’, is half the repetition
intervaf?d’a’’ . Tn all eXperiments, the strengths of the first and second
shock§! ¥ bach pair Ware cqual and slightly above threshold.

Recdpdgivs contractighs of the muscle were made on a kymograph with
a lighttsodddic lever, thé tip of the dactylopodite being used as reference
poiit."FHr Whe observation' of minute movements of the dactylopodite,
seeBuE MlSome inhibitorfobservations at low frequencies of stimulation,
a bimocnlar microscope was used. There is no apparent difference in
response of the twe, sexes anid Both males and females have been; used
indiscriminately. -i: Hut £
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The increase in contraction height (spacing effect) was found to be
greatest when the spacing interval is short. However, if this interval
becomes less than the relative refractory period of the preceding shock
the stimulation frequency is effectively halved and the contraction 1s
correspondingly reduced. The maximum contraction occurred at spacing
intervals of approximately 3 millisec. With longer spacing intervals the
spacing effect gradually declines, until at about 12 millisec., it is no longer
discernible. These results are represented graphically in Fig. 2. In this
graph the repetition tate is 15 per second, su thal al equal spacing the
effective frequency is 30 shocks per second. The height of the contraction
attained in 5 seconds at equal spacing is taken as unity. The height
attained in the same period but with various spacing intervals is express-
ed as a percentage of this, and these percentages are plotted along the

the ordinate (-3 %}, The abscissa shows the spacing interval in milli-

e
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Fig. 2. The influence of the spacing interval upon the size of the muscular con-
traction. The two curves are from different experiments. The upper curve shows
approximately the characterisric spacing effect whereas the lower shows very little
increase in the contraction over the control obtained with the same frequency of
equally spaced shocks (100 ¢, at 33.3 millisec.). In both experiments the excitatory
repetition rate was 15 per sec. (i.e. 30 shocks per sec.}. The contractiom height attain-
cd with shocks spaced at 6 millise@. «{(Hs) is cxpresscd as a percentage of the height
attained with equally spaced' stm&h{ He) and is plotted on the ordinate. At the short-
est Sprl(.lﬂ” intervals the Lcont - uch reduced due to the second shock
of a pair falling in the re]a.txw reirsctory period of the first and thus efiectively halv-
ing the numher of shocks per second.
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The increase in contraction height (spacing effect) was found to be
greatest when the spacing interval is short. However, if this interval
becomes less than the relative refractory period of the preceding shock
the stimulation frequency is effectively halved and the contraction is
correspondingly reduced. The maximum contraction occurred at spacing
intervals of approximateiy 3 millisec. With longer spacing intervals the
spacing effect gradually declines, until at about 12 millisec., it is no longer
discernible. These results are represented graphically in 1“1;; 2. I this
graph the repctmon rate is 15 per second, so that at equal spacing the
effective frequencv is 30 shocks per second. The height of the contraction
attained in 5 seconds at equal spacing is taken as unity. The height
attained in the same period but with various spacing intervals is express-
ed as a percentage of this, and these percentages are plotted along the

He 4
the ordinate (WS— ‘%). The abscissa shows the spacing interval in milli-
e )
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Fig.'2. The intluence of the spacing interval upon the size of the musculfr cédh-
tractiod: The two curves are from different experiments. The upoer curve't ]
approxxmatel\, the characteristic spacing effect whereas the lower shows very
-ncrease in the contraction over the control obtained with the same frcqueru:
equally spaced shocks (100 9, at 33.3 millisec.). In both c*cpenmmts the excitatg
repetition rate was 15 per scc. (i.e. 30 shocks per sec.). The contraclion height att:

cd with shocks: spacix @t 5 millisec. (Hs) is expreq%ed as a percentage of the her
attained with equadisi spacedistimuli (He) and is plotted on the ordinate. At thesm
est spacing intervals the contractions are much reduced Gue to the second s
of a pair falling in the relative refractory pericd of the first and thus eftectiv ely b
ing the number of shocks per second.

LE
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seconds. In the.upper;curve the maximum spacing effect is 50 %, i.e. the
spaced contractign iz"1.6 times as large as the equally spaced contraction.
For different preparations of the opener muscle the effectiveness of
spacing varies, as is demonstrated by the lower curve of fig. 2, in which
the increase was only 15 9%, In a large number of preparations with
stimuli spaced at 5 millisec. the spaced contraction was from 0—120 Y,
greater than the control with an average value of 4 54 %,. In a very few
cases a small negative spacing effect was observed; the spaced contrac-
tion being somewhat smaller than the control.

To. study the influence of repetition rate on the spacing effect,the
preparation was stimulated at a constant spacing interval of 5 millisec.
over a range of frequencies. Five milliseconds was chosen as at this inter-
val the spacing effect is still near its maximum but is more constant than
with shorter intervals. The greater response at shorter intervals is often
variable, due to the proximity of the second shock to the end of the re-
lative refractory period of the first one, so that slight fluctuations caused
by fatigue result in uneveness of the contraction. The range of repetition
rates extended from 10 to 100 per second. At very low repetition rates

225
200
i75

150

75 1. ' 1 l L 1 1.
0 25 50 75 100 25 50 175 200

NQ OF SHOCKS PER SEC.

Fig. 3. The relation between the excitatory repetition rate and the spacing effect.
The spacing interval is 5 millisec. throughout. The height of the contraction resulting
from spaced stimuli (Hs) is expressed as a percentage of the contraction arising from
the same number of equally spaced shocks per second (He). The curve becomes
asymptotic to the ordinate at those frequencies at which closely spaced. but not
equally spaced: shocks, give rise to contraction.
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seconds. In the upper curve the maximum spacing effect is 80 9, i.e. the
spaced contraction is 1.5 times as large as the equally spaced contraction.
For different preparations of the opener muscle the effectiveness of
spacing varies, as is demonstrated by the lower curve of fig. 2, in which
the increase was only 15 9%,. In a large number of preparations with
stimuli spaced at 5 millisec. the spaced contraction was from 0—120 ¢/
greater than the control with an average value of + 54 %, In a very few
cases a small negative spacing effect was observed; the spaced contraé:
tion being somewhat smaller than the control.

To study the influence of repetition rate on the spacing effect,ithe
preparation was stimulated at a constant spacing interval of 5 milligsec.
over a range of frequencies. Five milliseconds was chosen as at this inter-
val the spacing effect is still near its maximum but is more constant than
with shorter intervals. The greater response at shorter intervals is often
variable, due to the proximity of the second shock to the end of the rc-
lative refractory period of the first one, so that slight fluctuations caused
by fatigue result in uneveness of the contraction. The range of repetition
rates extended from 10 o 100 per second. At very low repetition rates

225 —
t

200 +
175 t+
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100 5 — °

75 " 1 . } ) i \ J
0 25 50 75 100 125 150 75 200
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Fig. 3. The relation between the excitatory repetition rate and the spacing effect.
The spacing interval is 5§ millisec. throughout. The height of the contraction resulting
from spaced stimuli (Hs} is expressed as a percentage of the contraction arising from
the same number of equally spaced shocks per second (He). The carve becomes
asymptotic to the ordinate at those frequencies at which!bosely sﬁﬂb&@,ﬁiﬁ)dt not
equally spaeed shocks, give rise to contraction. N A 1 A
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In this investigation the Rc values of the control contractions (at equal
spacing) were found to be much less constant thaun in the previoustin-
vestigations. They varied from 0.40 to as high as 0.80 (average 0.5) in
different preparations and in some cases showed considerable dependance
upon the frequency of excitation. The method was rigorously checkgd
for sources of error and although slight variation could be attributed. to
these, they were not sufficient to account for the overadl picture obtained.
We are at a loss to explain the discrepancy between these results and
those obtained 1n the earhier mvestigations, the more so because of the
variation from one preparation to another.

In comparing the effects of inhibition on closely spaced and equally
spaced contractions, it was therefore necessary to take into account the
variation of the Rc with the repetition rate of the equally spaced exci-

. 4 .. .
tation. By expressing the results as 71 (where A7 is the difference be-

tween the inhibitoty frequency necessary for suppression of a spaced
contraction, and that necessary for suppression of an equally spaced con-
traction obtained at the same repetition rate; 7 is the inhibitory frequency
necessary for the suppression of the equally spaced contraction) these
discrepancies can be eliminated and the data from different experiments
legitimately compared.

s
Tl

10 — wiF
08 |- /Smillisec.
06 [
Rc A d
0-4 - equally spaced >
: Y
0-2
il l
0 1 | I | 1 1 | I—
0 50 100 150 200

NQ@ OF EXCITATORY SHOCKS PER SEC.

Fig. 4. Comparison between Rec’s from closely spaced and equally spaced excita-
tory stimulation. The upper curve shows the increase in R¢ with decrease in the
repetition rate 'ofi#he excitatory ‘stimulus spaced at 5 millisec. The lower curve
shows very little 9&sidtion#n ‘Rc with the excitatory shocks equally spaced. Both
curves are from one pieparation. The inhibitory stimuli were equally spaced through-
out.
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- In Fig. 5 the results from another preparation are expressed in this
form and are plotted as a function of the excitatory frequency. The

Ai .. . .
dependance of — upon the repetition rate is obvious and serves to

emphasize the fact that the spacing effect is dependent upon the differ-
ence between the repetition interval and the spacing interval. As the
difference in these two time intervals decreases towards the point of
equal spacing, the muscular expression of spacing becomes less. From the
results in Fig. 5 the greater effectiveness of spaced excitation can be
estimated. At a repetition rate of 10 per second with 5 millisec. spacing,
about 40 9 more inhibitory impulses are needed to suppress the contrac-
tion than are necessary for the suppression of the control contraction.
Considering the low Rc value for this muscle, this represents a very large
functional difference.

3. The Effectiveness of Spaced Inhibition tn Suppression of Contraction.
Inhibitorv phenomena can be expressed only as functions of their

CLLCL\. uyuu CAblldLl‘Jll as \.‘l’lcv PLUdubU no Jucaamablc lllcblld.lll'vd.‘. CllCLL
other than prevention or reduction of contraction. The best way to ob-
serve the effect of spacing the inhibitory impulses is to choose an inhibi-
tory repetition rate which reduces a given contraction considerably, but
not completely. Let the excitor axon be stimulated at a frequency of 60
shocks per second. The inhibitor then needs to be stimulated with about
10 repetitions per second to obtain considerable but partial inhibition.

50 —
40

30

Lig

1 {
0 50 100 50 200
Ne OF EXGITATORY SHOCKS PER SEG.

Fig. 5. braphﬁhfwmg the percentage increase in the number of mhxbltonv xtxmuh
necessary to cothpsmsate for the enhanced effect of spaced excitation-.at various
frequencies uuqiﬂ((,ﬁp conditioga,, Nute that the spaced sacitation is most. cifeclive
at the Jowest exertatory freguemcies. For experimental details see text.
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InFig. 6an isotonic kymograph record of such an experiment is presented.
The first response is an uninhibited contraction obtained with a frequency
of 60 per sec. Responses b and d are this same contraction during simul-
taneously initiated inhibitory stimulation at 10 repetitions per sec. with
equal spacing. Response c is in all respects similar to b and d, but for the
fact that the spacing is now 5 millisec. The considerably greater effective-
ness of this spaced inhibition is apparent in this preparation. This differ-
ence in effectiveness between spaced and non-spaced inhibition varies
from preparation to preparation, and corresponds to similar variation in
the effects of spaced excitatory stimulation.

IERP NNy ITNva AN E]

a b c d

Fig. 6. Isotonic record of opener muscle contractions showing the effect of spacing
the inhibitory impulses. a — excitation at 60 shocks per sec.; b and d — excitation
at 60 plus inhibitory stimulation with 20 equally spaced shocks per sec.; ¢ — ex-
citation at 60 plus inhibitory stimulation with 20 shocks per sec. spaced at 5 millisec.
Time record in seconds. Note that the spaced inhibitory stimulus (c) is much more
effective in reducing the contraction than are the equally spaced inhibitory stiuuli.

The results from an experiment with spaced and non-spaced inhibition
are presented graphically in Fig. 7. The effectiveness of the inhibitory

stimulus is expressed as (Hyo—H,) %%, where Hg, is the height attained
30
in 5 sec. by a contraction resulting from excitation at 30 shocks per sec.;

H, is the height attained in 5 sec. by a contraction where the excitor is
stimulated at 30 shocks per sec. with simultanecus inhibitory stimulation
at a certain repetition rate. This latter repetition rate is plotted along the
abscissa. In the upper curve the Hihibitory stimulus was spaced at 5
millisec.; in the lower curve it wasiequally spaced. It may be seen that the
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spacing etfect increases as the inhibitory stimulus approaches the value
for complete suppression of the contraction. The range of ‘irihibitory
repetition rates over which one can make observations is of necessity
limited, due to the low Re ratio for this muscle and also by the fact that
very low repetition rates produce such small amounts of inhibition that
they are overshadowed by the errors inherent in the method. The in-
hibitory spacing effect is never as great as that observed with excitation.

As was shown for the excitor system, the shorter the spacing interval
the greater is the effect at a given repetition rate, provided that the inter-
val be longer than the relative refractory period of the axon under con-
sideration. The effcct is illustrated in Fig. 8 for whiclht Lthe dala were
obtained by stimulating the inhibitor at a repetition rate of 6.5 per sec.
This rate of stimulation is insufficient to completely suppress a contrac-
tion elicited by stimulation at a repetition rate of 15 per sec. with equal
spacing even when it is maximally efficient. The heights of the contrac-

100 : - B
5 millisec. /
L \ .

\equolly spaced

25 l l ! 1 L
10 ] i2 13 14 15

Ne OF INHIBITORY SHOCKS PER SEC.

Fig. 7. Comparison of the effectiveness of closely spaced and equally spaced in-
hibitory stimuli in suppressing a contraction and the variation of this effectiveness as
a function of the inhibitory repetition rate. The excitor is stimulated throughout
wigh- 30 equally spaced shocks per sec. and the contraction attains a certain height
(Had. k:g;is contraction is then inhibited by equally spaced stimuli (lower curve)
an s&fnqli spaced at 5 millisec. (upper curve).The height of the inhibited contraction

Héduced. The amount of reduction of the contraction by the inhibitory stimu-

A1 gnols (Hiy—Hy) o

11, ﬁgcpgg,%& as . %,‘l%@lotted on the ordinate. .On this axis 100 9,

T @ . .
re#réﬁiislaﬁimplete suppressiofstof the contraction.
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tions, in arbitrary units, obtained over a range of inhibitory spacing
intervals, are plotted against these intervals {in millisec.}. The influenee
of increasing the spacing intervals steépwise is very much like that s@en
in excitation. With less than 2 millisé¢. spacing interval, inhibitie#p®
very ineffective as only one of the shocks of each pair reaches the iihstle
and the repetition rate of the inhibitory stimulus is thus efmf%'ely
halved. With 3 millisec. spacing, maximum efficiency is reached aitd tiéfs
gradually decreases until, with a spacing interval longer than 15 mxlh;ﬁti
there is practlcally no difference in response to closely spaced andi
spaced stimuli.’ q odi *m

Expressed in terms of the Rc ratio, spaced inhibition will give a lower
value than is obtained with equally spaced inhibition. ExperitheritsidaE
conducted in which the repetition rate of the equally spaced mhLb;tovfy
stimuli was held constant and the Re¢ determined by adjustment gf, thy
irequency of excitation. Using the same rate of inhibitory stimujpijom
but spaced at 5 millisec., the excitatory frequency was again adjusted ¢
give Re conditions. In many cases there was little spacing effect apanihié
adjustment in excitatory frequency necessary to re-establish the Bt con-
ditions, was small. It is inadvisable to stimulate an excitatory axoi &

A
PR %3 3T
6 118
5 f—
4 f—
Hi
(arbitory 3 |-
units)
2 [~
t I i ]

1 I Lj.l
0 3 6 9 t2 15 8 &0
SPAGING INTERVAL — MILLISEC.
Fig. 8. Increase in effectiveness of spaced inhibitory stimuli as the spacing interval
is decreased. The excitor axon was stimulated throughout at 30 shocks per second
and the inhibitor at 13 shocks per second over a range of spacing intervals. The
height of the inhibited contraction (Hi}, in arbitrary units, is plotted on the ordinate;
the inhibitory spacing interval in milliseconds, along the abscissa. At about 2 milli-
sec. the second shock of each pair falls in the relative ‘-efractory period of the first
and is consequently ineffective. This accounts for the sharp rise of the curve to a
value of 16.5 units (not shown).
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titvely at more than 150 shocks per sec. as fatigue sets in-fasgt. At very
low frequenc1es of stimulation, Jess than about 20 shocks.per gge., the
contraction is so small that R¢ determinations are very inaceugate: If the
Rcisof the order of 0.4, then the maximum range of inhibitory fregpencies
for Re determinations which cover the working range of excitdtory fre-
queneles, is from 8 shocks per sec. to 60 per sec. Under experimental con-
ditions this range is too small to allow the full effect of shortened repeti-
tion intervals to -be expressed. In Table 1, the variation between Re
determined with closely spaced and equally spaced inhibition is shewn
for the possible experimental range.

Table 1. The variation in the Rc determined with spaced inhibition as the

inkibitory frequency is increased. i

Frequency of Inhibition
{(repetitions per sec.}. . . . . . 15 10 15 20 130
Non-spaced inhibition Re. . . . . 42 40 40 39 '.-“38
Spaced inhibition Rc. . . . .., . .34 37 .37 35 .33

Although small, the spacing effect is indeed present and serves further
to establish the similarity between the excitatory and inhibitory processes
with regard to the spaced impulses. If the inhibitory frequency range
could be extended, it is highly probable that a decrease in spacing effect
with increased frequency would be observed.

DISCUSSION

The point of greatest interest which emerges from this investigation is
that the spacing effect occurs in the inhibitory transmission process on
stimulation of the inhibitory axon with the appropriate stimuli. Several
implications arise from this fact. It means that the spacing effect ob-
served in the motor system is a real junctional effect occurring at the
postulated facilitatory loci between the nerve impulse and the muscular
contraction. That the effect is merely some mechanical action at the level
of the muscular contraction must be ruled out. We shall return to this
point later in the discussion. WIERsSMA & Apams (1950), in studies on the
effect of spaced stimuli on crustacean motor systems, came to the con-
clusion that the various systems could be classified as ‘pattern sensitive’
and pattern insensitive’. The present investigation has shown that the
m i system of the opener muscle in Cambarus can be added to the

gfa,ss As these authors pointed out, the spacing effect in the motor
S}W was always attended by a hlgh degree of facilitation. Since the
méry ‘system also exhibits-the spacing effect, it follows that its facili-

ta#{o inust bé relatively large“ This confirms conclusions drawn from the
fact dmt the Re raliv remains alimost coistant over a wide tange of
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excitatory frequencies notwithstanding the relatively low frequeney of
the inhibitory stimulation vnder these conditions. The motor endings
aan, in many ways, be shown to exhibit facilitation and from the con-
stancy of the Re it must be concluded that the rate of facilitation of the
inhibitor keeps pace with that of the excitor in order to maintain this
constancy.
15'The spacing effect in either excitor or inhibitor is dependent upon the
smber of stimuli per sccond. It appears therefore that the difference
Bétweeni the spacing interval and the repetition interval is the governing
factor.”If stimuli are spaced at 5 milliseconds and the repetition rate is,
say 15 per second, then the difference between the two intervals is large
and thé%spacing effect marked. As the repetition rate is increased, this
time différence diminishes until eventually the repetition interval is only
iwice the length of the spacing interval; in other words the impulses are
equally spaced. At this point there can obviously be no spacing effect.
There is therefore, of necessity, a gradual decline in the magnitude of the
effect with increase in the stimulatory frequency, by virtue of the very
nature of the stimulus. However, we can obtain a more accurate estimate
of what the differences between these two time intervals must be to
produce a measurable effect. When stimuli are spaced at 5 milliseconds,
spacing becomes almost ineffective with a repetition rate of 65 per second.
The repetition interval is approximately 15 milliseconds; the spacing
interval 5 milliseconds and the differcnce therefore 10 milliseconds. Even
if the spacing interval is slightly greater or smaller, the figure of about
10 milliseconds between the pairs of shocks appears to represent the lower
limit for the expression of the spacing effect. In the final analysis this may
assist in indicating the temporal characteristics of the facilitatory process.
At present the site and mode of action of the spacing effect is still
uncertain. Since we have shown in this investigation that the spacing
effect is not due to mechanical effects at the muscular level, we may draw
further conclusions. The phenomenon is manifestly closely associated
with the facilitatory processes. In some preliminary work, continuous
records were made of the action potentials from a muscle contracting in
response to closely spaced or equally spaced stimuli. It was noted that a
mechanical spacing effect was invariably accompanied by peculiarities in
facilitation of the action potentials. The first action potentials of succes-
gi¥e pairs are all approximately the same size as the corresponding po-
téntials from the muscle when stimulated with equally spaced shocks.
The second shocks of the pairs show much larger facilitation than that
of the corresponding potentials elicited with equally spaced shocks. Their
size is over and above that to be expected if they merely summed with
the first shock of each pair. On the scheme proposed by WiERsuMa (1941)
there are two loci of facilitation in the transmission processes of both the
miotor and inhibitory axon endings. Action potential facilitation occurs
at the first locus. It is therefore obvious that the first locus is involved
in the spacing phenomenon. T



- 29 -

14 RIPLEY AND WIERSMA! SPACED STIMULATION IN THE CRAYFISH

The degree g ifacilitation remaining after.ganusenles contragbion has
been elicited-canbe. dgmonstrated by - stimmlationn of: 'the_,mg'gural
preparation a short time after it has relaxed from a previous cgmtraction.
WIERSMA & ADAMS (1950) found with a number of crustaceasagprepara-
tions, including the opener of Cambarus, that there is no greateplasting-
facilitation resulting from a previous spaced contraction than thews is
from an equally spaced contraction. This is surprising as the bgight
attained by the spaced contraction was much greater than thatetibe
equally spaced contraction. However, examination of the resultarab-
tained from continuous records of the muscle action potentials awhen
spaced stimuli were used, show that there is agreement between thg twvo
facts. If the first muscle action potential from a pair of stimuli shows - ne
more facilitation than the corresponding poteritial from the musgle wiih
equally spaced stimuli, it is obvious that there can be no greatez degure
of lasting-facilitation, at least at the first locus. That this is borne oukdpy
the absence of lasting-facilitation in the experiments of WIERSM A gt
Apawus implies that there i§£}3@ lasting-facilitation at either logusy dhe
spacing effect may well deprewl upon the very large facilitation sk the
muscle action potential proggeed by the second shock of each pparjud he
growth of this second action petential is a complex phenomenosywich
will have to be studied further. F o

The above rather meager conclusions as to the site and mechapasm of
the spacing effect shed no light on the problem of why some Systems
showing a large degree of facilitation should be paliern sensilivepgmd
others. not. In 1937 WIERSMA & vaN HARREVELD demonstrated inggme
fast systems that facilitation itself could be facilitated. In view phighe
fact that this facilitated facilitation occurs in exactly the muscles wijege
we would expect to find the spacing effect very pronounced, it appegars
that this process might determine pattern sensitivity. It seems possifle
that in facilitation of facilitation may lie the answer to the problemyip{
why the motor system of the opener muscle shows more constant and
larger spacing effects than the inhibitor although the two systems ex-
hibit the same degree of facilitation, as evidenced by the constancy of the
Rc with increasing frequency of stimulation. -

~What, if any, is the significance of this spacing phenomenon in the
funetiening of the animal as a neuromuscular machine? Is the observed
pbenomenon merely the fortuitous result of the combination of a number
of parameters concerned with unrelated newromuscular mechanisms or
has it any functional significance? 1t is theoretically possible for an ani-
mal to use such a principle in maintaining maximum economy of the
neuromuscular apparatus. For example, four spaced impulses could be
quite as effective as six, or even more, equally spaced impulses. It has
been rather casually observed that if a muscle is brought to the same
degree of contraction, on the one hand by equally spaced stimuli and on
the other by closely spaced stimuli, then the rate of fatigue is less with
the latter stimulus. This observation has been carried no further, yet it
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suggests some -justificagion for postulating the natural occurrence of
spaced nervouszimpulses/:- .

It is possible’to visualize an economy at a higher level of analysis. If
a single axon innervated two muscles, one of which.was ‘pattern sensitive’
and the other ‘pattern insensitive’ then, by the,ggpropriate temporal
sequence of nerve impulses, it would be possible t have both muscles
contract, the pattern sensitive one only, or the pat4#En insensitive one.
One might expect such a situation to arise in Lhe uppsper-stretchier system
of the Crustacea Decapoda where there is a commgrs moter axon but as
far as is known both these muscles are equally patfern sensitive. Both
WiersMA & Apams (1950) and DoNNER (1950) have visualized mecha-
nisms which apply to the central interpretation of afferent sensory dis-
charges coming from a number of sensory endings and transmitted in one
axon. The mammalian eye is a good example of the need for such me-
chamistis as the number of retinal sensory elements is far in excess of the
optic nerve fibers. Pattern sensitive and pattern insensitive synapses
might conceivably be responsible for the ‘unscrambling’ of complex
information arriving in one sensory axon.

In the Crustacea at least, a point which militates against the view that
naturally occurring spaced motor impulses play a functional role is the
variability encountered between individual animals in the extent of the
spacing effect. Some specimens exhibit almost no spacing effect in cither
excitor or inhibitor and others show very large mechanical and inhibitory
effects. If the phenomenon was of much functional significance such

variability could hardly be tolerated.
SUMMARY

1. Isolated inhibitory and motor axons of the opener muscle {abductor
of the dactylopodite) of Cambarus clarkii were stimulated with pairs of
shocks repeated at regular intervals. The contraction of the muscle was
recorded on a kymograph with a light isotonic lever attached to the tip
of the dactylopodite.

2. Stimulation of the motor axon with these spaced shocks gives rise
to a contraction which is greater than that arising from stimulation with
equally spaced shocks. The maximum spacing effect occurs when the
interval between the shocks of a pair is between 2 and 3 millisec. Maxi-
mum observed values show an increase of 120 %, in the contraction pegght.
The average value is 54 %,. ' M8

3. As the spacing interval is increased the spacing effect decreasegand
with an interval of 12 to 15 millisec. is no longer discernible. As the repa;.
tition rate of the pairs of shocks is increased the spacing effect declings
and cventually coincides with the value obtained with equally spaced
shocks. At a stimulatory frequency of 130 shocks per second and a spacing
interval of 5 millisec. the spacing eftect is no longer measurable.

4. For comparative purposes the effect of spaced excitation upon the
Re ratio has been studied. Spaced motor stimulation caused a rise in the



- 31 -

16 RIPLEY AND WIERSMA! SPACED STIMULATION [N THE CRAYFISH

Rc as a greater number of inhibitory stimuli are necessary to suppress the
spaced motor stimulation than are necessary to suppress the equally
spaced excitation. The effect is greatest at low frequencies (25 per sec.)
and disappears at about 1350 per sec.

5. A spaced inhibitory stimulus leads to greater suppression of a con-
traction than does an equally spaced stimulus. The enhanced effective-
ness is greatest as the inhibitory frequency approaches the value necessary
for complete suppression of the contraction.

6. If a contraction be partially suppressed by spaced inhibitory sti-
mulation it is then found that as the spacing interval is decreased from
about 15 millisec. to about 3 millisec., the amount of suppression of the
contraction increases. At less than 2 millisec. the second shock of a pair
falls in the relative refractory period left by the preceeding shock amnsl the
stimulatery frequency is effectively halved.

7. Sireed inhibitory stimulation results in a lower Rc than is obtained
withréqually spaced stimuli. Fewer closely spaced than equally spaced
inhibitory shocks are necessary to completely suppressa given contraetion.

8. The possible experimental range in repetition rate over whiclk the
inhibitor can be tested is limited by characteristics of the preparation.
For this reason decline in the effectiveness of spaced mhxbxtmn, with
increase in the stimulatory freqnenu/ was not observed, S

9. It is concluded that the spacing effect is a true junctional pheno-
menon, and not a mechanical effect at the level of the contragtion.

ZUSAMMENFASSUNG -

1. Isolierte hemmende sowie motorische Nervenfasern des Offner-
muskels (Abductor des Dactylopoditen} von Cambarus clarkii wurden
mit Paaren von Reizen, die gleichmiissig wiederholt wurden, gdrefet.
Die Muskelkontraktion wurde mittels eines leichten isotonischen Hebels,
der an der Spitze des Daktylopoditen befestigt war. am Kymographien
registriert. e

2. Reizung des motorische Axons mit derartig gepaarten Reizen ver-
ursacht eine Zuckungskurve, die héher ist als cine, die durch gleich-
miissige Reizung hervorgerufen ist. Der max%imale Effekt der Reizpaarung
erfolgt, wenn das Zeitintervall der Reize eines Paares 2—3 Millisekunden
betrigt. Die grésste beobachtete Héhenzunahme betrug 1209, der
Durchschnitt ist 54 9.

3. Mit Zunahme der Zeit zwischen zwei Reizen cines Paares nimm? der
Effekt der Paarung ab und ist bei einem Wert von 12--15 Millisekunden
nicht mehr wahrnehmbar. Mit zunehmender Wiederholungsirequenz der
Paare nimmt der Effekt der Paarung ab und bei einer Reizfrequenz von
130 Reizen per Sekunde und einem Abstand der Reizpaare von 5 Milli-
sekunden ist kcin Paarungscffckt mchr messbar.

4. Fir verglemhenée»'ZWeuke wurde der-Binfluss der: Reizpaarung auf
den Re-wert studiert {R¢ist das Verhaltnis awischen Hemmungsfrequenz
und Erregungsfrequenz das gerade zur Unterdriickung der Kontraktion
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fiihrt). Paarung fiihrt zu einer Vergrésserung von Re, da eine grossere
Anzahl von hemmenden Impulsen ndtig ist um die erfolgende grissere
Kontraktion zu unterdriicken. Das Resultat ist am grdssten bei niedrigen
Reizfrequenzen (25 per Sek.) und verschwindet oberhalb etwa 150 per
Sek.

5. Gepaarte Reizung eines hemmenden Axons fithrt zu einer verstirk-
ten Hemmung einer Kontraktion als normale Reizung. Die Verstirkung
wird nmso grosser, je niher die Hemmungfrequenz dem Wert kommt,
der zur vollstindigen Aufhebung der Kontraktion fiihrt.

6. Wenn eine Kontraktion nur teilweise von einer gegebenen Hem-
mungsfrequenz unterdriickt wird, findet man, dass mit der Abnahme des
Abstandes zwischen den Reizen eines Paares von 15 zu 3 Millisekunden
die Hemmung zunimmt. Mit einem Intervall von 2 Millisekunden und
weniger ist die cntstehene Kontraktion wieder grosser, da der zweite
Reiz jedes Paares in die Refraktirperiode des ersten fillt, dic effektive
Frequenz also halbiert ist.

7. Gepaarte hemmende Reizung gibt einen niedrigeren Re-Wert als
gleichmissige Reizung. Weniger eng gepaarte Reize sind notwendig, um
eine Kontraktion zu hemmen.

8. Das experimentell mdgliche Frequenzgebiet der Wiederholungs-
frequenz mit der das hemmende Axon gereizt wird, ist durch die Eigen-
schaften des Priparates beschrinkt. Es ist daher nicht méglich, die er-
wartete Abnahme des Paarungseffektes mit Grosserwerden der Wieder-

holungsfrequenz zn beobachten,

9. Es wird gefolgert, dass der hffekt der Re1zpaarung ein echtes
Synapsen-phenonen dasstellt und dass es siclh nichil urg einen mecha-
nischen Effekt in der kontraktilen Substanz handeit.
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PART TIT.

JEUROMUSCULAR MECHANTSMS TN THE GRASSHOPPER,

ROMALEA MICROPTERA (BEAUV.)

’

I. INTRODUCTION AND SURVEY OF THE LITERATURE.

Pernaps the most_striking difference between the world's two
most cucccsoful groups of animals, the Arthropoda and Lue Vertebrata,
is their several solutions to the same problems of locomotion imposed
by the common environment. Superficially the solutions arrived at by
both groups have much in common on the land, in water ard in the air.
But immediately one looks deeper at the organization of the locomotory
systems large differences emerge. Then again when the systems are
resolved at a still more fundamental level it is apparent that both
great groups are making use of essentially the same principles of
contractile muscle cells ard neuronal message conduction. 1t is at
the level of the brganization of the muscle and nerve units where <he
pronounced differences lie.

The vertebrate myo-neural system has remained essentially un-
specialized and pliable. Extroception and muscular action and co-
ordination are accomplished in éll cases by erormous duplication and
multiplicity of nerve and muscle cells. In both sensory and motor
systems of the vertebrates an outstanding feature is this multiplicity
and complexity. Advantages of such systewms are obvious, as they give
potentialities for more exact extroception, more accurate control of
muscular reactions and larger safety factors with less demand: on

individual units. It is with some awe then, that one Ffinds comparable
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degrees of accuracy and control among the arthropods, where the same
functions are fulfilled with a minimum of the building units. Their
solution has been coloured by their small size. A gnat has to see,
smell, hear, know the posltlon of 1ts legs and accurately control the
delicate flight mechanism but has no room In its puny body for thousards
upon thousands of nerve fibres. It has been Torced to economize with
as little detriment to control as possible. Thus delicate and

ingenious organs of sense and motor control have arisen and allow the
mosquito with its puny handful of axons, to elude the man with his
countless thousands of axons and sense organs.

Among the Arthropoda, the Crustacea have been most exﬁensively
studied from the polnt of view of the neuromuscular physiology. The
Insecta, representing the most advanced Arthropoda, have received a
great deal of prelimirary rather superficial attention but until
recently little more than the cataloguing of anatomy and complex reflex
behaviour had oveen done. This may be attributed almost entirely to
two causes: the small size, which renders usual technigques of dis-
section and isolation very difficult; and the system of respiratory
tubco, tac trachca, which invest wost cells of the body. With the
advent of modern electronic equipment for the recording of mirute
electrical and mechanical events and such devices as the mieromanipulator
and wmicroelcetrodes, the subjeet has found new life and a few physiol-
ogists are again turning attention to the problems of neuromuscular

orgenization and function in terms of the more modern concepts.

(i) Histology.

The European anatomists of the late 1800's and early 1900's made
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meticulously careful studies of the musculature of a large assortment
of insects but gave less attention to the peripheral nervous system.
This was due largely to lack of suitable histological stains which would
differentiate the fine axon branches and lack of appreciation of what
are today widely recognized problems. Even at present there is no
really Satisfactory stain for nerve terminations in the invertebrates.
A great many of the early works were devoted to the nature of muscle
and particularly its cross stridtions and their role in contraction.
Many bizarre concepts were expressed and a great deal of misinterpreta-
tion was made due to Tixation artifacts. However, as early as 1880
Foettinger (1) presented evidence on the nature of the nerve termina-
tions on muscle fibres which compare very favourably with much later
work. He placed various live Coleoptera in alcohol so that wmuscle

was Tixed in varying degrees of contraction. TFrom such material
stained with osmic acid he concluded that the muscle fibres were
innervated as many as rine times per millimeter. The nerve endings
were shown to be arranged along one side of certain muscle fibres but
in cothers they were on opposite sides or scattered over the surface in
random fashion. He noted the presence of a sarcolemma and maintained
that 1t was continuous with the mémbrane of the nerve termination. The
finest branches arose from the axon in the Doyere's cone and are shown
as continuous with the cross-striations of the muscle fibre. Only this
latter observation has not been confirmed. His observation of "loecal"
contractions starting under the nerve terminations is precisely in
agreement with views currently held! Jordan (2) studied isolated
muscle fibres of the wasp and dic much to clarify the dispositiom of

the various striation bands in fibres in the contracted and relaxed
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state. Ie realized that fixation artifacts were respousible Cor a
great deal of the diversity in results obtained by various workers.
Nevertheless, he claimed that in fibrous muscle the content of the
sarcosomes éontributed material to the anisotropic band during contrac-
tion of the muscle and that on relaxation the anisotropic material
re-entered the sarcosome. As these observations were made on fixed
material they must be taken with reserve.

The presence of two distinct types of insect muscle, tubular and
fibrous, has long been recognized. The tubular wmuscle is very similar
to vertebrate skeletal muscle. In the fibrous flight muscle there is
a problem as to what constitutes the muscle Ffibre., Schaffer (3) in
1891 reported that the structures usually considered as fibrils were
possessed of a "sarcolemma" but this has never been confirmed by
later workers. This question is of considerable interest in terms of
modern concepts of muscle functlon which dictate the presence of a
membrane . Its specific locality or absence in the flight muscles,
particularly those of Diptera and Hymenoptera which appear to have
gpceializced action, may prove of considerable importance to an under-
standing of its function.

Rollet (4) in 1891 is one of the earliest students of the wotor
nerve endinga. He depiects the nerve erndings on the musecleg of a2
Chrysomelid beetle. His impression of a termination much like the
end-plate of the memmal has persisted in some of the most modern
studies out in 1905 Mangold (5) was of the opinion that there was
really no such specific end organ and that the so-called end-plate
and Doyere's cone were caused by slight stretching and pulling on

the terminal membranes and connective caused either by shrinkage during



_37_

fixation or by handling of the muscle. His observations are based on
both fresh and fixed maferial and appear well founded. By intra-vitanm
staining of various beetle and c;.te;ﬁpiller muscles e was the first to
show a number of axons running parallel to each other in the nerve and
its branches on the surface of the muscle. In Coieoptera, Lepidoptera
1arvae.and Orthoptera he shows a diplotomic innervation similar to that
characteristic of certain crustacean muscles. By metallic impregnation
methods he was able to demonstrate the diplotomic nature of some of the
finest branches and their penetration of the sarcolemma. In many cases
the diplotomic innervation does not extend to the finest branches but in
some cases it is continued even after penetration of the sarcolemma. This
is the only direct evidence that in insect muscles innervated by more than
one axon, at least some of the muscle fibres are innervated by all the
axons. In musculature of a eaterpiller quadruplotomic innervation is
shown and the depressor tibila of the locust, Deeticus, has a diplo-

tomic imnervation. Beneath the sarcolemma the endings are depicted

as a row of small swellings which do not penetrate any distance into

the sarcoplasm.

In both Crustacea and Insecta not only do a number of separate
axons innervate the muscle fibres butveach axon, by its many branches,
innervates each muscle fibre wmany times along its length. As opposed
to thg-terms diplotomic, triplotomic etc. which have been coined for
the Crustacea to describe the former type of innervation, the latter
type, where one or many axons each innervate the fibre many times, will

be termed multiterminal innervation. In the Crustacea the muscle

fibres always have multiterminal innervation and characteristically

triplotomic as well. 1In these terms then, Mangold observed diplotomic

and quadruplotomic multiterminal innervation in insects and this is
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confirmed both histologlcally and physiologically in this work on the
locust. His diagrams also indicate that the axom terminations occur not
on one, but on many sides of the fibres. Montalenti (6) in 1927
observed the branchings of tracheoles within wuscle fibres and reports
diplotomic and triplotomic innervation in Coleoptera.

Zwarzin (7) made an observation in 1924 which relates to a
physiological paper to be discussed later. He made a delailed study
of the non-paired median ventral nerve in the nymph of the dragonfly,
Aeschna, and shows four axons of which he considers two sensory and two
motor. He did not trace the axons to their peripheral terminations but
states that Tichomirow (8) found them innervating the spiracles and
associated muscles in Bombyx. He concluded that they are not “sympa-
thetic". His pupil Orlov (9), made observatione on ecensory and motor
endings in the gut. He depicts Doyere's cones on the musculature and many
sensory endings innervated by one axon.

Hilton (10) confirms that the non-paired nerves are asscciated with
the spiracular mechanism and "...are not sympathetic in function."” In
a later paper (ll), by using intra-vitam methylenme blue staining on a
small transparent beetle larva he was able to obeserve numerous different
nerve endings on muscle. He concludes that the motor endings have many
different forms varying from simple scattered endings toc more complex
structures resembling mammalian end plates and Doyere's cones. The
muscle fibres are innervated numerous times in their length. In some
instances he observed diplotomic endings and also penetration of the
axons beneath the sarcolemma. His optical sectioms of the fibres show
the fine nerve endings falrly evenly distributed throughout the sarco-

plasm and entering from many sides. Without givimg the evidence he
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concludes +that, "It was also determined that at least ten nerve cells
supply each muscle fibre oI the larger size." Hilton et al. have
accumulated impressive amounts of data on the gross anatomy of the
central nervous systems and main nerve trunks in a wide variety of
insects. TFor reference %o these data his paper of 1942 (12) should be
consulted. Morison (13) and (14) produced a very comprehensive work

on the musculature of the honey hee Apis mellifera. For detail of the

muscular anatomy this ranks with Snodgrass’ (15) monograph on Melaroplus,

Carbonell's (16) for the cockroach, Periplaneta americana, Kraemer's (17)

on Lucanus (Coleoptera), Heidermann's (18) and Cremer's (19) on Aeschna
(Odonata). His descriptions of the histology of the "tubular" and
"fibrous" muscle are very extensive. Tubular muscle is restricted to
locomotion and movements of mouth parts, antenna, etc. but excludes

the indirect flight mussl=g. Die fibres of tubular nuscle closely
resemble those of vertebrate skeletal muz-=ls in the presence of a
sarcolemma, the cross striations and the radial arrangement of fibrils
about the central axis. These fibrils are 3Ip.in diameter and are
divided into sarcomeres by the "Z" band or zygophragma. The zygo-
phragmata unite the fibrils to each other and to the sarcolemma. The
central axis of the fibre is penetrated by a canal in which lie numerous
nuclei. .In this latter point the bee differs from many other insects.
Various authors show the nuclei lying largely around the periphery of
the fibre with a few interspersed between the fibrils. In fibrous
muscle Morison states that the "fibrils" are not organized rigidly

into fibres but are very easily split apart and appear to have no
limiting membrane. They are organized into large bundles which are

covered by a dense meshwork of trachea appearing to hold them together.
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These fibrils are striated in the same manner as are those of the tubular
muscle, and appear to be united by the "Z" bands. Nuclei are dispersed
between the fibrils in orderly rows as are also the sarcosomes. He
observed cytochrome in these bodies and a recent paper by Wanatabe and
Williams (20) has demonstrated a high concentration of the cytochrome
oxidase'system. Along with Jordan (2) he believes that the sarcosome
material enters the fibrils during contraction and leaves with relaxation.
As his observations were also all made on fixed material in varigus
stages of "contraction" this must be received with much reserve.
Finally he makes an observation which again relates to the probler of
what composes the physiological unit in the fibrous muscle. At the
ends of fibrils, where they attach to the exoskeleton, as wmany as
eight “"tonofibrils" can be seen. These are fine subdivisions of the
fibril and he ventures the ildea that they may be the true fibrils and
the fibre proper may correspond to what 1s usually regarded as a
fibril. He believes that there is a nerve plexus in the fibrous
muscle but this is denied by numerous other histologists.

The results of Marcu {21) on nerve endings irn Coleoptera,
Diptera and Orthoptera must be mentioned. The chief criticism in
this work lies in the fact that he used various gold and silver
impregnation methods which are known to stair tracheoles even in
prefcrence to axons and he makes no mention whatsoever of the tracheoles
or that care had been taken to distinguish between the two structures.
In Diptera ana Coleoptera he reports that the nerve endings penetrate
the sarcolemma and splay out into a brush-~like terminal often forming

a little hillock or Doyere's cone on the surface of the muscle fibre,
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These counes occur largely on one slde of the flbres and many of them
appear in the length of the fibre as reported by Foettinger (1), Hilton
(10) and others. In Orthoptera the axons were not observed penetrating
thc fibreo but branchcd profuscly on the surface. In one diagram

there appears to be a diplotomic innervation. His illustratiocns look

so similar to the intra-cellular tracheoles in muscle that one cannot be
convinced that he distingnished hetween them and axons.

The position then.with regard to the wmotor terminations on or in
the muscle fibres is not entirely clear. Some authors have reported
penetration of the sarcolemma and othzrs not. The objects being studied
ir thnese preparations are very near to the limit of optical resolution
and this, combined with their erratic and gererally poor stalning
properties, has left the situation clouded. The general structure
of the muscle is krown but a problem exists in the placement of the
sarcolemma in fiodorous muscle. Thls could more probably be solved by
micro-electrode tecknique than by histological means. Apart from
Mangold's excellent observations and the more casual reports by Hilton,
little is known histologically of the number of axons Llanervating Lhe
muscles. Unfortunately in various physiological studics where a
multiple innervation has been indicated the confirmatory histological
studies have not been made. With a polychrome stain, serial sections
of the muscles show clearly at least the interfibre nerve twigs and
a great deal more of this type of analysis is needed. It is laborious

and has not attracted many of the recent physioclogists.

(1i) Physiology.

Early physiological observations on myo-neural mechanisms were
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conecerned largely with the general nature of the cantraction and the
parameters affecting it. The majority of these studies were performed
around 1930 when techniques of electrical stimulation and recording were
neither as accurate nor as widespread as they are today. The pioneer
physiological work on the innervation of crustacean wmuscles had not
been published and little attention was pald to the possibility of
there being only a few axons, each with a different function, inner-
vating a whole muscle. Research centered around the muscles of the
legs ard wings and in nonc of thesc works wae the stimulation of such
a nature as to make the results entirely acceptable. The small size
of insects made dissection difficult and most workers resorted to
either "direct" muscle stimulation or to thoracic stimulation with nigh
current strengths. More often than not, the nerve in question remained
attached to the ganglion, thus introducing complex central effects.
However, the papers are worth considering not only from an historical
viewpoint but also because they have led to some of the more recens
concepts and methods. The papers on insect flight will be dealt with
largely in a separate section.

Solf (22) studied the cffects of temperature, sticulus stremgth
and fatigue on the response of tibial muscles. Five species of

Orthoptera were used, Tettigonia, Phasgonura, Gryllotalpa, Orthocanthacris

and Prionotropis, and in all cases the femur was isolated and the muscles

stimulated by pin electrodes in the femur. Isctonic records of
contraction were made from the apodeme of the extensor. He used high
current strengths and his records show indications of double discharge
of the nerve and tonus-producing injury in the muscle. From his wesults,

particularly those on the extensor in Tettigonia (=Decticus), he concluded



- 43 -

that all the muscle fibres had the same threshold and that fibre
groups vere recruited by summation of subthreshold stimuli. The
muscles responded with twitches at lov stimulation frequency. After
lpng periods of twitch contractions, three stepwise decreases in con-
traction height occurred. DBecause of his "direct" nmuscle stimulation
these may be due simply to fatigue and altered threshold of the nerve
twigs. All the muscles he studied responded to every shock and the
fusion ‘requency was 36-50 per sec. at oh0 and 10 per sec. at low
temperature. The curves from his data relating temperature to rate
of relaxation, show a sharp inflection point at about lOO, suggesting
that there are two different temperature dependent processes. Tettigonia
extensor tibia developed a tension of 5.95 Kg./sq. cm. of cross-sec-
tional area,_and the rate of contraction depended upon the frequency
of stimulation, tewmperature and loading.

Experiments on the "directly" stimulated flight muscle of the
dragonfly, Aeschna, were performed by Heidermanns (18) in 1931. In
these animals alone among the Pterygota, the wings are motivated by
direct muscles so it is more appropriate to deal with this paper here
rather than in the section on flight. Contraction records were made
isotonically from the apodeme and the muscle was stimulated by large
electrodes on its surface. Shocks were delivered by an induction coil.
Tt is not clear how much the nerve was damaged during preparation of
the musele but it appears probable that it was pulled out or cut away
from the surface of the muscle. Many of the data can be satisfactorily
explained on the basis, unot of direct muscle stimulation as Heldermanns

supposes,'but of stimulation of the isolated nerve twigs within the

muscle.
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The isolated muscle preparation was shown to respond with an
incomplete tetanus at a frequency of stimulation which corresponded to
the normal flight frequency of the wing beats. The fusion frequency
of the muscle'at room temperature was 45 per sec. Maximum rate of
contraction was obtained with high loading. He concluded from
these observations that in flight these muscles respond with incomplete
tetanus under nearly optimal loading conditions.

With increasing strength of stimulation, the tension in the muscle
lncreased in an apparently swmooth fashion. This suggeslts that the
muscle fibres were directly stimulated and nerve elements were not
involved. However, the method of recording the contractior could not
have resolved very small stepwise inereases in tersion and the
explanation probably lies in the stimulation of increasing numbers of
isolated nerve twigs as the current strength increased throughout the
muscle. Other records show gradual increase in the response at
constant current strength. This cannot pe muscular Ffacilitation as
he states that slight decrease of the current strength resulted in a
corresponding decrease in the contraction height. Heidermanns believed
this increase was evidence for summation. A wmore probable explanation
is that threshold changes as the muscle contracted, caused more nerve
twigs to respond. His records suggest that the wmuscle may be innervated
by more than one axon but the poor experimental technique makes interpre-
tation of many experiments impossible and direct muscle stimulation
cannot be ruled out a priori. His anatomical descriptions of the
musculature are excellent.

Kraemer (17 and 23) introduced the neon discharge stimulator to

insect myo-neural physiology. He studied the complex extensor
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rochanteris musecle in Dytisecus and one of the coxal museles of Lucanus.
Stimulation was applied either.in the thorax with the innervation
intact, or directly to the muscle. Unfortunately in many of the
experimenﬁs he does not indicate which of the two stimulation methods
was used so that evaluation is difficult. As the load on the muscle
was increased an optimum value for contraction and relaxation rates was
reached. Observations were also made on the effects of temperature on
the contraction and relaxation rates. With thoracic stimulation, a
stepwise decrease In tﬁe contraction height occurred with very slrong
stimulation. This he interprets as ganglionic inhibition. It could

however have been due to aneclectrotonic effects in a number of axons.

stimulus strength elicited at least four, and probably six, stepwlse
increases in the contraction heignt. He believes that the different
heights of contraction can be identified with the muscle flags but the
results are characteristic of the multiple axon innervation to be-
described in this thesis. The descriptions of Lucanus musculature are
good.

Studies on the flight musculature of a different species of
Aeschna were performed by Cremer (19). His preparation was essentially
the same as that of Heidermanns' (18), obut the nerve was stimulated by
pin-electrodes irn the thorax. He found very high optimal loading for
maximun contraction and rclaxation rates. Sueh tensions might well he
developed in the animal during flight. It is particularly interesting
that he was unable to obtain contraction of the nymphal flight muscles
although histological studies showed that they were completely developed

at least with respect to the fibrils. Nymphal leg muscles exhibited very
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slow contraction to single shocks delivered.to the nmuscle and almost no
relaxation. The same slow relaxation was observed in some cases after
response to direct '"make"” shopk stimulation of the wing flexors but

on "break" shock relaxation was much more rapid. In many of his
experiments apparently anomolous results can probably be accounted for
by the.high current estrengthe employcd. Hic histological rcsulta show
that the flight muscles are of the "tubular" type with central nuclei
and radially arranged fibrils. In development, the fibrils appear first
at the periphery of the fibre.

In the studies of Rijlant (24) we find the first recordings of
electrical events in the wmuscle. Reflex preparations of a number of
Arthropoda, among them the beetle, Hydrophilus and the common fly,
were observed. Electrodes were placed in one of the leg muscles and
the electric responses were recorded during "tonic" inactivity and
active contraction. He found a tonic discharge rate of 30-40 per
sec. in both the flexor and extensor tibia. Manual flexion of the
tibia increased the rate in the extensor and decreased that in the
flexor. This was interpreted as evidence for a Sherringtonian-like
reciprocal inhibition mechanism. During active contraction much
larger spike potentials were obsérved, and it was concluded that there
is a double innervation with a slow "tonic" fibre and a fast fibre
for "voluntary" contraction. No facilitation of the potentials can
be cobserved in his records but it appears that there are more than two
action potential Tyves from the muscles. However the preparation was
couplicated by the thnree muscles in the femur and a certain amount of

pick-up from adjacent muscles may have occurred.
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Friedriclh (25) claimed to have cbserved peripheral inhibition in
Dixippus. Using isolated limbs with both "direct’ and indirect
stimulation, and recording from a'split tibia so that extension and
flexion could be recorded simultaneously, he showed that the nerves to
the muscles have different thresholds. Using "direct” and indirect
stimulation simultaneously, and recording from an intact tibla, so called
inhibpition of the extensor was shown. The indirect stimulation elicited
extension and the direct stiwmtlation flexion. Simultaneous stimulation
caused flexion. He believes this demonstrates inhibition of the
extensor, but as the flexor is the more powerful muscle the results
irdicate only that 1t can overcome the extensor contraction. He
states that after a contraction the muscle relaxes more rapidly if a
stimulus is applied which 1s sub-threshold for contraction. His
publisked records do not substantiate this claim. In the double muscle
system, increase in the stimulus strength caused an increase 1n the
flexor contraction. Friedrich considered that this was due to
inhibition of the extensor but it might equally well have been due to
excitation of another flexor axon rcpulting in stronger contraction.
From the results it cannot be concluded that an inhibitory mechanism
is present.

Ludany and Wolsky (26) compared the fension developed in the
extensor tibia of the males and females of winged and wingless grass-
hoppers. Differences in muscular power and body weight between the sexes in
winged, but not wingless forms, agree with Borellli's law.

In 1939, Pringle (27) reported the first study of the electrical
and mechanical events in an isolated myo-neural preparation. Although

Mengold and Rijlant had produced evicence for at least diplotomic

innervation, Pringle's work put the earlier observations on a much
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firmer footing. Pringle examined the extencor tibia in the cockroach,
Periplaneta. By cutting the branches of a certain nerve in the thorax

and severing the nerve from the ganglion, the extensor alone could be
induced to respond. Muscle action potentials were recorded with a
Matthews oscilloscope. The electrodes were inserted in each end of the
femur. Stimulation was delivered by a neon discharge circuit. Mechanical
contraction was also recorded on the camera by a mirror attached

to the tibia. In some of the experiments movement of the tibia was
resisted by a spring so thal 1ls excursion was small. In other
experiments the tibia moved freely.

Two distinct sizes of action potential wére obtained from the
muscle. Tﬁe axon which gave rise to the smaller potentials had the
higher threshold so that it could be studied ornly after the nerve had
been treated so as to raise the threshold of the axon associated with
the large potentials. The small potentials increased to about six
times their Initial size after some seconds of stimulation. They
were assoclated with a detectable contraction only when the frequency
of stimulation was in excess of 30 per sec. The contraction, as
recorded from free tibial movement, was smooth and slow in developing
and the tension was much less than that elicited by the fast axon
in the same time. As the frequency of stimulation was increased up to
and above 300 per sec. the tension resulting from slow axon stimulation
likewise increased.

The muscle potentials elicited by fast axon stimulation showed
almost no increase in size and were associated with a fast developing
tension. The cbntractions fused at 70 per second and below that

frequency incomplete tetanus occurred. Pringle regards the slow



- Lo -

contraction as a posture maintaining mecharism. The fast response
occurred in bursts at about 75 per second in & reflex preparation and
is believed to be responsible for the movements executed in running.
As both contraction types develop equivalent maximum tensions, he
believes that the two axons ilnnervate every muscle fibre. This, of
course; does not necessarily follow. His statement that observation
of the contracting muscle fibres showed that the same fibres contracted
on stimulation of either axon, must be accepted with much reserve. With
the slow contraction he opined that at low frequencies only a few
fibres contracted and that as facilitatlon progressed, more fibres
were recruited and their potentials summed. With the fast contraction
on the other hand, all the muscle fibres were involved simultaneously.
Thus a maximal twitch would occur and the potentials would not grow
in size. His results, however, show that there is appreciable
entancement of the electrical response assoclated with the fast
twitch. This wmight be due to increasing resistance of the muscle’
as it contracted within the limiting femoral exoskeleton. The same
might apply to at least part of the increase in height of the small
potentials. Objections can be raised to his concept of recruitment
on the grounds that if a few fiﬁres in the wuscle contracted maximally,
the nerve twigs might be damaged by the tensions applied to theu.
van Harreveld (28) has procuced evidence for this in muscles of the
crayfish.

Pringle's evidence for two contraction types is good but because
of the method of recording the slow contraction there is reasonable
doubt as to its exact nature. By aliowing the tibia to move freely

and recording muscle action by this movement, serious errors in



interpretation are involved because o the speclal leverage factors
at the femoro-tibilal articulation. Nelther facilitation nor slow
contraction have been reported by dore recent workers and they are in
rneed cof verification.

By acoustic observation of muscle potentials and visual study of
the movements of the Llimb in a reflex preparation subjected to nicotine
stimulation in the thorax, Pringle develcped a rough map of the number
of axons supplying the leg muscles. TFor wany of these muscles he
claimed various multiple couwbinations of fast and slow axons. This
acoustic method is rather inexact and his results regquire confirmation.
Unfortunately no histological study of the nerves and muscles was
made. Rates of discharge determined acoustically were as high as
800 per sec. in slow axons. This figure appears exorbitant and
errors could easily have been made in the determinations.

Hughes (29) subjected the thoracic ganglia of Periplaneta to
various ascending and descending direct currents and recorded the
"reflex” activity in both the nerves and the muscles of the limbs. Such
currents, depending on their direction, evoked flexion in the limb on
one side and extension on the opposite side and vice versa when the
current was reversed. Interpretation of results from such a complex
preparation is not possible. Records from the muscles contracting
under thesge conditions show a number of action potential types which
add a few axons to the innervation schema presented by Pringle,

Measurements of chronaxie in the leg and wing muscles of various
insects were made by Lapique (30). He stimulated intra-thoracically
and found that decapitation resulted in a 50% increase in chronaxie.

Apparently removal of the head decreased some form of central exeitation.



In butterflies the chronauie of the wing muscles varied directly as the
wing area and the rate of wing beat in free flight.

A more detailed study of the electrical and mechanical events
in the cockroach muscle was made by Roeder and Weiant (31 and 32).
These authors studied the tergal remotof of Periplaneta (muscle 162
of Carbonell (16) ) in situ but with the nerve freed from the ganglion
and stimulated with a square wave oscillator. Muscle and nerve
potentials were led off with pairs of electrodes on the muscle surface
or with one electrode on the muscle and an "indifferent” electrode
surrounding the preparation. The onset of contraction was visualized
on the oscilloscope screen by means of a .piezoelectric crystal with
a glass stylus touching the muscle.

Only a single axon of the fast type could be demonstrated. A
single shock to the nerve resulted in a twitch contraction which was
accompanied by a monophasic positive muscle potential. Under these
experimental conditions the nerve potential was diphasic and had
initial negative sign. During activity the point of nerve entry into
the muscle and the immediately adjacent region was always positive with
respect to any other region on the wmuscle ard was usually positive to
an indifferent electrode. Consiaerable variation in the sign of the
potential with respect to an indifferent electrode was observed.

Nerve latency was 0.5 miliisec., the muscle potential occurred 1-1.3
millisec. after the nerve potential and had a duration of 4-5 milli-
sec. As an exploring electrode was wmoved along the muscle, away from
the point of nerve entry, both nerve and muscle potentials declined
in size. There was no change in the nerve latency but the mﬁscle

potential latency increased. They take this to mean that the nerve



potential was always led off from its point of entry into the muscle.
From the delay of tiac muscle potential they estimate the conduction
velocity in the muscle as 5-6 meters per sec. This conduction is
bglieved to be in the nerve twigs and not in the muscle fibres, ©No
indication of facilitation or summatior was fomd. Using paire of
shocks the relative refractory period of the preparation was shown
to be about 10 millisec.

The picture presented by them is one of local potentials and
contractions at nerve endings with the excitation being conducted in
both directions from the central point 8f nerve entry by nerve
branches. This differs considerably from the concept entertained by
Pringle in which muscle fibre response would be all or none with
gradations brought about by nerve facilitation and recruitment of
fibres. Roeder and Welant pointed out that the leading-off conditions
were complicated by the presence of the exoskeleton and the situation
of the muscle in the thorax and for this reason an attempt to explain
the positivity of the muscle potential was not made.

After severing nerve trumnks to the limbs of living cockroaches
they found that the nerves degeneratedin 5 days and the muscle could
not be electrically excited. This they believe is additional evidence
that conduction of the excitation in the muscle is due to nerve twigs
and that direct muscular stimulation is not possible. Apart from the
data on the indirect flight muscles, this paper, together with those
of Pringle and Rijlant, form the backbone of the information pertaining
to insect neuromuscular physiology.

Neither Pringle nor Roeder and Weiant found any sign of peripheral

inhibition. Except for the imconclusive studies of Friedrich , irhibition
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has been reported by Ripley and Ewer (33) in-the levator tarsus of
Locusta. Nerve stimulation at 20 shocks per second at an intensity
slightly in excess of threshold, resulted in smooth contraction.
Muscle action was recorded isotonically from the movement of the
tarsus. Antagonistic muscles were freed from their attachments so
that théy did not influence tarsal wmovement. When stimulation intensity
was increased to three times threshold value, a marked decrease in
contraction size occurred. The threshold value was initially very
low. This response was observed only with the levator tarsus muscle
in gregaria-phase locusts. Other muscles of the animal did not show
the phenomenon at intensities greater than 20 times the threshold
current intencity. The pnlse duration in the experiments was 1.3
millisec. and the polarity was not considered in placing the electrodes
on the nerve in each case, so that both ascending and descending currents
were probably used. From their report 1t is not possible to say E_priori
that the decrease in contraction height could not have been due to
anelectronic effects at the point of nerve stimulation although it
appears improbable. Uatil more extensive studies are made the results
cannot be considered conclusive. However, one must not lose sight
of the possibility of an inhibitér being present in any of the prepara-
tions used in the recent studies as it could put a very different
complexion on the interpreéation of certain results.

I have not discussed the numerous papers dealing with the biochemical
and metabolic studies of insect muscle but finally in this section I
must mention one such study performed by Buddenbrock (34). In 1920
he mea.suréd the oxygen consumption of Dixippus during two different

"cataleptic” stances. In one case the animal lay on 1ts back with the
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lecgs folded close Lo Lhe venter. In the other it stood on a platform
with 1ts legs extended and body lifted clear of the substrate. In
both cases the oxygen consumption of the whole animal was the sanme.
Brudﬁenbfock concluded that there must be a "tonus" wmechanlswm Iln the
muscles but he assumed that when the animal was lying on its back the
leg muscles were relaxed. This may not be the case as was pointed
out by Pringle (27). Had these muscles been contracted then the
conclusion drawn by Buddenbrock would be incorreect.

The present status of our knowledge of the insect myo-neural
events is very wmeagre and although the recent observations have made
steps in the right direction the possible complexity of the preparations
with respect to multiple excitatory and inhibitory axons must be taken
into account. Until a satisfactory single axon Preparation can be
made the Issues are likely tc remain clouded. Variations o< muscular
action and innervation patterns between the orders and species and
even between muscles of the same species, prove a further drawback
to integration of results, and generalizations at this stage are not
possible. Many questions remain to be answered before these studies
can be placed on as firm a footing as that enjoyed by the crustacean

researches.

(iii) Flight.

For many years flight has attracted experimentalists because of
its many spectacular properties. Rates of wing beat, energy output,
control and structure were among the earliest observations. T will deal
only with those papers which relate specifically to modern concepts o

the problems. Flying insccts can be divided, as far as is known, into



three groups, viz. the Odonata in which the wings are activated by
direct flight museles; the "fagt"” flyers comprising the Diptera,
Hymenoptera and Coleoptera in which the wing muscles activate the
wings indirectly Shrough the exoskeletal structures and in which the
beat freauency is higher than the frequency of the observed muscle
potentials; the "slow" flyers in which the wing wuscles are indirect
but the muscle behaves in a formal way so that there 1s an action
potential for every wing beat. This last group includes all the
orders of pterygote insects other than the Odonata and fast flyers.
Wingbeat frequencies were studied exhaustively by Sotavalta (35).
In small Diptera the beat frequency is greater tharn 1000 per second.
This observation stimulated much speculation as to the mechanism of
the wing flapping,as times allowed for reflex activity appear much
too short. Studies on the effects of altering the wing load were
initiated by Roch (36) in 1922. In Diptera and Hyuenoptera he observed
that halving one wing had no effect on the flight frequency but when
both wings were clipped the frequency increased markedly. He concluded
that the frequency depends upon the loading and that the wings are
linked through the ganglion so that the most heavily loaded wing is
the limiting factor. This effect need not be ganglionic at all as
the wing linking is through the mechanical structure of the thorax.
More recently Sotavalta (37), Roeder (38), Williams (39), Chadwick
(40 and 41) bave studied the effect of loading the wings by various
methods. There is general agreement that in the "fast" flyers
decreased loading gives rise to.an increase in the response frequency.
With thesé insects recordings of the large potentials in thé thoracic

musculature (Pringle (42), Roeder (43) ) showed that no increase, ard
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often a decrease, in their f‘requency occurs with the increased beat
frequency. It 1s concluded that in the fast flyers the increase in
beat frequency is not reflexly controlled but is a peripheral effect

dqe to loading. In the slow flyers, decreased loading results in little
inerease of beat frequency and flight potentials wmaintain a 1:1 relation
to beat frequency. In this case control appears to be of a central
reflex nature. Loading of the isolated Odonata flight muscles was
studied by Heidermanns (18) and Cremer (19) and has been discussed
above.

The high frequency of flight in insects together with the long
sustained periods for which flight is possible has led to a number of
almus (45),
Krogh and Weis-Fogh (46), Chadwick (47) and Chadwick and Gilmour
(48) and Weis-Fogh (49) are among those who have studied respiratory
and metabolic factors of flying insects. Apparently different insects
use different metabolic fuel during flight. Osborne (50} has considered
flight from an aerodynamic aspect. A more complete list of these
miscellaneous works can be found in Roeder's paper in 1951 (43).

The recent theories and observations of the flight mechanism were
triggered by Pringle (42) in 19h9. He pregented evidence from Calliphora
wing anrd haltere wmuscles which suggest neuro-muscular principles
heretofore unobserved. In a bisected fly from which the thoracic
ganglia huave been rewuved, Lhe hallere, wiilceh Is acllvaled by a slngle
muscle, will show sustained vibrations if 1t 1s once flicked from the
rest position. The vibrations can be stopped by gently stopping and
releasing'the haltere. When a fly is partially anaesthetized it will

fly steadily and the rate of wing beat is increased if the wings are



clipped. Reflex activity of the legs is abéent indicating that the

increased flight frequency canhot be reflex. In sagittally bisected

flies electric stimulation evokes no contraction from the muscles.

This has been confirmed by Roeder (43), Boettiger and Furshpan (5C)

and Wiersma and Ripley (unpublished). Cremer (19) noted the same thing

in flight muscles of last instar dragonfly nymphs and de Wilde (52) in

the striated alary muscles in variocus caterpillers and HIydrophilus.
Pringle (42) further observed that the beat frequency is independent

of the large action potentials observed in the thorax. These potentials

start before wing motion and end before the flight stops. During

flight they maintain a constant frequency of about one-tenth of the

flight frequency. This observation has been confirmed by Roeder (38

and 43) and extended to other Diptera and Hymenoptera. Similar

confirmation has come from unpublished work in this laboratory. 1In

Roeder's studies the beat frequency was ingeniously recorded by

suspending the insect from a glass stylus attached to a phonograpﬁ

pick-up arm. His records show that the wing beat starts and stops

by gradual increase or decrease in the awmplitude of beat but without

frequency changes. Both these authors conclude that the flight wmechanism

depends not on a reflex mechanism in the fast flyers but that a low

rate of discharge from the ganglion which is presumably associated with

the large spikes observed, enhances the excitability of the muscle

so that it responds with a fast twitch to a stretch stimulus. This

twitch stimulates the antagonistic muscles which respond likewise

and thus, provided both the stretch and neural factors are present,

the system remains active. The beat frequency is controlled by loading

factors on the wings.
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I would like to draw attention to a number of points which throw
doubt on this hypothesis. In both Pringle's and Roeder's electrical
records, in addition to the large potentials there are almost always
much smaller potentials which have w 1:1 relatlion to the beat Tfrequency.
These are not incorporated in their hypothesis and Roeder suggests
that théy may arise as vibration artifacts in the wuscle. In results
that I will present for the locust limb, potentials many times smaller
than the maximasl potential can be recorded and are associated with
muscular contraction. It appears possible in the fast flyers that
these swmall potentials are associated directly with the flight muscles
and are small possibly due to the fact that they are the algebraic
sum oI potentials in antagonistic muscles contracting alternately to
each other. Secondly, in Pringle's experiments with the haltere,
continuous activity for prolonged periods is observed in the denervated
muscle. The stretch factor is there but no neural factor is present as
the ganglion was removed. How 1s this to be accounted for? Roeder's
results show that in one case after a specimen of Fristalis had
spontaneously stopped flying, Tlight was agaln started with approximately
the same beat amplitude as that at which it stopped. In this case
there were no accompanying 1arge.potentials, the last one having
occurrcd about 0.2 sec. before. If it is argued that there is
sufficient neural factor remaining for the initiation of flight the
second time why did flight stop spontaneously in the first instance?
The muscular streteh factor could not have been altered. This
particular record is almost proof positive that their aypothesis is

either incorrect or incomplete.
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Boettiger and Furshpan (51, 53, 54, 55) have expressed a different
hypothesis to explain the flight mechanism of Diptera. They describe
a 'click' mechanism in the mechanicél structure of the wing articulation
" which captures the wing near the end of the up and the down stroke.

This mechanism is such that, together with the scutellar lever it

forms a mechanism for sudden release of the fension of alternately the
longitudinal and vertical irdirect flight muscles. The direct muscles
woula, according to their theory adJjust leverage and artlculation
factors such that the '‘click' mechanism could operate to various extents.
McEnroe (64) has recorded tkre tensior in a single vertical muscle freed
only from the tergum. During flight this vertical muscle develops a
constant tension under the conditions of the experiment. It is
postulated that all the muscles are responding tetanically. The
'elick! mechanism stores energy and is such that gquick release and
redevelopment of tension in antagonists occur and result In beating
of the wings.

The position is at the moment unclear as there are a number of
points pro ard con both hypotheses. In terms of the observed phenomena
it is possible to state a thir
more in keeping with formal neuro-muscular physiology. This will be
taken up again in the discussion.

In the slow flyers the position appears wuch simpler. There is
a 1:1 correspondence between wing beat and muscle potential in each of
the numerous muscles invoived. Voskressenskaya (56) anc Ripley and
.Ewer (57) have shown that the flight wuscles of locusts will follow
the frequenéy of nervous stimulation up to about 20 per sec. At

higher frequencies, provided the strength of stimulus i1s rot much above
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threshold, the wing muscles continue to beat at about 20 per sec. which
is the normal frequency in free flight. At high frequency, if the
intensity is increased, a tetanus'results; Voskressenskaya believed
the non-paired nerve from the ganglia was responsible for the flight
which occurs some seconds after strong stimulation of the ganglion.
Apart Prom the numerous other criticisms which can be brougat to
bear on this study the non-paired nerve, as has been previously
stated, 1s associated only with the spiracular wmechanisus.

Ripley and Ewer (57) showed that the low fregquency of the beat
was due to the long refractory_period of the nerve, so that stimuli
falling in its refractory period were not effective unless they were
much above threshold. Ripley and Wiersma (unpublished data) showed
by electrical recording from various muscles in the thorax of <the
sphingid, Celerio, that the antagonistic vertical and longitudinal
muscles responded alternately as has long been inferred from
considerations of the anatomy. Phase shifts in the time of con-
traction of these antagomists modify the amplitude of wing beat. In
the sphingid it has also been shown with the isolated nerve muscle
preparation of the longitudinal flight muscles that a number of twitch
contraction types are evoked in response to increasing stimulus strength.
A number of axons appear to be involved and there is somé indication
that they may fire sequentially, as the amplitude of reflex contraction
of the muscle car only be approached with nerve stimulation if pairs of

shocks a few wmillisecs. apart are given. These axons also have a long

refractory period.



IT. MATERIALS AND METHUDS.

The mzlerial used in these studies was the large lubber grasshopper,

Romalea wmicroptera (Beauv.) (Rhomaleum micropterum of older authors),

which occurs in the southeastern states at very circumscribed times of
the year. Live adnlt specimens were purchased from the Carolina
Biological Supply Company and arrived in reasonably good condition.

The animal does rot live well in captivity and feeds only very
erratically, dying in most cases, apparently from starvation. One batch
wag infected with a disease which produced small lumps of dark

meterial  in the muscles and connective tissue of the thorax, and which
resulted in high mortality. Tachinid parasites also took fairly

heavy toll of the animals. Animals were kept in a large cage at

room temperature (ca. 26°), fed on corn plants, and watered twice daily.

Romalea was used for the majority of the experiments but certain

studies were made with the locally common locust, Schistocerca sp.
This animal survives extremely well in the laboratory at temperatures of
ca. 300 and feeds well on tomato plants. Specimens have been kept for
over four months. Unfortunately the animal is much smaller than
Romalea, and consequently experiménts are more difficult to perform.

The lack of avbundant supplies of insects suitable for myo-neural

studies has greatly hindered the pursuit of these investigations.

(i) Histology.

Gross dissection of the thoracic nerves and their branches in the
pro-, meso- and wetathoracic limbs have oeen made. Live material is
much more.satisfactory for this purpose than fixed material, as nerve

and tracheal tissue is wore easily differentiated in the Tormer. In
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the preserved -material the nerve and trachea.adhere to the other
tissues in wmasses of congealed haemolymph, rendering fine dissection
almost impossible. TIntra vitam stéining with methylene blue is
unsatisfactory, as the axons rarely stain, whereas the nerve sheath
and nuclel stain heavily. In a few cases reduced methylene blue
(Pantin‘(SB) ) proved reasonably successful in staining the axons
rawilying on the surface of the femoral muscles. Although the
staining is short-lived énd very erratic, some observations could be
made. TIn some casges gross staining with concentrated solutions of
methylene blue in physiological saline made it easier to distinguish
the nerve from the other tissues simply by the general toning effects.
By this method wicrodissection can be extended to the very fTine intra-
muscular nerve twigs.

Most histological determinations of the number and disposition
of the axons and muscle fibres were made frow serial sections of the
limbs. Previous experience had shown that shrinkage during fixatioh
was one of the chief causes of failure to observe the axons accurately.
With this in mind most of the material was fixed with a 4% solution
of formaldehyde (Merck reagent) in physiological saline solution
(carlson (59) ). The living animals had the pretarsi of all the

imbs removed and were then injected intra-abdominally with 10-15 ml.
of the solution. Removal of the pretarsigllows “low of the solubtion
through the limb and results in much better fixation. Injection of
large amounts of the solution irrigates the entire animal and removes
most of the hasmolymph cells and fluids. The animals were left for
some 10 minﬁtes and then heads, wings, abdomens and the visceral

content of the thorax were removed. Specimens were submerged in more
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of the formol solution and subjected to redﬁced pressure (EE' 12 mm. Hg.)
for 5 hours with occasional tapping to loosen trapped air bubbles.

This procedure removes the air frdm the tracheal system and greatly
improves fixatlion and subsequent embedding in paraffin. The reduced
pressure causes a loss of formaldehyde from the solution; therefore,
after ﬁhis treatment specimens were placed in fresh solution before
being removed for subeequent digsection and sectioning at intervals

up to two months thereafter.

Because of the hardness of the exoskeletbn and the extreme
difficulty of cutting good sections of the soft muscle tissue in its
presénce, the contents of the femur were dissected free of the
chitin. This was a slow process and great care had to be exercised in
order not to damage the rnusecles or the fine intra-miscular nerve
twigs. 'The chitin was sliced away with a sharp scalpel and the muscle
gradually and gently detached from each pilece. This operation was
carried out in water, as fixation was already complete.

In the normal alcoholic dehydration process prior to clearing
and embedding, the remaining formalin was removed from the tissue.

When the apecimens were in xylol they were again subjected to reduced
pressure to remove air bubbles, and then again when they were in a
xylol-paraffin solution at 50°. Thus at the final embedding in

paraffin (Tissuemat, M.P. 520) all air had been removed from the tracheal
system. This is most important, as improper filling of the trachea with
wax is the commonest cause for poor sections. Even with this rigorous
treatment ragged sections frequently occurred owing to the toughness of

the large apodemes of the levator and depressor muscles.



- 6L -

Staining of insect axons has long presented a problem. 'The
usual silver stains are occasionally successful, but much more frequently
the silver is deposited in the trachea and tracheoles. This greatly
confuses the picturc, ac the fincat tracheoles are easily mistaken
for axons. A number of authors report that gold chloride techniques
give the best results, but these methods are very time-consuming, and
with the prospect of having to stain some l0,000.sections the method
was deemed unsuitable. A faster, less expensive method presented
itself in the form of lead haematoxylin as introduced oy MacConaill (60).
He found that this stain was taken wup weWi by invertebrate axons. His
method was satisfactory in the grasshopper provided the axoplasm was
not badly shrunken. However, muscles and most of the other tissues
and nuclel also stained to varying degrees ana a fine crystalline
precipitate was deposited on the slide and defied removal. After
various attempts to modify the method met with no success, the stain
was rejected.

Soﬁe years ago I made similar sections and found that Mallory's
triple stain gave fair results if the sections were overstained in
the aniline blue/orange G solution. Fixation in this instance had
been with Bouin's solution. Application of this method to the formalin
I'ixed Komalea tissue gave very much better results and the method was
therefore adopted. The axoplasm and axon sheaths stained deep blue, the
muscles bright red, connective tissue orange and mauve and chitin
either red or purple according tec its nature. The strong colouration
makes differentiation easy and is a great asset in observing large
numbers of sections. The method as described by Pantin (58) was used

In a slightly wodifled wanaer.
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Below are a list of the reagents with the manufacturers’' names.

Acid Fuchsin (National Anilire Division)

Orange G (National Aniline Division)

Aniline blue - Water Soluble (National Aniline Division)
(Above three stains certified by the Commission of
Standardization of Biological Stains.)

Phosphomolybdic Acid (Merck Reagent)

Xylol (U.S.P. Mefford Chemical Corporation)

Absolute Alenhol (17.8. Tndustrial Corporation)

All solutions were made up in distilled water. When tap

water was specifically called for the distilled water was

made slightly alkaline with a drop or so of NaOE. This

is necessary due to the high chlorine content of the

local water.

Serial sections were cut 8 PAthick and the nerve and its
branches were traced throughout the whole series. Particular attention
was paid to the branching, the size and number of the axons in the
brarches, the endings of the axons on the muscle fibres, the site of
innervation of the fibres and number of times a muscle fidbre is
innervated. Attempts to determine wkether the same axons inrervated
every muscle Tibre were not successful due to the minute diameter of
the terminal axons (less than 1.5 P) ard the inability to trace the
nuwber and disposition of axons when the nerve twigs were cut obliquely
or longitudirally. The sensory nerves, their endings, and sense organs
were also noted.

This method gave few data as to the nature of the axon endings
on, or in the muscle fibres. Both transverse and longitudinal sections
were therefore stained with various silver stains. Pictures resembling
very closely the "nerve endings" described by various authors could
be obtained in this manner. Fresh, dissected muscle stained in

aqueous solution of acid fuchsin and not subjected to reduced pressure,

was examined in glycerine. With the right lighting conditions it is

easy to see the finest alr-filled branchss of the tracheoles within



- 66 -

the muscle cells and it was concluded Lhal Lhe Clne intracellular
fibrils seen in the silver stained sections were tracheoles and not
axons.

Sausage-like organs which lie between the mucclc fibres and which
are presumed to be either sensory or in the nature of sarcosomes,
were cufsorily studied in dissected muscle stained with carmine or
fuchsin. This showed only the gross anatomy and the finer structure

was determined from the Mallory—stained serial sections.

(ii) Physiology.

In choosing an insect suitable for myo-neural studies such as
these_one looks for a number of features. ILarge size, inherent
hardiness, slowly clotting haemolymph and widely spaced limbs are
very advantageous. Devising a good physiological saline solution
is time-consuming, and a choice of animal which will survive well in
one of the few established solutions is desirable. Fortunately
Romalea meets all these specifications, thus making it an excellent
study object. The drawbacks are thes poor survival in captivity and
the short season duriang which it is available.

The preparation from which most of the paysiological results were
derivea allows stimulation of nerve trunks in the thorax, recording
of the nerve potentials ir the rerve branch to the relevant muscle,
isometric recording of contraction from the apodeme of one of fhe
limb muscles and electrical recording of the muscle action potentials.
These may all be done simultaneously. In addition the tracheal supply
of the animal is left intact and this prolongs the life of a preparation

by many hours and maintains the muscle in excellent condition.
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in essence the preparation 1s simple, but the operative tecnniques
are delicate, and considerablk -experience is needed before they can be
performed satisfactorily. The insect is placed on 1ts back in a shallow
petrl dish, the boltow of which has been covered with Pla.sticine*
Wads of plasticine pinion the legs in a spread-eagled fashion. This
gecures the arimal very firmly and is far superior to fixing it down
with pins. A large cube of plasticine le used to secure the femur of
the experimental leg firmly to the dish (Fig. 1).

Trouble is enccuntered in autbtomy of the metathoracic limbs when
the thorax is incised. This may be cobviated by outward rotation of
the tibia and cephaled compression of the coxo-femoral articulation.
Unless this is done the limb usually autotomises at the trochantiral-
femoral line. The pro- and mesothoracic limbs are never autotomised.

The lateral half of the metathoracic sternite on the side homo-
lateral to the experimental limb is removed and the body cavity
immediately flooded with ice cold saline (Fig. 2). This prevents’
clotting of the haemolymph and the low temperature partially narco-
tizes the animal, making operation sasler. Moribund alluals can be

restored to activity by this inundation with saline, the composition

of which is as follows (Carlson (59) ):

NaCl 7.0 g.
KCL 0.2 3.

CaClo 0.2 g

MeCls 0.1 g (C.P. reagents used throughout)
Dextrose 8.0 g

NaHpPOl 0.2 g.

NaHCO 0.05 g.

pH 6.

Distilled water to make up to 1000 ml. solution.

*This is a commercial trade name and is the only one of a number of such
modelling clays which has suitable plastic properties and is non-toxic.
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Fig. 1. Romalea microptera. Myo-neural preparation of the femoral
muscles of the metathoracic limb with stimulating and recording electrodes
in position. The muscular apodeme is abttached to an isometric lever via
a pulley and inscribes responses on a smoked drum. COM - common electrode
on thoracic cotton pad; CRO - double beam oscilloscope registering

nerve and muscle potentials; DISH - shallow petri dish; ELEC - micro-
manipulated stimulating electrodes (upper) and recording electrodes
(lower); KYMO - kymograph drum; LEV - isometric lever; MESO - meso-
thoracic limb; META - metathoracic liamb; MUS - (upper) ligated end of
femoral muscle, (lower) connection from electrode on muscle; NER -
connection from electrode on nerve; PLAS - plasticine cube fixing femur;
PRO - prothoracic limb; PUL - pulley; STIM - square wave stimulator;

TH - thread from muscle to lever.
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The chemicals are dissolved in the ofder given except that
NaHCO, is dissolved in ca. 500 wl. water and ther slowly
added”to the rest of the solution. This prevents the
precipitation of ca*™t as CaCO3. Stock solution may be made
up without the dextrose which is added just before use.
The use of glucose in the solution is largely responsible for recovery
0f moribund animals.

The thoracic air sacs and trachea may now be seen bulging
rhythmically as the animal breathes. For good survival of the prepara-
tion it is essential not to break the trachea to the limb muscles.

It is possible to pull‘the large air sacs aside ard lay them on the
exoskeleton. They adhere in this position and the air circulation is
not seriously impaired. Below these air sacs the main tracheal trunk
to the metathoracic Limb is seen. Lying almost directly below 1t and
extending obliquely across the thorax from the wmetathoracic ganglion
to the coxa, is the nerve trunk which supplies many of the coxal
muscles and all the muscles and sensory structures of the leg
peripheral to its base. It is the only nerve which enters the limb
and is easily identified in the thorax by its posterior origin from
the ganglion and large diameter. 1In ail except the reflex preparation,
this nerve must be severed close to the ganglion and it is at this
moment that the greatest danger of autotomy occurs.

The nerve trunk is invested by a loose, yellow, spongy sheath
below which lies the true epineurium which is transparent and very
tough. The outer sheath has to be slightly damaged when the three
hranches to the coxal muscleé are severed. Muscles in the lower
part of the thorax may now be removed without damage to the main

tracheal veésel. Severed trachea may be prevented from leaking by

pinching their ends firmly with forceps. Now the nerve trunk and
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SALIVARY GLAND
a

MALPIGHIAN TUBULES
AR SAC
-———NERVE TRUNK

AIN TRACHEA
CUT MUSCLE
_-AIR SAC

VATOR BRANCH
—DEPRESSOR » (CUT)

Fig. 2. Dissected metathorax of Romalea wmicroptera. Right half of
thorax from ventral aspect with electrodes in position for stimulating
and recording ncrve potentials. ABD - first abdominal segment; ELEC -
(left) common electrode in position on cotton pad (not shown), (right)
recording electrode on nerve to femoral muscle; FEM - base of femur

of metathoracic limb; MESO - caudal end of mesothorax; META - incised
strenite of metathorax; - and +: stimulating electrodes near cut end
ol nerve trunk.
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maln trachea are exposed as far as the coxa. If at this stage
respiratory wmovements are too violent, the oesophageal commissures on
elther side of the neck are severed. This usually reduces respiration
cuf'ficicntly. IZ further reduction is required the last three nerves
which run posteriorly from the mesathoracic ganglion may be cut. The
metathoracic ganglion is really a compound structure of metathoracic and
first abdominal ganglior and these three nerves are the motor nerves to
respiratory muscles in the first abdominal segment. Even greater reduc-
tion of respiration can be procured by cutting the ventral nerve cord
posterior to the metatnoracic ganglion. This 1s seldom necessary. In
nost preparations all the homolateral nerves of the metathoracic
ganglicon were cul to eliminate unloward vuscular acLlvily.

In eariiler preparations no further operation was performed on
the thorax or leg base. The muscles in the femur which were not required
for the experiment were pilucked out at the Temoro-tibial articnlation.
This procedure is not entirely successful with the metathoracic limb
as there is damage to the tracheal system and the apodeme often breaks
so vhat considerable portions of nmuscle remain and are frequently active.
For this reason a method was devised Zor isolating the unwanted wuscles
by severing the relevant nerve branch in the distal end of the coxa.

The chitin oridge on the median ventral aspect of the coxal
articulation is removed together with the attached muscles. The
ventral surface of the coxa i incised with two longitndinal cuts at
the boundaries of its internal muscles and the cuts extended peripherally
to the femoral boundary. Removing the flap of chitin so formed gives
access to the coxa and trochantin. This is the most delicate of all

the operations as damage to the nerve and trachea can very easily



result. If the coxal muscles are cubt while gaining access to the coxa
it becomes impossible to free them cleanly at their origins and
insertions, with the result that locaiting and severing one of +he
nerve branches to the femoral muscles 1s not possible. After removing
the coxal nmuscles and their nerve supply, the main nerve is seen to
split into two branches of unequal size. The larger of the two
branches (Fig. 3. Main Nervel) lnpervales boe levator tlbla, depressor
pretarsus and both tarssl muscles and sense organs. The smaller
branch (Fig. 3, before split of Main Nerves 2 ard 3) innervates the
depressor tibia and sensory structures in the femur. After raising one
of these branches on a micromanipulated hook it may be easily
severed, leaving the other branch intact. Thus either the levator
or depressor tibia muscles may be left with intact innervation. If
Main Nervey is severed, the depressor will be the only muscle to
respond. If the other tranch is severed, the levator tibia together
with the tarsal muscles will remain innervated. The next step is to
isolate the apodeme of either the levator or depressor at the femoro-
tibial articulation for recording of coatraction. Operative procedure
iffers only slightly depending con whether the depressor or levator
is to be prepared. In either case the ventral articular membrane is
removed, exposing the levator apodeme where it attachec to the tibia.
If this muscle is to be studied, its apodeme Zs ligated with a Fine
thread and 1ts attachment to the tibia severed. If the depressor is
required, thke levator apodeme is simply severed and allowed to retract
into the body of the femur. Below the levator apodeme lie air sacs,
trachea and two large nerves, all of which are severed. A fine trans-

parent apodeme extends from the insertior of the depressor pretarsus



hich up in tae femur (Fig. 3, apodeme (upper) ) through tibia and
tarsus and 1s insertced on the ungultractor plate of the pretarsus.
With elther preparastion this apodeme is grasped firamly and the depresscr
pretarsus gently pulled out. It almost always comes out in its
entirety and without damage to either the innervation or tracheal
supply of the wmain muscles. In the case of the depressor prepara-
tion 1t 1s not necessary to remove the depressor pretarsus but as a
matter of routine this was almost invariably done.

One other structure is always removed from the limb. At fi
it was thought that this structure was an accessory Levator muscle as
it Is described by Snodgrass (61), but at least in Romalea it is
now recognized as some sort of sense organ which probably indicates the
position of the tibla with respect to the femur. This organ has a fine
apcdeme attachea to the Tibia at the outer edege, close to the depressor
tibila attachment (Fig. 3, sense organ). The apoceme can be grasped
and the orgar removed.

17 the levator apodeme had been previously ligated then the
depresegor apodeme, which isc the most dorsal structurc in the articulation,
is cut and the tibia removed. If a depressor preparation is required,
the depressor apodeme 1s ligated before removal of the tibia, The
thread from the ligated muscle is attached to an isometric lever for
recording tne contractions. Molst cottorn pads are maintailned over
the operated sites and the preparation is ready for placing of recording
and stimulating electrodes (Fig. 1).

Stimulating electrodes were fine platinum/iridium alloy wires

carried in a Zeiss micromanipulator wmounted to the left of the
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dissectiocn microscope on which the preparation rested. To the right
of the microscope a similar micromanipulator wielded the fire hooked
platinum recording electrodes. Stimulating electrodes, about 0.5 mam.
apart were placed under the nerve trunk in the thorax, and the nerve
was lifted Jjust clear of the underlying fluid and tissue. Occasional
lowering prevented its drying out. The negative electrode was always
nearest the muscle. Recording electrodes were placed in a variety of
positions according to the experiment being performed. In many
laustances a common eiectrode was placed on the thoracic cotton pad
central to the stimulating electrodes. The electrode recording nerve
potentials was placed under the intact nerve brarch in the coxa and
the nerve lifted To the surface of the fluid. Muscle potentials were
recorded by an electrode in the wmolst tissue of the distal end of

the femur (Fig. 1).

The point of attachment of the thread from the apodeme 4o the
lever was less than 1 mm. Zrom the fulcrum. This approximates closely
the actual conditions under which the muscle contracts in the intact
animal. The lever inscribes muscle contraction on a smoked drum. The
arm of the lever wag light and rigid and 2as little tendency zo
vibrate at 1ts natural frequency.

Stimulating current was supplied by a square-wave electronic
oscillator which allowed independent control of recurrence frequency,
pulse duration and amplitude. The oscillator has one oubput terminal
grounded and Gelivers a potential which is negative with respect to
grounc.. 1In some cases a device was euployed which vroduces two short
shocks (0.2 millisec. duration) separated by a variable time interval

and recurring at various frequencies. Flectrical recording was made
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either with a single beam DuMont 247 oscilloscope or a DuMont 279
double beam. With bothL instruments the sweep was trigeered by the
stinulus generator. Ampliflication was obtained with various condenser-
coupled, high-galn preamplifiers with differential input. These
amplifiers have a linear output “rom about 1 cycle per second to a
Tew kKliocycles per second. Permanent records of osclllogrems were made
with single frame cameras. For continuous records of moderate duration
a Matthews (62) oscillograph was used. Records were made on bromide
paper with an oplical lever supplylog Lhe Cloal stage of ampllfilcation.
In cases where reflex activity of the muscles was studied, the
preparation vas essentially the same as that described above except
that the nerve remained attached to the ganglion and the commissures
ir the neck were never cut. Reflex activity was elicited in various
ways. Tapping the cephalad portions of the body elicits levator
activity and the caudal portions depressor activity. A draft of air
on the head is very satisfactory when high amplification is necessary
Tor examining nerve potentials. Stimulation methods involvirng touching
the animal cause extranecus potential deflections and are not suitable.
In all studies the preparation remained on the microscope stage.
The contractions cof the muscles could thus be observed as movements of
tre apodeme. Some contractions are so small that the resistance,
damping and lnertia of the lever system prevented recording them, and
mlcroscopical observation was the only indication of thelr occurrence.
For study of muscles of the mesothoracic and prothoracic limbs,
the operative technique and recording was essentially the same. The
nerve trunks to these liwbs originate from the meso- and prothoracic

ranglia respectively so that obviously meso- or prothoracic sternites



- 76 -

had to be removed. The main nerve does not branch conveniently in the
coxa of these limbs but some distance within the Zemur. In consequence
the muscles could uob be isvlaled by severing Lhe relevant nerve branches.
The depressor pretarsus was pulled out from the tibial ené of the femur
and either of the other muscles pulled out likewise or dissected

away Irom the femur. Removal of the muscles by traction is much

casler and is more successful with these liwmbs than with the meta-
thoracic limb.

Ir a few cases bthe tarsal wmuscles were sludled. The nerve was
stimulated eltker in the thorax or in the femoro-tibial articulation.

In the tiblo-tarsal articulation either of the muscle apodemes was

ne tarsus was removed and
the pretarsal apodeme plus its nuscle flags in the tibia was pulled out
through the oproximal end of the tibla. Although these techniques are
rather crude, the tracheal supply remains effective and the action of
the experimental muscle and its nerve is not impalred. Muscle
potentials were lec off elther from the two ends of the tibie or from
the thoracic cotton pad and the distal end of the tibia.

In an attempt to resolve some of the problems of the distribution
of the axons to the muscle fibres, it was desirable to watch the surface
nuscle ibres of the contracting wmuscle. To effect this, the inactive
muscle together with its chitinous attacnment was dissected away.
Careful cutting of nerve branches prevented damage to the irnervation
of the cxperimental muscle and the preparation respondced normally for
hours. Observations were made under magnifications of up to 60 X,

but it wase not possible to decide whether all or only certair umuscle

fibres were contracting to a given stimulus.
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A considerable length of nerve is required to determine conduction
velocities and related phenomena. The mair nerve trunk to She meta-
thoracic limb was dissected free of the leg as far as nalf way down
the tivia. Only the mixed branch which supplies the tarsal muscles was
retained (Fig. 3, Main Nerve 1). The nerve was placed in the narrow
slot formed between two glass plates resting on a third and was
moistened with salloe. IU was stloulated a short distance from the
thoracic ernd and the action potential led off by two electrodes, one
at the distal end or a dry portion of the nerve above the surface of
the saline so that the actual point from which the potential was led
off" was the saline surface, and the other about half way along the
nerve Jjust below the surface of the saline.

As has been snowr by Wiersma (63), it is possible o isolate
single motor axons in crustacean limbs by gradually splitting the nerve
into Ziner and Tiner bundles ard rejecting those which do not give
the desired response. It was felt that the same procedure might meet
with success in the insect. 1In a few cases it was indeed possible
to isolate single axons, but this was after many hours of very trying
dissection and neitner the preparation nor the investigator were in
condition for further experimentation. There are a number of
cgifficulties. The firpt is the neccssity of allowing the animel to
breathe while at the same time avoiding even minute wmovements in the
thorax which make dissection virtually impossible. To this end a
trough was designed wnlch held a large volume of saline in which the
thorax and legs could be submerged while the abdomen projected througn
a water-tight wembrane into the alr. This proved very satisfactory,

and 1t was with this apparatus that the few single axons were isolated.
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Other difficultics are anatomical. The epineurium is nearly trans-
parent and extremely tough and the greatest difficulty is experienced

in removing it without damaging the axons., Once it has been removed the
exons arc found To be completely transparent, very delicate, cf a
diareter not exceeding 20 }laﬂd.bOUHd together by relatively tougher
tracheoles. Thus manipulations have to be performed almost blind. Only

5

very short lTengths of axor himdles can he 1conlated, and the eclose

. )

proximity of the stimulating electrodes to the bundles which are not
being tested wmake 1t very difficult to prevent cross stimulation.
However, the few successes which I have had suggcest that with a suitable

insect and a nerve with fewer axons and improved instruments, the

method way yet prove rewarding.

IIT. RESULTS.
(i) Anatomy.

Trke Temur of Romalea houses three muscles: depressor tibia,
levator tibia and depressor pretarsus. In the terwinology of Sncdgrass
(61) these are levator tibia, depressor tibia and depressor pretacsus,
respectively. The largest muscle (depressor tibia of this thesis) is
the muscle used by the animal in Jumping. It exterds the tibia so
that tibis and femur come to lie in a straight line. It might better
be called the extensor tibia and the smaller antagonistic muscle which
folds the tibla against the ventral surface of the femur, the retractor
tibia. I shall however continue to use levator and depressor in the
opposite sense to that used by Snodgrass.

Tne Temur is about 30 mm. long and about 7 wm. at the widest

proximal part. The depressor tibla takes origin along almost the entire



dorso-~lateral wall on the cuter side of the limb. Pundles of Tibres are
attached to striations on the chitin and are inserted on a broad, flat
apodeme which narrows and thickens towards the tibia anc 1s finally
inserted on the dorsal 1lip of the tibia at the articulation. The
levator tibia lies on the inner ventro-lateral aspect, its uuscle
bundles taking origin on the chitin of these sides and being inserted
con an apodeme which is shorter and narrower than that of the depressor.
The muscle tapers towards the tibia and 1s finally attached to the
ventral edge of the wibial end. Both muscles have small Tlags of
Tibres close to the articulation whose functlion it is to guide the
apodemes in the articulatior during contraction. Those of the depressor
are short Tibres originating on the dorsal aspect vl the Lemur clouse
to the articulation and are inserted on the apodeme so that their
action is almost at right angles to it. The levator has two flags which
pass on elther slde ol Lhe depressor apodeme and also originate on the
dorsal surface of the femur near the artictlation. During contraction
these fibres puil the levator apodeme towards the centre of the liub
(Fig. 3).

The depressor pretarsus lies in the proximal half of the femur.
Tt is much smaller than the other two muscles and is unlike them in
that *ts fibres are almost parallel and all originate from one point
on the proximal ventral head of the femur. The Tibres are inserted on
a very fine apodeme which passes into the tibla where 1t recelves a
nugber of oblique muscle flags before passing on tnrough the tarsus to
pe finally inserted on the unguitractor plate of the pretarsus. It

serves to depress the claws and pulvillus ventrally.
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DEPRESSOR PRETARSUS
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Fig. 3. The dissected femur of the wetathoracic limb. Note
the recurrent nerve branches and the division of the muscles
into bundles. TFor the sake of clarity the tracheal system
has been omitted. 2.5X natural size. Correction: 'MUSCILE
BUNDLE WITH 5-100 FIBRES® should read, 'MUSCLE BUNDLE WITH

5-20 FIBRES.'



The depressour and levator of the tarsus are situated in the distal
end of the tibia; the depressor originates ventrally and the levator
dorsally. Both muscles exhibit a characteristic fan-shaped arrange-
ment of the fibres which are inserted on short apodemes terminasing
respectively on the ventral ard dorsal 1lips of the vroximal tarsal end.

In the first and second limbs, thke muscles are arranged in
esgentially the same way. Thelr respective sizes are albtered, however.
In these limbs which are used in dragging the body forward, instead of
pushing it as does the third liwb, the levator muscles are the largest
and the depressors tibilae considerably reduced. The fibres of the
muscles tend to be arranged more nearly parallel than those of the
third limb but still exhibit the same general character.

It is necessary tc appreciate the geometry and disposition of
the muscle bundles in the Zemoral muscles in order to interpret the
electrical events. Figs. 3 and 4 indicate the way in whick the muscles
are broken up into discrete bundles. TIn the levator each bundle has
some 5-20 fibres. 1In the depressor the bundles are larger with about
15-80 fibres. Although these bundles splay out in three diresctions
from the apodeme, the muscle fibres in each bundle lie essentially
parallel to each other. The bundles are also arranged in an overlapping
Tashlon so that origins and insertions occur serilally down the length
of the muscle. The muscle fibres vary in length, as do the bundles,
Trom c&. 4-10 mm. Fach fibre is striated and is bounded by a sarcolemma.
The myofiorils are arranged more or less radiaily about the longitudinal
axis of the fibres. Ovold nuclel are numerous at the periphery and
occasionally are found between the fibrils. This disposition of the

nuclel ig at variance with that degeribed for itubular muscle in



o¥s
s

DEPRESSOR TIBIA MUSCLE LEVATOR TIBIA MUSGLE

O""’
T
MUSCLE ORGAN.___ . “3ee g
A ST
3rd ORDER MOTOR- (MNg) . LY ‘/:’ }4 ’
2nd.  * T S T Ay S AN e
9 o % i'
MAIN NERVE 3 — MIXED_ HINEE
(B2 &
, - vadate
2nd. ORDER MOTOR — (MN 3. & .‘:,’3‘3"
P
APODEME __ lll'. g;o"ﬁ%o

2nd. ORDER MOTOR— (MN3)
SENSORY BRANCHES — ( MN 2)

3rd. ORDER MOTOR —{ MN 3}
4th. ORDER MOTOR — (MNz ).
MUSCLE ORGAN

22y "ﬁévﬂr

—-.'=r 4- I

7
e.(-g ..n
S
EN I\ c"

-TRAGHEA

-~-SENSORY BRANCH (MN )

MUSCLE ORGANS

3rd. ORDER MOTOR—{ MN,)
ENSORY BRANGH-— (MN;)

-DEPRESSOR PRETARSUS

2 MOTOR AXONS -~ (MNj}
MAIN NERVE |— MIXED
APODEME

MAIN NERVE 2 — SENSORY
rd OKDER MOTOR— (MN,)

2nd. ORDER MOTOR — ( MN.)

Fig. 4. Diagrammatic cross-section at approximately the mid-
MN7 -3 in parentheses indicate the parent

point of the femur.

nerves from which the branches arise.
nature between the muscle fibres have been designated
The external skeleton was removed from the limb
For this reason the muscle bundles are
Tracheal branches

Crgans'.
vefore sectioning.

separated wmore than in the intact limb.
About 10X natural size.

have been omitted.

The organs of dubious

'Muscle



- 83 -
many insects. Trachea enmesh each {ibre and penetrate between
the Tibrils.

Cnly one nerve trunk encers the limb. Having branched to muscles
ard sensory structures in the coxa and trochantin, it enters the femur
as two thick branches, one smaller than the other. Figs. 3, 4 and 5
indicate the detailed innervation. These maps were made in part by
microdissection but largely as reconstructions from the serial sections.
The three main nerves proceed down the length of the femur. O these,
Main Nerve, (MN~) 1s purely sensory and concerns us Little (Flg. 7).
Towards the distal end of the Femur at least one nalf of its axons
innervate the large sense organ whose apodeme attaches to the tibia
{Figs. 3 and 5). Sections show clearly that this organ is not
muscular out is probably some “orm of stretch receptor. In one instance
I managed to record from tne isolated nerve to the organ and on
extending the tibila, bursts of activity were observed iIn the sensory
nerve. UnfTortunately the stair used in the sections was not sultable
Zor observing the detailed structure ol' this organ. Mlp proceeds into
the tibia and the tarsus wnere 1t recelves axone from rumerous sensory
structures.

The largest branch, Main Nerve | (Mi¥y), innervates both sensory
and motor structures. The motor axons for tae levator tibia, depressor
pretarsus, levator and depressor tarsus, are carried by it. Itse
largest axons, ol whicl there are about 30, vary Jrom 8-16 p4in
diameter (Fig. 7). In addition, it receives axors from various
cuticular, tracheal and intramuscular sensory structures. The motor
supply to the levator tibia is our chief concern and it is shown in

Tigs. 3 and 5. TFor the sake of convenlence in classifying data from
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the serial sections, the nerve branches have been divided into a number
of rather ill-defined, arbitrary categories (Fig. 6). The largest
branches arising from MNy and carrying axons, the largest of which vary
between 4 and & poin diameter, are designated 2nd. order branches.
Third order oranches carry axons, the largest of which are from 1.5-4 ¥
in diameter, and represent the distribution to the individual muscle
bundles (Fig. 7). These branches usually proceed to the centre of
each bundle where they branch into bih. (axons less than 2.5 il
diameter) and 5th. order branches which supply the individual fibres.
Due to the tortuous path taken by many branches, the nerve is cut
obliguely and i1t is often not possible to determine the number of
axons. The matter is further complicated by the small size of the
axons and the variable number of sensory axons carried in the branches.
Difficulties are readlly appreciated when one realizes that in the
sections the fine axons are actually small cylinders about 1.5 B oin
dlameter and.&iy.long. If these cylinders lie somewhat oblicuely, then
it is not possible to distinguish any detail. gShrinkage of the axons
within the epineurium leaves spaces which can easily be mistaken for
axors. FPine intra-nervous tracheoles are also easily confused with
axons. Motor axouns can be distinguished from sensory axons by the much
greater thickness of thelr sheatnes and generally by their larger
size. In some of the photographs in Fig. 7 axon sheathes appear thicker
taan they are in reality because of the slight oblique tilt of the
axon cylinders and the depth of focus of the microscope.

Invariably in 2nd. order branches in the levator, 5 large,

well-defined axons can be distinguished. In the vast majority an additional
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Fig. 6. Innervation scheme of the three femoral muscles and
variation of the depressor tibia innervation. The figures im-
mediately above each nerve branch represent the number of
wotor axons obscrved., Those figures in parentheses represent
the observed variation in the number of sensory axcns. The
fipures for axon number in the Lth. order nerves, especially
those for the levator tibia, rcpresent only the lower limits.
0f the four large axons represented in the uppermost branch to
the depressor tibia, at least one is probably sensory. 5th.
order and sensory branches have been omitted.
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2 smaller axons are visible, making & total of 7 (Fig. 7). In numerous
branches, 7 well-defined axons and up to 8 thin-walled, less defined
axons can be seen. These latter I believe to be sensory, due to their
capricicus occurrence and because they leave the mair nerve in branches
that do not appear to innervate the muscle Ffibres.

In 3rd. order Dbranches accurate determinatvion of axon numbers is
mere difficult. 5 or 6 axons are usually seer and in many cases a
seventh but on the other hand, smaller numbers can often be counted. I
velieve this to be due to imperfections in staining ard fixing the
material which renders some of the finer axons invisible. With the
Lth. order branches orly rarely can numbers be determired and when they
can it is doubtful that all the axons can be distinguished. From 2-6
axons have been seen and these approach the wminimum size of cptical
resolution. A seventh is probably present. Finally the number of axons
in terminal branches car never be determined although more than one
axon Is certainly present. The general course of these terminal
branches and their contiguity to the sarcolemma can be seen but their
penetration of this merbrane nas not been observed. Thus an important
gquestion, and cae of the most difficult to answer either anatomically or
physiologically, remains open. That is, does a branca of each of the
six or seven nmotor axcns repeatedly innervate each muscle Fibre or are
there categories of muscle fibres each innervated by only one or
several of the axons? The latter seems iwprobable for a number of
reasons only one of which will be stated now. From the histological
data each muscle bundle appears to receive seven axons and yet in the
smallest bundles there are less thar seven muscle fibres. For this and

other reasons the most probable situation in the levavor is multiterminal,



Fig. 7. Photomicrographs of nerve
cross-osccetions. Mallory's triple stain.
Top- muscle organ surrounded by muscle
fibres, main nerves 1 and 2 on right,
depressor apodeme on left. Secand
Row: left- main nerve 1; middle - main
nerve 2; right- main nerve 3. Bottom
Row: left- large 3rd. order branch to
Tevator tibia; right- Lth. order branch
20 to depressor tibia. Magnification scale
)ﬁ shown in microns in individual photographs.
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sexoplotomic or septuplotomic innervation of all muscle fibres.

Tndividual muscle fiores have been examined in every section over
their entire length. Counts were made of the number of times that it
could be declded willi cerlalnly Lhal the [lbres were lnnervated. OF
feour levator fibres followed serially, the inrervation counts were 21,
18, 1Lk, and 12. This represents the lower limits of the number of

innervation sites. In the depressor the number of sites 1s less; counts

[¢3]

vere 6 and & in the two fibres traced.

The depressor pretarsus is innervated by three 2nd. order bundles
from Miq. In all cases there are two large axons of egqual size which
run ir the muscle and give off very fine branches to the fibres. The
3rd. order category of brenches does not exist. In many instances it
appears that each axon innervates the fibres of one half of the muscle
but this cannot be considered as establisched.

Main Nerve (MN3)is also a mixed nerve (Fig. 7). TIts sensory

3
branches come from tracheal and muscular sensory structures and from

the outer dorsal aspect of the chitin. Throughout its length there are
two large, well-defined axons and a third which is considerably smaller
and has a thinner sheatk. 1In the most proximal portion, a L4th. thin-
sheathed, large axon is present, but it is propably sensory. The number
of sengory axons is restricted to 25 or less and their diameter i1s very
small. They are thin-sheathed ard often poorly defined in the sections.
Branches of the two larger axons can be seer leaving the main nerve to
form 2nd. order branches either with or without a sensory component.
However, most of the branches which leave the main nerve are extremely
fine and carry either one or two axons. They again branch only when

they have reached the wuscle fibres. Heuce 2nd. order branches are
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frequently wmissing. The largest &nd. order branch may e seen
diagrammatically in Fig. 5 and crossing to the right of the muscle in
Fig. 3. Axons of the 2nd. and 3rd. order branches are smaller than
those to the levator and hence, although there are fewer of thneuw, the
dataare aot as conclusive as for the levator.

Three different arrangemente of the axons way be observed in
Fig. 6. Tn the cases where the 3rd. order branches carry 2 or 3
axons, the Uth. order oranches have either 1, 2 or 3 although this
third axon has been observed only once or twice. In the coumonest
case, where the branches leaving the main nerve have but one axon, the
terminal branches must alsc have but one. Single, very fine axons
can often be observed in the muscle (Fig. 7). In this case the muscle
fibres at that particular level in the bundle must obviously share the
same single innervation. At a different level they receive 3rd. order
branches with two axons, and both single- and double-axon 4th. order
branches can be observed. The muscle fibres migat therefore be
innervated by the two axons in a number of different combinations.
Again the fate of the terminal branches once they reach the sarcolemma
1s uncertain. For the depressor tibia then, there appears to be a
multiterminal, single or double lnnervatiorn.

From the polint of view of physiologlcal interpretation, the
nature of the nerve branching is important. In the levator, each
branch innervating a wmuscle bundles carries the same number of motor
axons. Its branches proceed rot only distally in the muscle
fiores but also proximally (Fig. 5). These recurrent branches are often
quite long but never as long as those proceeding peripherally. Con-

gidering the length of the branches and the number of sites of innervation
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of each Tibre, there must be considerable overlap of the innervation,
Zorming a feltwork within or on the fibres. If the muscle bundles
are taken as the unit of structure, one can say that in the levator
and thc depressor pretarsus, each bundle recelves an ldeullceal
innervatior. In the depressor tibis thie may not be so; some oundles
way receive branches of one axon, some oranches of the other axon and
come branches of both axons.

The second point that must be stressed is the site of innervation
of the individual muscle fibres. In many crustacean muscles it is
believed that nerve terminations cccur only on one side of the muscle
fibres taroughout the muscle. With the grasshopper this is not so.

The finest visible branches may innervase any side of the fibres.
However, within e oundle, the vast majority of terminations are always
towards the centre, so that a cylindrical structure is Tormed with

the innervated sides of the fibres towards the centre of the cylinder.
Mention has already been made of peculiar cells running parallel

to the fibres in both muscles. These take the form of a cylinder
constricted at regular intervals. In the non-consiricted part they
stain much ae muecle ticcue but have a morc granular appearance. Quite
suddenly the substance becomes divided into strands of coarsely

granular tissue with very different staining properties. A few of these
"muscle organs" occur in each muscle and continue throughout its entire
length. The granular portion of one is shown in Fig. 7 out in photographic
reproauction detail of the more delicate tilissue nas been lost. Thelir

function i1g not known and a detailed study has not been attempted.



(i1) Physiology.

a. Freguency response.

The first general picture that is required is one of the overall
frequency response of the muscie. Tt is not necessary to enter into
detalls for each muscle as the responses are very similar, differing
only in the speed, strength and fusion frequency of the contraction.

As will be shown below, the muscular system is complicated by the fact that
there is a multiple innervation. In this initial survey then, a

stimulus was employed which was strong enough to stimulate all the

axons. In later secticns the response of the various axon-motor

systems to frequency of stimulation will be considered in wmore detail.

The following data will pertain only to the maximal response at each
frequency.

Indirect stimulation of the muscles in any of the three limbs,
and isometric recording from the wmuscle shows that a single shock
invariably produces a brief twitch. The duration of the twitch in the
fresh, unfatigued wuscle varies between 30 and 60 millisec (Fig. 8a).

Witk repetitive shocks up to about 10 per secord, the regponses remain

as discrete twitches, relaxing to the baseline after each skhock {Fig. 8B).
At Trequencies higher than this the wmuscle does not relax to the baseline
between shocks (Fig. 8C) and the contractions increase both in rate

and in tensior (Fig. &, ¢ and H). The Frequency at which the contractions
fuse completely %o form a smooth tetanus varies for the different

muscles. The large depressor tibia of the third liwmb has the highest
Tusion frequency at ca. 80 shocks per s:cond. The wetathoracic levator
tibia shows complete fusion at 70 per sec. In Fig. 8E, a record

“rom this muscle at 60 per sec., the incomplete nature of the tetanus
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Fig. 8. Frequency responses of the liwb wuscles. All records were

made isometrically with the lever atbached to the apodemes. Time

records 1n each case are in seconds. A, B and C - Metathoracic depres-
sor tibia at 5, 10 and 15 shocks per second. D, E and F - Metathoracic
levator tibia, (reading from top) 4O, €0 and TO shocks per second. Note
that E shows incomplete tetanus. G and H - Mesothoracic levator

tibia, (reading from left to right) in G, 300 and 200 shocks per second;
in H, 80, 60, 50, 40, 30 and 20 shocks per second.
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can just be discerned. Fusion frequency for the other muscles varies
vetween 50 and 70 per sec. In all the muscles, both maximum rate of

development and maximum tension attained, occur at approximately the

w

ame frequency which is somewhat higher than their fusion freguencies.
The cepressor tibia of the third liuwb attains its maximum at about

9C per sec. whereas the smaller depressor tibia muscle of the first
limb, which is not specialized for leaping, reaches a maximum velue at
16C per sec. At frequencies higher than these and up to 5C0 per

sec. there ig no increase in speed or tension of the contraction. At
high frequency, fatigue occurs very rapidly. Relaxation may require
7 or 8 seconds For completion (Fig. 8G).

Estimates have been made for the tensions which the muscles of
the third limb can develop. These compare fairly closely with the
capablilities of vertebrate skeletal muscle. 'I'he estimates range between
6 and 9 Kg./sq. cm. of cross-sectional area, In the case of these
muscles which taper sharply, an average cross-sectional area was

estimatec.

b. Mecharical responses to variations in intensity.

Stimulated by the work which has shown that crustacean muscles
have multiple motor innervation and by the observations of Pringle
(23) on the two contraction types in a wmuscle of the cockroach, studies
were inltiated to test the occurrence of similar multiple innervation
in Romalea. The simplest, although not the most satisfactory method of
testing such a postulate, is to stimulate the nerve with various
strengths of shock in crder to ascertain whether the axons may De
differentiated by their thresholds. The possible occurrence of

inhibitory innervation must not be overlooked. Tt is essential to
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cuard against "direct" stimulation of the muscle. Thigs has been checked
in many preparations by crushing the nerve distal to the stimulating
electrodes. Mechanical and electrical activity in the muscle is
completely abolished even at frequencies and current strengths much
greater than are ever used for nerve stimulation. A second precaution
must ve taken. If the shocks are of long duration and of Ffairly high
intensity there may be repetitive discharge of the axons. To this

eud pulse duration was always kept between 0.1 and 0.2 millisec. In a
sectlion to be discussed later checks were wmade tor repetitive discharge
which was absent even with pulse durations of 5 millisec. ard high
current strength.

With the levator tibia preparation of the third limb, as the
strength cf nerve stimulatior is gradually increased from a sub-threshold
value to values resulting in waximal response, the muscle responds in a
stepwise fashion (Fig. 9). This same phenomenon may be seen with all
the nmuscles except the metathoracic depressor tibia. In the latter
only one contraction type can be distinguisned. Due to the closeness
of the threskoldsc for the various contraction types and to their
variability, it is difficult to secure good mechanical records. The
contraction types are readlly distingulshed by microscopical observation
of the apodemal end of the muscles. With Trequencies of 5 10 per
sec., the contraction types are wost readily seen, but at such low
frequencies the first response is so swall that it is not possible to
record 1t mechaniecally with the relatively heavy lever wmade necessary
by the strong maximal contraction. However, 1f ite size is increased
by & higher frequency of stimulatior it ther becomes practically

iwpossible to separate the larger contraction types.
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Fig. 9. Muscular response of the metathoracic levator tibia to
variationsg in the stimulus strength. Records A-C are isometric. Record
D is isotonic. A - ascending stimulus strength at 10 shocks per sec.
Frouw right, arrows indicate onset of contraction types 2, mixture of 3 and
L, 4, 5 (at first erratic), 6 and finally 5 again as intensity was
decreased. B - part of same record as A but descending stimulus
strength. From right, arrows indicate contraction types 6, 5, L, 3
(erratic towards end), 2 and finally no response. C - from the same
preparation as A and B. Fregquency 100 per sec. and intensity ascendinrg.
From right, arrows indicate types 1, 2, 3 (erratic at end), 4 (with
5 coming in erratically), 5 and finally 6. The slow relaxation was
interrupted hy stopping the drum. D - isotonic record. Frequency
per sec. Intensity first ascending and then descendirg. Response
was too small to record. From right, first response is type 3 with
four twitches of type 4 superimposed or it. Wote that this does not
increase the height of response 3. Next, type It appears and then 5
somewhat erravically. Contraction € can be seen as a very swmall
plateau Tollowed again by 5 as the stimulus strength was decreased.
This is followed again by responses 4 and 3. 1In all cases the time
record is in seconds.
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From Fig. 9 it 1s evicdent that the steps wmay be obtained with

increasing intensity aad again in reverse order with decreasing

e
03]

intensity. At low frequercies each step is clear-cut and there
no gradation from one to another. At higher frequencies the records
become obscured for a number of reasons. These are most clearly
1llustrated when dealing with tne electrical events but an outline must
be given here. At moderate frequercies the threshold values become
rore variable and lie closer together. At Jjust threshold intensity

for eacn contractlon type, responses ¢o not bear a 1:1 relation to the
stimull. As threshold is approached, a certaln axon will respond to,
say, every third shock, then every second and finally every one
vrovided the Trequency is moderate. An axon with a lower threshold
will respond, at this intensity, to every shock while the one with

the higher threshold is responding to only every other shock. Thus in
effect we get a graded transition from one contraction type to the next
due to tnls alternation of response,and the true contraction types are
opscured (Fig. 90).

Records of tne wnuscle potentials of the metathcracic levator
tivia, wmade at L shock per sec., showed that the first potential to
appear was very small and apparently was not accompaniec by a visible
coatraction. Assuming that this might be a system which responded
actively only to higher frequencies, careful searches were wmade at
frequencies around 5C per sec. With oscilloscope records of the active
muscle as a check, it was observed that an apparently slow contraction
of small strength and rate, does indeed occur (Figs. 9C and 104). This
has been shown only for the levators of the meso- and metathoracic

limbs. The contraction differs from the other types in “that it does
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not appear at low stimulus frequency and the First observable response
appears smooth. It has not been possible to determine the fusion
frequency.

To recapitulate, as the stimulus intensity is inereased, first a
wminute slow contraction is evoked and is followed by four fast con-
traction types. There is one more contraction type; the 6th. In
Flg., 9A and B, 1t may be seer that with the highest amplitude of
stimulation there is a dip in the baseline of the clonic response as
Loough the whole response had been shifted down some little dlstance.
It is not possible to determine the exact nature of this contraction
but it appears To be smooth even at 10 shocks per sec. At 5 shocks
per second it appears to be clonic (Fig. 9D). At high frequency it
is difficult to distinguish this contraction from the preceding large
5th. contraction. However, if the action potentials are alsc observed
its presence can be correlated with an increase in the tension (Fig.
9C). The tetanic nature of the contraction ever at low frequency
might be due either to a slow relaxation rate or, if the axon has a
very small diawmeter, temporal spread of the excitation in the nuscle
might cause numerous ilndividual twitches to be out of phase thus
resulting in what appears to be a smooth contraction.

We may suummarize the position as follows. From mechanical
evidence there appear to be six contraction types in the meso- and
metathoracic levator tibla muscles and at least four 1n the prothoracic
levator and pro- and mesothoracic depressors. Gradation from one
response Lo another does not occur and the strength of each contraction
type differs from that of its fellows. TIn the meso- and metathoracic

levator
linbs,the lst. /contraction is smaller than the others and incomplete
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Fig. 10. Isotonic responses of the
metathoracic levator tibia at 50
shocks per sec. A ~ Contraction 1
(verified by check of muscle poten-
ials). Time record in secs. B -
Maximum contraction at the same
frequency for comparison.

Fig. 11. Auxotonic and isotonilc
responses of the metathoracic
levator tibia. A - Auxotonically
recorded contraction at 5 shocks per

A sec. (lever attached to tibia). B -
Isotonic record from same preparation
at 10 shocks per sec. (lever attached
to apodeme). The same isotonic lever
was used in both cases.
[ PR RSORESTPRITIIN - B
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feranus hag not been chserved. In the metathoracic levator, the Gth.
contraction responds to low frequency with a smooth contraction arnd
develops considerable tension at higher frequencies. Contraction
types 1 and 6 have not been found in the levator or depressor in the
first ligb nor in the depressor of the second or third limbs. In the
large speclallzed 'jump' muscle, the depressor tibla of the third Liab,
only one fast contraction type can be mechanically distinguished.

It is possible to account for these contraction types in terms of
what ie known of arthropod ncuro-muscular mcechanisme, by cither of two
postulates. The one is that there Is but one or a couple of axons
innervating the muscle fibres. On increasing the strength of stimulus,
first skipping of impulses occurs and then repetitive discharge by
vrogressive steps. This could result in a series of steps in the
contraction. From consideration of mechanical response to ascending
intensity at frequenclies of about 1 per sec. this appears improbable.
There is no skipping of stimull and yet contraction steps are evident
frow the begirning. The highest twitches are of only sligatly longer
duration than the sma:lest ones. This could hardly ve expected if
tney were evoked by two or three discharges cleose together. As will
be shown below, the nerve nas a long relative refractory period which
wculd prevent repetitive discharges occurring very close together. As
was pointed out in an earlier section, the conditions of stimulation
are most unfavourable to repetitive discharge. It has, in fact, not
been possible to elicit repetitive discharge from the nerve except by
damaging 1t irretrievably.

The second postulate is that for each of the contraction types
observed, there are a number of axons each innervating part or all of the

muscle.
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From the histologlcal data this appears very probable although the
exact axon distribution is not ¥nown. Multliterminal innervation
certainly occurs ard septuplotomic innervation of each muscle fiore
seems probable. The data from the mechanical recordings conform to
the expectations of the second postulate. Only six contraction types
tave been observed although the histological data indicate that a 7th.
axon 1is present. If this 7th. is a motor axon it is quite possible
that because of its threshold relationship to the other axons, its
activity could have remained obscured. On the other hand, it might be
an inhibitory axon which again could easily have been overlooked.

In order to confirm and extend the observations on the contraction
types, examination of the action potentials from the muscles was
undertaken. Simultanesous recordings were also made from the nerve but
have not proved very informative because of the large numbers of both
motor and sensory axons present. Witk combilned recording it was
possible to correlate mechanical and electrical activity in the meta-
thoracic levator tibia and to eliminate any doubt that the six con-
traction types are due to multiple innervation. Wo sign of a Tth.
muscle potential or of inhibition has been fourd in this muscle.

Before presenting the muscle potential data, I would like %o
digress in order to draw attention tc a deceptive wmethod of recording
muscular data. This 1¢ lwportant as it has been used by a number of
workers in the field and leads to incorrect interpretation of such
data. The method in guestion is that of affixing a lever to the
tibia in order to record contracitions of one of the tibial wmuscles.
This leaves the femoro-tibia articulation in the system. The articulation,

at least in the grasshoppers and locusts, is so constructed that the



leverage and wmechanical advanbtage of the wmuscle changes according bto

the position of the tibia with respect to the femur. Consider the
levator muscle. It has the least mechanical advantage when the tibia

ig either fully extended or fully retracted and the advantage is
maximal when the tibia is at approximetely right angles to the fewmur.
Two responses from the same preparation are shown in Fig. 11. The

upper record was made with an isotonic lever attached to the tibia.

The other was made with the same isotonic lever attached directly to the
apodeme of the wmuscle. The conclusions are self-evident. 8imilar resuits
can ve obtained with isometric levers although the differences are not
as pronounced. WNot only is the tension curve wisrepresented even alter
correctiors have been made for the leverage factors, but detail of

small contractions is lost.

c. Correlation of the electrical and mechanical events.

Tre electrical and mechanical responses from a single muscle
preparation were observed. In many of the experiments mechanical
records were not made. Instead, the muscie end was observed micro-
scopically and the potentials characteristic for each of the contraction
types was photographed. The stimulus was allowed to trigger the
oscilloscope sweep and the frequency was kept low so that photographs
of single potentials could be made with ease.

After preliminary experiments with the recording electrodes
disposed in various positions, the procedure was standardized. One
electrode was placed in the moist part of the cut distal end of the
femur. The other occupied a position on “he saturated cotton pacd on
the thorax, central to the stimulating electrodes. In the levator

tibia of the third limb, which was the object of the majority of the
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studies, six characteristic actiorn potentials may be observed. The
potentials have a characteristic shape and with practice can be recog-
nized one from another. In the initial parts of this section the sign
anc nature of the potentials wlll not be discussed.

At stimulus frequencies of 1 per sec., as the amplitude of
stimulation is increased from below threshold, the first potential to
appear is very small and evokes no mechanical response. It corresponds
to the lst. ‘slow' contraction which can ve demonstrated at higher
frequencies. Potentials 2, 3, 4 and 5 are each of diagnostic shape and
each one is larger than the one preceding it. The 6th. potential is
small and occurs as a hump on the declining phase of the 5th. ¥Fig. 12
represents the votentials and the corresponding contraction steps.
Mechanical response 1 was made at 50 shocks per sec. with a very light
isotonic lever. Responses 2-6 were made with a heavier isometric
lever at 5 shocks per second. In pFig, 13 (bottom) the potentials have
veen enlarged and superimposed in order to show more clearly the dif-
ferences between them.

The photographic records of the first 3 potentials do not differ
greatly from one arother. This is misleading. On the oscilloscope
screen the first potential remains constant as the stimulus intensity
ig increased. At the threshold for appearance of the 2nd. potential,
{luctuations oceur in itg latency go that it Zirst appears erratically
and well to the right of the first povential. Winen the axor responds to
every shock the 2nd. potential moves closer to the first and is eventually
superiuwposed upon it. Due to the erratic behaviour at the thresnold, it
is very difficult to make photographs witnout a continuously recording

camera. If the intensity is increased somewhat more rapidly, the
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Fig. 12. Mechanical
and electrical
responses of the
metathoracic levator
tibia. Numerals

show contraction
types with cor-
responding potentials.
Contraction 1 was
made isotonically at
50 per sec. Contrac-
tions 2-6 are iso-
metric at 5 shocks
per sec. The stim-
ulus triggered the
sweep circuit

of the oscilloscope.
Time records in secs.
and millisecs. Note
nerve potentisl close
to stimulus artifact.

15 m
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erratic stage with increased latency is not observed and the 2nd.
potential appears suddenly in its definitive position. This is easily
observed as the sudden slight change in the shape and amplitude

catches the eye immediately, although the final result is not obviously
different. There is no doubt whatsoever that there are three of

these small potentials, each one behaving in an all-or-none fashion
depending on the stimulus intensibty. There 1s a third factor that
makes the recorded potentials appear smaller. When the latency is
prolonged, the potential i1s seen to be considerably larger than when it
is superimposed on the previous potential in its definitive position.
In other words, when two axons are stimulated and the resulting wuscle
potentials are superimposed, this double potential does not represent
the exact algebraic sum of the two but is somewhat smaller. With the
large potentials 4 and 5, there is more nearly algebraic summation.

The levators of the first and second limbs and the corresponding
depressors have been studied less extensively. In Fig. 13 super-
imposed muscle potentials from the mesothoracic levator tibia (upper)
and the prathoracic depressor tibia (centre), are shown. In the forwer
7 potentials are shown. There is some doubt as to the existence of
the potential 1labelled 4 and it has not been correlated with a contraction.
The sign of the first three potentials is culte capricious with respect
to the last three but usually their peaks all have the same sign.
Limited supplies of animals made 1t necessary to concentrate on the
muscles of the third limb. For this reason complete correlations between
the muscle potentials and mechanical responses of the other limbs has
not been made. It may be stated that all the muscles except the meta-

thoracic depressor tibia apparently fall into the same category of
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2

LEV. TIB. 3

Fig. 13. SBuperilmposed muscle potentials. Top - levator tibia of the
2nd. limb. Potential 4 is of a dubious nature and it has not been
correlated with mechanical contraction. Centre - Depressor tibia of
the lst. limb. Bottom - Levator tibia of the 3rd. limb. These are the
potentials 1-6 of Fig. 12. Shaded and stippled portions clarify
potentials 2, 3 and 6. Potentials usually have the same sign at the
peak as in the top and centre diagrams.
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nultiple innervation with graded fast contractions and the possibility
of" quasi-slow contractions.

Continuous records of the muscle potentials demonstrate most
clearly the lack of growth of the potentials, the sudden appearance
of each type and the skipping of shocks around the various threshold
intensities (Fig. 14). Owing to the length of these Matthews (62) oscillo-
graph records, selected pieces have been presented., In some cases, as
an aid to photographic reproduction, the records have been darkened
with a soft pencil. Both the general shape and the order of appearance
of the potentials makes it simple to homologize them with potentials
recorded on the cathode ray oscilloscope.

In Fig. 14 records A-E are from a continuous record of the weta-
thoraclic levator tibia response to increasing intensity of stimulation.
5ix action potential types are discernible. The heavy vertical line
indicates where part of the record has been removed. In each case the
part removed was from only one potential type and varied in duration
from 1-2.5 secs. The abrupt transition from one tyve of potential to
the next is readily seen. The first and last potentials of each type
are the same size so that no marked facilitation is present. There
is no evidence of Tatigue in either mechanical or electrical response
at these moderate frequencies. However, although facilitation of the
potential is strongly contra-indicated 1t cannot be concluded from
these experiments that 1t is altogether absent. I7 fatigue and
facilitation had exactly the same time course ther the potentials would
remain the same size. That this balance could cccur in numerous

preparations over a wide range of frequencies and times, seems improbable.
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Fig. 1. Matthews oscillograph records of responses of the
metathoracic levator tibia to increasing stimulus intensity.
The numerals show the potential types. Time record in tenths
of a second. For full description see text.
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Records F-J in Fig. 14 are from the mesothoraciec limb. The
amplification of the response 1s the same in all cases although the
individual portions were selected from three records made at different
stimulation frequencies. F is from one record, G and H from another
and I and J from a third. They have been chosen as they illustrate the
alternation of potentials arocund the thresholds for the individual
axors. In F the stimulus was first subliminal. Potential 1 then
responded to every second shock amdat a slightly nigher intensity to
every shock. After the first potential 2, neither axon responded and
a little later 1 presumably responded on every shock and 2 on alternate
shocks. 1In G, various cowmbinations of potentials 1 and 2 are shown.
Iin H potentlal 3 appeared. Towards the left 1t responded to every
otner shock but further to the right it missed seven shocks before
responding to every one. Potential 2 responded to these seven shocks
end it must be inferrecd that where alternation is occuming the axon
witn the lower threshold is responding to every shock and the one with
the higher threshold to every other shock. There is no reason to
believe that they are both firing alternately. If this were so, the
size ratio would be different and when a number of axons were involved
the record would become very much more complex and probably erratic.
Also, the alternation occurs at an intensity higher than that at which
the axon witn the lower threshold responded to every shock.

Record 1 shows alternation of potential 5 and then constant
response to every shock. J is taken from the same record 47 secs.
later and shows that there is practically no increase of the potential

size and also no appreciable fatigue.
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Not only can electrical Tacilitation not be demonstrated but the
contraction itself does not display facilitation. This can be shown
by mechanical recording in the following type of experiment. After a
stimulus at say, 20 shocks per sec. for about 5 secs. the stimulus is
turned off so that the muscle relaxes. It 1s then immediately turned
on asadin and the rate and tension of the second contraction compared with
that of the first. If facilitation were at all marked it would reflect
in the greater rate of rise of the seccond contraction. With maxiwmal
stimulus this is never the case. Only rarely when the thresholds of
the other axons are widely separated, can they be tested in this fashion.
Hence it has been possible to test only the contractions assoclated
with the third and fourth potentials. No sign of facilitation has Dbeen
Tound. As these contractions result from stimulation of more than one
axon 1t cannot be concluded that mechanical facilitabion does not
occur in the smaller contraction types.

Although the histological studies show either one or two axons
innervating the metathoracic depressor tibia, only one large complex
potential can be obtained. Neilther variations of frequency, intensity,
pulse duration ncor various maltreatment of the nerve aave succeeded
in separating potentials or contraction types, if indeed more than
one exists. The functions of the second and possibly third axons are
not known. In reflex preparations activity in the jump muscle wmay be
elicited by tapping the abdomen. One to three large potentials usually
result and are followed by a characteristic fast extension of the tibia.
The reflexly obtained potentials have the same general form as those
elicited by electrical stimulation of the nerve aithough they show

more variability (Fig. 15). Changes in the amplitude and exact shape
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of the last phase of the potentials are usually observed. This could
be due to a second smaller potential elicited at higher threshold but
the very erratic naturc wakco it ccem improbable. The variability ic
nore likely due to Tatigue of muscle Ffibres and changes in fluid
distribution during contraction. In reflex preparations the second
potential of a pair is Frequently, but not invariably larger and of
shorter duration than the first. The change in amplitude could be due
to fluid changes causing increased resistance but the shorter duration
15 not easily explained. It may represent some facilitatory process in
the system. Unfortunately there is a large sensory component in the
nerve s0 that reflex responses from it show many potentials. However, in
all cases the muscle potentials are preceded by very large single
axon potentials vwhich are easily distingulished from the background of
smaller potentials. These must be from the axon responsible for the
fast contraction. It is not possible to determine whether there are
smaller axons also responding. Fig. 15 shows a selection of
reflex and slimulablon responses. The general simllarity of the
electrical events elicited in the <wo ways 1s apparent. Records 1 and
2 were made from the same preparation but differences in placement of
the recording clcocectrodes after scvcr?:_ng the ncrve arc probably rcsponsible
for the slight differences in the responses. The sweep speed in record 2
is faster. In other preparations the potentials were almost identical.
Muscle potentials elicited by stimulation show that the first of a
series is only occasionally smaller than those following. The second
potential is always of maximum size.

With different preparations there ie wide variation in the exact

shape of the depressor muscle potentials although they all have the same



Fig. 15. Reflex nerve and muscle responses from the metathoracic 1limb.
1. Muscle {upper) and nerve (lower) potentials from the depressor

tibia elicited by touching abdomen. Sweep for both beams is common,
Amplification of lower beam is much higher than upper. Note large nerve
potentials preceding muscle potentials and also larger size and shorier
duraticn of second muscle potential. 2. A single wmuscle potential

from the same preparation elicited by electrical stimulation of the
nerve. Sweep speed faster than in 1. 3, 4 and 5. Muscular potentials
from the levator tibia elicited by tapping the head. Amplification and
sweep speed is the same in all cases. Note the different sizes and
shapes of the potentials. 6. Time record, 60 c.p.s. 7 and 8. Nerve
(lover) and muscle (upper) potentials from the levator tibia elicited Dy
a Jjet o alr directed at the head. Amplification of nerve potentials is
much higher than is that of muscle potentials. Note summation of dif-
ferent potential types and complexity of nerve response. 9. Time
record, 60 c.p.s.



complex triphasic shape. Continuous records show ciearly the all-or-none
nature of the response and the lack of facilitation (Fig. 16). In
these records the intensity of stimulation was increased from a sub-
threshold value during the record. Only the beginning of each record
ie shown. The corresponding contractions of the muscle appear above.
Pew records have been made from the tarsal wmuscles. With stimulation
of" the nerve in the thorax or femoro-tibial articulation, the levatcr
tarsus shows at least four potential types and probably a fifth.
Mechanical recording is difficult with this small wmuscle. Microscopical
observations of the apocemal end show four distinct contraction types.
The muscle responds to every shock with a twitch and no Ffacilitation is

videnl., Fuslow [regueacy ls lower than Tor the tiblal muscles and the

a

rate of development of tension is slower. All the potentials are
distinctly wmeonophasic. Ko evidence exists for slow contractions
altnough complete correlation of cleectrical and wmcchanical events has
not been made. The depressor tarsus corresponds closely to the levator
both in potential types and contractions. If anything it is sowmewhat
sLlower in contraction. Five potential types and fowr contraction steps

have been observed.

d. Analysis of neural and muscular electrical events.

In recordings from the main nerve branch to the levator tibia
it has not been possible to distinguish the individual motor axon
potentials associated with the contraction types. In the case of
the depressor tibia one large axon potential is correlated with the
twitch contraction. Judging from the motor axon dlameters, their
conduction velocities asre probably the highest, their threshold lowest

and their potentials largest. Antidromic potentials in the sensory
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Fig. 16. Mechanical and electrical responses of the metathoracic
depressor tibia to increasing intensity of stimulation. Muscle
records are isometric and correspond to the three electrical records
below. Numerals indicate frequency of the stimulus. Time marks -
tenths of a sec. Oanly the beginning of each record is shown. Note
lack ol Tacllitation. Last record shows ratigue.



axons are probably smaller and slower. With the sudden appearance of
each muscle potential type there is also a sudden increase in the size
of the complex nerve potential, indicating that at least one wmotor
axon is assocliated with each contractlon type.

In an isolated nerve suspended on four electrodes (two stimulating
erectrodes close together and two recording electrodes about 1 cm.
apart) Lhe action potentlal shows Lthe characteristic negatlive deflectlion
at the electrodes so that a diphasic potential results. In the intact
animal the nerve freguently gives rise to an initial positive deflection
due to the complex lecading-off conditionc. Crushing the ncorve betwee
the electrodes results in a monophasic potential of negative sign. To
determine conduction velocities and latencies within the nerve,
experiments were performed with the nerve chawber described in an
earlier sectlon. As the strength of the stimulus is Inereased from
below threshold, a series of potentials with different conduction
velocities appear. At threshold for a particular axon the latency is
variable and single nerve potentials are seen far to the right of their
definitive position. The delayec latency observed with muscle potentilals
is due to nerve latency and not to Jjunctional or muscular effects.

Also the alternation of muscle potentiails is due to effects in the
nerve. With maximal stimulation of the isolated nerve preparation a
complex plcture of summated potentials Is observed. Conduction velocity
was measured between diphasic lead-off electrodes a known distance

gapart aud a known distance from the stinmulating electrodes. Stimulating
electrodes were less than 1 mm. apart and the negative one was wore
peripheral. The nerve trunk of the wetathoracic limb was used and

results from one typical experiment will be quoted.
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In the firet inctancce the near rocording clectrode was 12 mm.
from the stimulating electrodes and the rscording electrodes were 17 mu.
apart. The largest peak of the complex potential takes 4.8 millisec.
to travel the 17 mm. hetween electrodes but subsidiary peaks take Ifrom
4 to 8 millisec. The conduction velocity therefore varies between
h.25 and 2.1 m/sec. The lower figure is probably that for the anti-
dromic ‘mpulses in the sensory axons. After these measurements were
made the electrodes were moved closer to the central end of the nerve
and the experiment repeated. The distances of the near and far
electrodes from the negative stimulating electrode were 3.5 and 16 mm.
respectively. To travel the 12.5 wmm. between the electrodes the
potentials took 2.3-3.8 millisec. with the largest peak taking
2.5 millisec. The conduction velocity In this more central portion of
the nerve trunk varies therefore between 5.5 and 3.3 m/sec. with the
peak at 5 m/sec. Apparently as the nerve and axons gel Lhilaper the
conduction velocity drops off markedly.

Estimates can ve made for the latent period of nervous excltation.
In cases where only one or two axon potentiale are elicited, one can
calculate the time taken in conduction between the stimulating electrodes
and the first recording electrode. By measurement, the time taken for
the nerve potentials to appear at the near electrode is known. By
subtraction then, the time in excess of the calculated conduction time
for an axon potential, is the latent period of excitation. Over 12.5
mm. the potential in auestion has a wmean velocity of 5.5 m/sec. To
travel from the negative stimulating electrode 3.5 mm. to the first
recording electrode will take it 0.64 willisec. The measured time

for the appearance o the potential is 1.2 millisec. Therefore the
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latent period is approximaiely C.5 millisec. These calculations are

only approximate as the short lengths of nerve cannot be measured
accurately and the time wmeasurement is correct only to about 0.2 millisecc.
From other records similar results have been obbtained. The values for

tte latency range from 0.3-0.7 millisec.

Tne latency of the nuscle potential cannot be measured directly as
corcuction velocity in the nerve has to be taken into account. Con-
duction velocity in the fine intra-muscular nerve twigs has not been
measured but it must be less than 3 m/sec. With one electrode on the
trochantin and the other 5 mm. along the femur, nerve and muscle
potentials of the levator have been recorded. The point 5 mm. along
tre femur is the point where the nerve first branches to the muscle
and 1t 1s reasonable to assume that the muscle potential originates
trhere. The time between nerve and muscle potentials is 2 wmillisec.
Assuming a conductlon velocity of 3 m/sec. Tor the nerve twigs, the
nerve potential will take at least ».6 millisec. to reach the termina-
tions, leaving a figure of 0.4 millisec. for neuromuscular delay. This
figure of 0.4 millisec. can only ve considered as a First approximation.

With one electrode on the trochantin and the other an exploring
electrode moving dowrn the fewmur, no increase is observed in the time
vetween stimulus artifact and nerve porential or between nerve potential
and the onset of muscle potential. However & change 1s seen in the
temporal relations of the final phases of the muscle potential. This
means that the electrode on the trochantin is the active cne at leas
for the nerve potential and the initial phase of the wmuscle potentiais.
When the vosition is reversed and a static electrode is placed on the

femoro~tibial articulation and the exploring electrode moved towards It
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from the trochantin, the onset of the potentials still shows no increased
latency although phase relations are altered and the wmuscle potential
peaks shovw a decided shift to the left. The nerve potential cannot be

t is led-off not under the

Fte

used as a reference point in this case as
exploring electrode but from the point of entry of the nerve into the
femur. Assuming that myo-neural delay is the same throughout the

muscle and that the peak of the muscle potential represents maximum
activity under the exvloring electrode, then the conduction velocity

along the length o the muscle can be esbimated. The estimate will be
extremely rough as the peak of the potential 1s nct a good reference

point. From a number of records made at different points along the

muscle, the velocity was caleculated ag = m/cce.

The duratior o a maximum potential <n the metatnoracic levator
tibia varies from 9-14 millisec. The minimum potential has a duration
of only 6-7 millisec. and reaches a peak in 2 millisec. From the
reflex preparations (Fig. 15) where single potentials can be distinguished,
the duratvion is approximately 12 millisec. for the 5th. potential alone.
In the depressor of the third limb the nuscle potential appears someswhat
later than the levator potentials. Tn a double muscle oreparation the
depressor potential is evoked ak higher threshold than the levator
votentials and it appears as a very large triphasic spike after almost
complete decline of the levator potentials. Having made an estimate
for conduction time to the depressor muscle, the calculated myo-neural
delay lies betweer 2.5 and 4 millisec. uniess the nerve conduction is
much slower than was estimated. This may be possible as the axons to
this muscle have cxtremely thick shealhs and the terminal branches are

very fine. The duration of the depressor potential is 1L-18 millisec.

and 1t reaches a peak in 5 wmillisecc.



Fig. 17 shows a series of potentials from the metathoracic levator
tibla. An exploratory electrode was moved in one case distally and
in the other proximally. The fixed electrode was on the coxa in the
first case and on the distal end of the femur in the second. The
potential in all cases was maximal. An elaborate phase shift is shown
but the onset of muscular and nerve potentials is not altered with
progression of the electrode along the muscle. Thus conduction time
in the intra-muscular nerve twigs is not recorded. With a conduction
velocity of 4 m/sec. it would take the nerve potential at least 7
millisec. to traverse the length of the femur. As the records show no
such delay we must assume that the leading-off conditions are such
that the nerve potential is always led off from close to its point of
entry into the femur. The whole question of the leading-off conditions
1s very complicated. The chitinous attachment ard the tracheal system
may play a large part and the complicated arrangement of muscle fibres
in bundies which splay out serially from the central apodeme makes
interpretation impossible. Muscle potentials led off under these
conditions usually have an initial positive sign but this is quite
capricious and depends not only on the placement of the electrodes but
on a number of unkrown factors whick may cause reversal of the potential
slgn during an experiment. Even the nerve potential appears to be
positive under these conditious.

Consider Fig. 17. The muscle potenzial must originate at the
point K where the nerve first innervates tae nuscle. Due to the
recurrent branches, the muscle potential and the contraction must
spread in both directions from this point. When the exploratory

electrode is on one or the other side of this point, i.e. in



- 120 -

T s eN

L]

=6

=7

Fig. 17. Muscle potentials in the metathoracic levator tibia with
varions positions of the rsecording electrodes. Left column Maximum
potentials recorded with one electrode fixed at position 7 on femur and
the other electrode at successive points 6, 5, L, 3, 2 and 1. Centre -
The femur with the nerve, levator muscle and apodeme. Numerals 1-7
represent small holes in the exoskeleton through which electrodes made
contact with the wmuscle. Point N is where the muscle is first in-
nervated. Right column - Potentiale rccorded with the static electrodes
at position 1 and the exploring electrode at successive points 2-7 ou
the femur. Time calibration in millisecs. Note the constancy of the
time of omnsct of the potentials and in the righthand column, bLhe sbill
of their peaks to the left. Vertical lines have been drawn through the
potentials as an aid to comparison.
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positions 5 or 6, the initial sign of the potential changes. This

shows that the active electrode is not the same in koth cases. With
lead 7-6 (left vertical row in Fig. L() the impulse starts at point N
which, because of the leading-off conditions, becomes positive to the
rest of the liwb. As nerve conduction carries the excitation towards
cloetrode 7, electrode € is Ffirst encounlered and Ll becoues pusillve

to 7. As the excitation reaches point 7 this electrode becomes positive
o electrode 6. Thus a diphasic potential is recorded. With lead 7-5,
one electrode is on each side of the active region which ie epreading

in both directions. ZElectrode 7 is first affected and becowes positive.
The larger activity in the rest of the muscle is delayed due to the
rerve conduction time and is recorded a little later at 5. As the
recording electrode is moved further down the limb go the relative

sizes of the potential recorded at both the electrodes varies. Elec-
trode 7 recelves the activity first except when the other electrode

is between it and the active site. This accounts for the very slight
shift to the right of the cnset of the potential recorded at lead 7-6.
The line of reasoning used for the 7-1 series of potentials may be
applied to the 1-7 series (right vertical row in Fig. 17). The lack

of delay 1in the onset of the potential as the exploring electrode

moves nearer to the tip of the femur must be due to the initial activity
being led off near to the proximal end of the femur and conducted
non-physioclogically by soume exoskeletal structure. The first part of
the positive deflection is due to activity at point N. A complex
relationship must exist between physiologically and non-physiologically

conducted electrical events.
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In the levator muscle the different potential types appear to be
essentlally monophasic but this is deceptive., Differences in the
duration and latezucy put thewm slightly oul of phase so bual Zur
example, a large negative phase of potential 5 is cancelled by the slower
positive peak of potential 4 so that the resultant complex potential
arpears monophasic. 1In reflex records, when they are simple enough,
the diphasicity of certain potentials can be seen (Fig. 15). Also whken
a potential is delayed by threshold stimulation its shape and size
differs from that of the complex superimposed potentials. With this as
a baslis 1t 1is possible to obtain at least a rough estimate of the
individual potentials by subtraciing from each complex potential all
those on wnich it is superiuposed. This type of algebraic subtraction
assumes that the various potentials sum as though they were connected
in series. This is not strictly correct, as was pointed out earlier.

An analysis made on this basls is presented in Pig. 18. I% is seen
that all the potentials are somewhat diphasic out the most striking
Cifference is between potentials b and 5. It immediately sug

/

gests
that U is a local potential and 5 is conducted. However, the multi-
terminal innervation, the initial positive sign of the potential, the
large size of the potential and the general inexplicability of the
rasults in ferms of conducted potentials are some of the facts
indicating that conduction of potentials in the length of the fibre
does not occur. Without complete isolation of the muscle from the
exoskeleton further analysis is not possible. Witk the fan-shaped
nuscles such isolation is manifestly impossible because of the numerous
separate origins of the fibre bundlies. Isalated nerve hranches vplus

a single, or even a small bundle of parallel fibres, the two ends of
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SUPERIMPOSED
POTENTIALS

Fig. 18. The individual muscle potentials from the levator tibia of

the third limb. The potentials 1-6 shown on the left correspcad to

the contraction types 1-6. Each one was derived by subtraction. For
example, of the superimposed recorded potentials on the right, potentlial
L was subtractec Ifrom potential %, and potential 5 from potential 6, ete.
These derived potentials can be considersd only as a first rough
approximation.
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which are not connected by chitin, would answer some of the problems.
2uch a preparation has not yet been developed but is by no means
lmpossible.

The long refractory period of the insect myo-neural preparatione
nas been mentioned both by Roeder (31) and by Ripley and Ewer (57).
Voskressenskaya (56) observed the phenomenon but did not appreciate
its cause. Preliminary experiments have shown that in the sphinx
woth, Celerio, the longitudinal flight muscles together with their
lnnervation can be isolated. Mechanical and electrical records of
the muscle action were made under various conditions. I° the rerve
stimuius strength is only very slightly in excess of threshold, the
muscle follows the stimulation freguency up to about 35 per sec.

At higher frequencies the nuscle will still respond at this basic

rate which is approximately the same as that recorded during free

flight. The refractoriness lies in the nerve, as is showrn by the

fact that increasing the stimulus slightly, allows the system to Follow

to a higher frequency. Apparently the axons can be induced %o respond to
shocks falling in the relative refractory period if the intensity is
sufficiently high.

The samc phcenomcnon may be observed in isolated nerve and in
neuromuscular preparations of Romalea. In the metathoracic levator
tibia, potential types 3-6 exhibit skipping of shocks at frequencies
over 15-20 per sec. If the intensity is increased all the axors can
be induced to follow the frequency of stimulation up to about 7O per
sec. Above this frequency, responses 4 and 5 cannot be driven althouch
responses 1-3 will follow to about 150 per sec. In the isolated nerve
the same type of phenomenon may be observed but it is not known which

axons were respondling. It appears then that the rslatlve refractory



period may be as long as 50 millisec. and absolute refraction varies
“rom 7 to 1h millisec.

This is confirmed to a certain extent by muscle potentials recorded
from anluals subjected bo extreme relflex stlmulatlion such as burnlng
or pinching. Of any one potential type, the highest reflex frequency
ever recorded is about 150-175 per sec. The large potential 5 of the
levator and the single potential type of the deprecsor appear to have a
maximum rate around 40-50 per sec. This latter figure is surprising
as stimulation studies show that maximel tension is develcped at about
80 shocks per sec. Either the observed reflex responses were not
maximal or there 1s some physiological limiting mechanism which cculd
concelivably be the relative refractory period of the axons.

A third type of confirmation has come from experiments involving
pairs of shocks. Each shock of a palir was individually adjusted so
that it resulted in a response to every stimulus at very low frequency.
The nerve was then stimulated with both shocks separated by various
intervals of time. In the depressor tibia only one action potential results,
provided the shocks are separated by less than 25 millisec. With a
longer time between the shocks itwo potentials arise and show no
sumration as the duration of each potential is only about 15 millisec.
The nerve potentials show the same long refractory veriod. If the
shocks of a pair are increased in intensity to well above the threshold
then each will elicit a muscle potentia. when they are separated by
only 10-15 millisec. This indicates that the relative refractory
period is about 25 millisecs. and the absolute refractory period
about 10 millisec. The observations are irn extreme coatrast to those on
vertebrate axons where the dimensions of the refractory periods are much

smalier.
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As no drug is konown which gpecifieally blocks nerve terminations
in insect muscle, the only method by which denervated muscle can be
studied is by severing and allowing the nerve to degenerate. Roeder
and Weiant (31) have shown that in the cockroach, degencration is
complete five days after the operation and that the muscle is electrically
inexcitable. An operation was devised so that the nerve trunk to one

ot the metathoracic limbs in Schistocerca could be severed. A small

Tlap of tissue above the metathoracic ganglion was loosened after
swabbing the venter with alcohol. Surgical sterility was maintained as
far as possible. After reflexing the flap which is about 1 sq. mm. in
area, a hooked needle was inserted and the nerve Lifted to the surface.
Extreme care was taken to avold damaging salivary glands, trachea or
nalpignian tubules. Damage to any of these organs seriocusly affects
survival of the locust. After severing or crushing the nerve it

was then pushed back into position, the flap of chitin returned to its

a3

place and the wound sealed with a thin layer of low melting-point
paraZfin. Experience some years ago had shown that limbs treated in
this wise dry progressively from the tarsus upwards. This can be
vrevented by exercising them. The tarsus of the denervated limb was
thererTore tied to that of the sound leg so that the active leg exercises
the immobile ore. Some animals treated in this way were still in

goed condition 50 dayes after the operation.

Six animals were operated on in this wanner and were killed at
various intervals after the operation. 1In none of them was the region
around the oporated site infected or congested. The animals were made
ready Tor testing by preparing both metathoracic limbs and their nervesg

in the usual way except that the tibia was not removed as it was necessary



to observe all the muscles. The first animal was prepared 1k, and

the last one 50 days after the operation. Particular sttention was
paild to the appearance of the nerve and muscles on the operated side.
The electrical and mechanical responses of the muscles of control and
experimental liwmbs were then compared.

In all cases the nerve and muscles on the operated side appeared
completely normal. No significant differences existed between threshold
intersity, frequency response, muscular streangth, fatigue or action
votentials of the two limbs. A very slight degeneration of the nerve
could be seer at the point where it had been crushed or severed.

There was no sign ¢f regeneration. Wiersma (unpublished data)

observed that there was no degeneratiorn of peripheral axons in the
crayllish, Cauwbarus, Lhree woallls alter severlng the acerve,and responses
07 the muscles were normal. Tt is not known why there is so wmuch

aifference in degeneration rates between Periplaneta and Schistocerca

but the possibility of infection in the Former must be considered.



IV. DISCUSSTON

Insect muscle appears to be innervaised in much the same way as
crustacean muscle. Histological data from eariy anatomical studies
have skown that there is wmultiterminal innervation of the muscle Tibres
(L, 5, 11, 1k4), and as many as 9 terminations of the nerve have been
observed over one willimeter of a single muscle fibre. There ig some
histological evidence for di- wod yuadruplotomlce innervation (5, 21),
but this cannot be considered as conclusive. Physiological studies by
Rijlant (24} and Pringle (27) left little doubt that at least double
lnnervation occurs and Pringle suggested that each axon innervated all
the muscle fibres althougk the evidence was not conclusive. Frowm this
study of Romalea, both histological and physiological evidence show
corclusively that there is multiple innervation, and at least six con-
traction types can be distinguished in the metathcracic levator tibia
muscle. Individual bundles of wuscie Tibres receive identical numbers of
axong. Wiherever the nerve branches, the number of motor axons is the
same, even in very fine branches. The final distribution of each axorn tc
the individual muscle Fibres has not been observed but it seems highly
probable that each muscle Tibre receives wany branches of eack axon.
Whether or not the same maximum tensiorn can e obtained by stimulation
of" each axon is not known. Such data will not be available until a
satisfactory method 1s devised for separating the individual axons.
Even when this can be done unequivocal conclusions as to She innervation
of all the fiores by every axon may not be possible.

I Pringle Is correct in concluding that in the cockroach extensor
tibla, arl the muscle fibres are innervated by the 2 motor axons, the

same type of arrangement almost certeirly occurs in Romales, . Pringle made



©o histological study of the innervaticn but the physiological observa-

tions on Romalea are strongly supported by histological data. The

strengthe of the maximal contraction in the levator and depressor tibia
are so nearly equivalent. to that of maximally contracting vertebrate
ruscle that it seems improbable that only some of the muscle fibres

would be active. Of course, if there is really but a single functional
fast system in the depressor then each fibre is obvicusly innervated

by the same axon. All the data for Romalea are in complete agreement with
the concept of inmervation of every umuscle fibre by each of the several
axons.

There appears to be a very close correspondence between the
crustacean and insect efferent innervation of muscle. Crustacean
innervation data presented in Part I of this thesis show four motor
axons in the main Jlexor nmuscle. This appears to be of general
occurrence at least in the higher Crustacea. wvan Harreveld and Wiersma
(65) have shown that these axons produce a series of graded contractions
in the muscle. In Romalea the position in all the tibial muscies,
except thé depressor tibia of the third limb, i1s very similar. The
latter muscle is apparently specialized for leaping and seems to lack
the small contraction systems Tound in the other muscles. The histological
data suggest that it has at least a double innervation. This could
easlly have been missed in the physiolc:ical study, despite the special
scrutiny that was devoted to it. However, not even in reflex activity
has & secord contraction type ever been cbserved and were it not for
the doubt aroused by the histological data and the observations on the
cockroach, 1t would be concluded thast there was out a single innervation.

Of" course, the two axons observed may be brarches of the same parent axon
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before it leaves the nerve trunk and there is some reason for velieving
this to be so.

On the other hand, there remains the puzzling observation that a
walking grasshopper apparently exhibits a slow, smooth contraction of the
depresscr which cannot be gttributed to activity of the fast systen.

Some preliminary experiments with the animal indicate that in walking,
the front pair of limbs pull the animal along, the second pair both
pul. and push, and the third palr do not push at all, except in Jumping.
Graded tension in the metathoracic levator could adjust the position of
the tibla so that it would act much as does a crutch used by a lame
person. Experiments are planned to test this further.

Data strongly suggest that there is a seventh axon innervating
the levator, and a second or third irnervating the depressor tibia.

The mesotanoracic levator tibia was not studied histologically but from
physiological evidence it appears to have an innervation identical with
that of the metathoracic levator. In only one case was a seventh
muscle potential observed and it was of & doubtful nature. The
possibility of inhipitory innervation Is therefore suggested. In the
Crustaces, the actlion of inhibitory axons vary greatly in the effect
they have on different contraction types and in different muscles. In
general, the fast systems cannot be inhibited, or if they can, the

Rc ratio is very higk. As most of the contraction types in Romalea muscle
belong in the fast category, it follows that the action of an inhibitor
could have been missed. In the case of the first slow contraction
type, which one might suspect of being easily inhibited, the inhibitory
axon could aga'n have been overlooked if its threshold was high. The

fact that contraction type 1 shows appreciable tension only at high



frequency might indeed suggest that 1t is always irhibited during
electrical stimulation. Similarly, in the depressor there may be
triplotomic innervation; one inhibitor, cne slow and one fast axon.

Only tane Tast 1s observed as lLhe slow coantraction and 1ts action
potentials are always inhibited. Inhibition has never been conclusively
demonstrated in insects as axons cannot e stimulated individuwally.
Although there ars axons in Romalea muscle which are not accounted

for, no conclusion can vbe drawn with respect to irhibition.

The general conclusion to which one is forced is that the wyo-
neural picture ir Romalea is almost identical to that in crustacean liumb
muscles. In view of the close phylogenetic relationship of the two
sub-phyla this is not surprising. In the non-speclalized liwmb muscles
each muscle fibre is innervated numerous times by at least six motor
axons and probably by a seventh which is of unknown function. The
axon terminations are close together, there being at least 1-2 endings
of each axon per millimeter over the whole length of the muscle fibre.
Axon terminations orobably penstrate the sarcolemma and from evidence
presented by Hilton (11) and others, the intra-fibre axon brarches are
distribused more or less evenly throughout the sarcoplasm at the innerva-
tion focus. ‘lhus there would be & Talirly continuous feltwork ol slx
different sorts of axon terminations within the fibre. In interpreting
the events ir a muscle fibre during various types of contraction, the
close proximity of these terminals to one another wust not be lost to
sight.

The interesting, although incowplete, data on Celerio which were
briefly mentioned previously, indicates that in the flight muscles there

is also a multiple innervation. With this wmuscle however, there does not
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appear to be a symmetrical distribution of the nerve endings. By
observing the exposed muscle surface, the smallest contraction elicited
at the lLowest stimulus intensity seems to involve only the distal one
fourth of the fibre length. The next larger contraction involves half
the fivore, the third, three quarters and the fourth,the whole fibre. This
suggests that each axon ilnnervates either progressively more of each
fibre or a discrete section of the fibre. Another interesting feature
which may be wmentiored in passing is that with electric stimulation of
the nerve, an incomplete tetanus can be elicited which is never as
powerful as that observed at the same frequency with a reflex preparation
of the single muscle. Only if pairs of shocks are applied to the nerve
can the reflex tension be approacaed. Nhow the refractory periods of the
axons are too long to permit repetitive discharge in high frequency
bursts in each axon. Thus the observations might indicate that the
Tour axons are firing sequentially during each twitch contraction in
normal flight. In order to overcome the disadvantage of the long
refractory period, the moth way have resorted to a series of impulses in
dlfferent axous which Ilnnervate the same muscle Tibres. For the moment
this can only be considered as speculative.

Although the innervation of Romalea is anatomically very similar
to that of many crustacean muscles, the functions of each axon and the
characteristics of each contraction type differ somewhat from those
of the Crustacea. Both Pringle (27) and Rosder and Weiant (31) present
data whichare very akio Lo Lhal obtalned with certain fast systems in
Crustacea. The muscle responds to a single shock with a large, fast
twitch in an all-or-none fashion. With a series of shocks the responses

fuse and produce a higher tension. The assoclated potentials do not
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exhibit any marked facilitation and appear to be maximal.. OFf zhe six
contraction types demonstrated in Romalea, four fall invo this category.

e

These are contractions 2-5 of the levator tibia. In the depressor
tibla of the third limb the single contraction type is also fast, as are
most of the types showr for the depressors and levators of the first

and second limbs. However, the Zast contraction systems are of graded

sizes in any Llimb muscle of Romalea. This multiplicity of fast

e}

contractions has been observed neither with Insecta nor with Crustacea
although Pringle'’s innervation waps indicate that there is more than one
Fast axon to some of the muscles in the cockroach. TIn the flexors of
certain Crustaces there ars several quasi-fast systems but there appears
to be an alwost conllouvus gradallon belween the characteristic fast
and slow types.

In neither mechanical nor in electbrical recordirgs have any data
been obtained which show the presence of facilitation. The contraction
type 1 approaches very closely to the slow system in the cockroach
depressor but it is probably best termed a quasi-slow contraction as there
is no facilitation of action potentials altrough the contraction is
slow developing, and has a very low fusion frequency. The 6th. con-
traction, from what little is known of it, appears to be a quasi-fast
contraction. Although it responds with twitches at very low frequeuncy
the contraction becomes either smooth, or almost so, at a frequency of
10 per second, whereas the typical fast systems in Romalea have very
pronounced clonic contraction up to at least 2C per second and the
fusion frequency is at about €0 shocks per second. The possible occurrence
o inhibiztion must again not be overlooked. Its activity might account

3

for faiiure tc observe muscle potential facilitation. The rate of
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fatigue may also obscure facilitation although in Fresh vreparations
stimulated at moderate frequency this seems improbable.
In consicdering the way in which the animal wmight use the various
contraction types, two facts should be emphasized. Previous mention
vas made of the peculiarities of the femoro-tibial articulation. Although
the directly recorded isometric contraction may show discrete twitches
of a constant size, these tensions, when transferred to the tibia by
way of the articulation, way have quite different characteristics.
Not cniy will they ve damped to a certain extent so that the contraction
appears smoother, but they are capable of moving the tibia over an
increasing arc. Thus individual twitches would be observed as an almost
smooth contractior flexing the tibie and not causing it to exhibit a
series of twitches while being almost static with respect to the femur.
From reflex preparations, data on the freguency of discharge of
the various contraction types indicate that in normal movement a Ffairly
high frequency of activity is exhibited by contraction types 2 and 3,
resulting ir a small contraction which can be speeded up and strengthened
oy the interjection of activity in axons 4 and 5. Ir moderate contractions,
axons L and 5 discharge at a Llow frequency, whereas iIn the fastest
contractions, types 4 and 5 may be the only acstive systems. The
maximum Treguency of their potentials does not exceed about 50 per
second. Whether contracticn types 1 and 6 are associated with the
tonlc posture maintaining mechanism 1s not known.
Little can be added to what s already been said about the electrical
events in the muscle. Roeder's interpretation of data “rom the cock-
roack fits in well with the observations on Romalea. Both he, Wiersma and

Wright (66) and Katz and Kuffler (67) have pointed out the complexity of



the leading off conaltions of invertebrate muscle in situ and have
offered an explanation for the positive polarity observed. Roeder
observed only positive monophasic potentials and, in agreement with
Wiersma, concludes that the negativity associated with the depolariza-
tion of the muscle membrane 1s limited to the side of the fibres away
Irom the leading o't electrodes. '[his would tend to wake the chitinous
attachment and the inactive portions of the muscle act as a source, and
anence activity is recorded as & positive deflection. Roeder and

Welant suggested that the muscle bundles mlght all be Ilnnervated from
thelr inner faces. thus producing a core of negativity during activity.
Tne histological eviderce from Romalea lends further weignt to this

ostulate as the wajorily of cerve endlings are Lowards Ll cealre of

o
¢

the muscle burndles. The diphasiclty has been accounted for by nervcus
conduction of the excitation over the length of these long wmuscles.

It is more difficult to explain the wmonophasicity of potential L
and the diphasicity of potential 5 on such a basis. Ir view of the fact
that the small potentials 1, 2, 3 and 6 also appear tc be diphasic, this
is even more confusing. It is possible, although extremely iwmprobable,
that potential four is a complex potential resulting from two axons with
the same threshold. Thus phase differences in two such potentials might
account. for the observed monophasicity. On the other hand, potential
4 may represent a local potential on one side of the muscle fibres and
the other potentials may be conducted, not in the length of the wuscle,
but around the cilrcumference ol the fibres at each locus of innervation.
In this way an electrode on the side of the muscle might Jirst register
a positive potential while the depolarization was on the inside of the

muscle bundles, and then a negative deflection as the depolarization
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reached the outside of the bundles. Longitudinal membrane conduction
would be prevented by the numerous innervation sites.

The position is so complicated by the geometry of the muscle, the
speeds of conduction in the various axons and the possible variation in
the delay at their terminations, that further speculation is not
profitable. There is a great need for a myo-neural preparation in which
these many possibilities may be studied without the numerous extraneous
influences which meke further interpretation of data from the whole
muscle impossible. With our present concept of the nature of the
innervation along each of these wuscle fibres it is not possible to
entertain the notion of wmuscle potentials conducted in the length of
the Tibres by an agency other than the axons. In addition the potentials
are Tar too large and thelr sign is always initially positive. This
in itself almost ceriainly precludes the possibility of propagated
muscle potentials. Katz arnd Kuffler (67) have expressed the opinion
that local potentials {negative at the site of innervation) reach a
certain size and then give rise to a potential propagated in the lengtn
of the Tibre. Many objections carn be levelled at this work, but if one
assumes only that large local pctentials occurring at one nerve ending
can, at a certain critical value, stimulate the intra- aud/or inter-
fibre axon branches, 1t is possible to explain their results on the
basis of the concept of local potentials and nerve conduction of
excltation throughout the muscle. 7The possibility of preparing an
innervated single muscle fibre in the Crustacea appears bleak because
of anatomical details of the innervation. In the grasshopper, nowever,
there is sufficient difference in Innervation so that the chanceg are
much better. Some of the small tibial flags of the depressor pretarsus,

together with their double axon supply, may answer tais demand.
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Pringle has cxpressced the view that both slow and fast axons
cause maximal contraction of single muscle fibres and that the observed
facilitation of slow potentials and gradual development of tension in
whe muscle would pe due to recruitment of fibtres. This assumes the
involvement of more and more terminations of the nerve twigs and in
view of the multiterminal innervation of each fibre, it seems improbable.

3

There 1s no evidence pointing to the occurrence of either of these

two phenomena, and in Romales, the existence of a number of non-facilitating

el

Tast systems wmakes the postulate untenable unlesg there are different
categories of muscle fibres. Gradual development of contraction and

growth of action potentials can be adequately explained on tne basis

yoas ¢ endings. Thase traunswission

e 11
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process between muscle potential and contraction would cause increase
in contraction with higher frequency of stimulatiorn. Where action
potential growth accompanies increase in tension, such as with the slow
system in the cockroach extensor, local increase of the ares and the
degree of depolarization, can be envisaged. Tahe numerous different
axon terminations in the same minute area of muscle fibre might each
result in depolarization of only certain sites on the membrane so that
when all the terminals are actvive, a mosalc of independent but indis-
tinguishable sites occurs. In Romalea there appears to ove no influence
of" one contraction type on the others slthough it has not been possible
to test Luls Lully. The relalion belween these postulated sltes and
the transmission and contraction processes, must vary for each contractior
type, giving rise to differences in contraction characteristics,

fusion frequencies, fregquency response, etc. Characteristics of each

contraction type could also be imposed at the postulated transmission



process bebween nerve ilmpulse and muscle potential and by the
topographical inter-relationships of the axon terminations.

The possibility of growth of potentials and contraction being
due to decremental conduction in the extremely fine terminal twigs
of the nerves, might be considered from & speculativepoint of view.
A postulate much like that of Pringle's could then ve arrived at, with
the important difference that it is the number of axon terminations on
each muscle fibre that increases during recruitment, not tae number ol
muscle fibres, and that the action of a muscle {ibre is not all-or-none.
Microelectrode recording technioues could concelvably test such a
postulate.

Some of the problems of flight in higher insects are among the
knottiest in invertebrate neurophysiology. Thke two chiefl theories
of the action of the flight mechanism differ widely from each other but
are not entirely wmutually exciusive. A third theory can be postulated on
the results obtained by the various workers in the field, together
with certalin observations wade in this laboratory. This postulate is,
of course, of a highly speculative nature, but in a field such as that
of insect flight where the existing postulates do not encompass all
the facts, speculation may be profitable. In common with the two
extant theories the following postulate also does nct acecount for all
the observations out 1t introduces some new thoughts ard attempts some
unification of the data.

Pringle (27) has shown the existence of a small slow contraction
in the cockroach leg muscle which is associated with very swall
potentials. In Romalea the very small potentials (except the first one)

are associated with fast small twitches of the muscle. These potentials
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are very much smellcr than those associated with the maximal: twitch.
Roeder and Weiant (31) have observed a similar fast contraction. These
observations may be supporting evidence that the very small potentials
which occur in the thorax of the fly during “light are associated with
twiteh contractions (L2, 43, 51). I propose that in the longitudinal

and tergosternal muscles there are small potentials assoclated with a
quick twitch of the muscles. With the techniques which kave been used

for recording the thoracic flight potentiais, potentials from antagonistic
ruscles might well partially cancel one another as the muscles are

contracting 180° out or phase with one another. The very small flight

associated with the small potentials are very weak they might not be
adequate for flight. Furthermore, McEnroe (64) has claiwed that during
flight the tergosternal wmuscle contracts smoothly. However, it is not
certain that his recording method would have shown the swall tensions
assoclated with incomplete tetanus.

I propose that the muscle has a double innervation. This certainly
oceurs in many insect muscles, For the fly, Pringle states that there
is onlysa single axon, but his published illustration is far from con-
vincing. One of the proposed two axons would be responsible for the
small twitch contractions at the beat frequency. This tension alone is
$o0 small to bring about Tlight movements but the other axon would be
responsible for the large asynchronous potentials observed and would
cause a large, smooth contraction at low frequency. Thus in effect
two axons Firing at different frequencies, together might produce an

incomplete tetanus at the flight frequency. This is very similar to
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the relation between contraction types 5 and 6 in the levator tibia

of Romalea. The large constant tension would supply the necessary power
for the Boettiger-Furshpan 'click' mechanism. The swall twitches would
supply the slight extra tension necessary tc release the wing from the

up and down locked positions. I would also invoke the idea that the
conditions of contraction are those of quick stretch and quick release as
suggested by Boettlger and Furshpan.

In deep anaesthesia large potentials have been observed which are
rot accompanied by wing Zlapping. This Indicates that the ganglion is
acllve and the observation has proven an obstacle o the Boettiger-
Furshparn hypothesis. I suggest that flight does not occur because tne
small potentials and their associated twitches are absent. The wings
would then be fixed in cither up or down position, or possibly socue
intermediate position by action of the large contraction ard 'elick!
mechanism.

It has been argued that the very high frequency of flight precludes
reflex control. 1In the first place Pringle himself states that he has
observed reflex nicotine discharges of over 800 per second in tae large
non-specialized cockroach. In the smaller insects with more specialized
nuscles discharge frequencies may well be much higher. This, however,
accounts for only ore part of the arc. Myo-neural Junctional trans-
mission need not be considered as it can be occurring in the relaxing
phase of the muscle cycle. One might visualize a mechanisum whereby the
incoming sensory ilmpulses bear a 1:10 relation to the efferent discharges
$0 that the limited time involved would not opresent a serious problem.
Practically the whole thorax is involved in movement during flight and

an adequate number of sense corgans exists, even after amputation of the
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wings. If the muscles were functioning under high loadlng conditlons,
then amputation of half the wing would allow the muscle to contract
faster. Loading would have a direct effect on the flight wmuscles which
could be signalled by sensc organc and give rise to a higher rate of
discharge of the swall motor axon. The axon responsible for the large
potentials need not change its discnarge rate, thus accounting for the
observation that the large notential discharges do not increase as the
wing loading 1s decreased.

In many records the beginning and end of flight often show a
slow increase or decrease in amplitude of wing beat but no change in
frequency. In other records the cessation of Tlight 1s abrupt. This
has proven difficult to explaln on thne existing theories but with a
double innervation it is obviocusly easily explicable il the large
potentials give rise to a fairly slowly rising or relaxing contraction
and the rate of beat is maintained by the small twitches. During
abrupt stops the cessation of twitch activity would cause a lock of
“he wings via slow coantraction and 'click' mecharism. Phase changes in
the contractions of longltudinal and vertical Ilight muscles wmight also
account in part for the gradual decline of flapping. This thneory offers
no explanation of why the muscles cannot be electrically excited, wherein
it falls short of the Pringle-Roeder hypothesis and it shares with
the latter the lack of any explanation for Pringle's observatiorn of
sustaired oscillation of the denervated haltere muscle.

The myo-neural systems of insects show great variation in the
orders, familiss, muscles of the same animal, and even in the contraction
types in each muscle. This is hardly surprising in a sub-phylum which

is in the process of rapidly evolving, and whose members show great
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diversity of habit and habitat. The resemblance of many aspects of
insect myo-neural physiology to that ol Crustacea, bears out the
postulated close relationship of the wwo sub-phyla. However, little
ig yet known of the physiology and the great diversity of function
and anatomical arrangement gives scope for research on many of the

fundamentals of nerve and muscle activity. Some of the most baffling
Droblems are exhibited, and correlated histological anc paysiological
studies are badly needed belore even the siwmpler problems can be
approached. The occurrence of local potentials mekes the Arthropoda
o parblceularly sultable sludy objecl [or the fundemeantals ol muscular
activity and much future effort will have to ve devoted to devising

better techniques for study of the isolated bullding blocks, the axons

and single muscle fibres.
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V. SUMMARY.

1. The neuromuscular physiology of the leg muscles of the grasshopper,

Romalea microptera (Beauv.) has been studied. Certain experiments were

also performed on the locust, Schistocerca sp. Serial sections of the

metathoracic limb of Romalea were stained with Mallory's triple stain.
Reconstructions from these sections together with microdissectlion of the
limo, have resulted in detailed informaticn on the innervation and musculature.
2. The mebathoraclic levator tibila muscle has a sexo-or septuplotomic
innervation. The muscle Tivres are divided into discrete bundies walch
splay out from & central apodeme. Xack bundle receives an identical
innervation. It has not been possiovle to determine the number of axons
in the termiral nerve branckes although it appears probable that cach
muscle fibre 1s innervated wmany times by each axon. Irndividual wmuscle
fibres have at least one or two innervation sites per millimeter.

3. There remains some doubt as to the exact number of motor axons in
the metathoracic depressor tibia. Branches carrying one, two or three
axons have been observed. Individual muscle bundles may have single,
double or triple innervation.

L. pPreparations which allow simultaneous study of muscular contraclion
ard muscle and nerve potentials, have been descrived. Responses were
elicited elther reflexly or by stimulation of the main nerve trunk to
any of the sthree limbs. The nerve was exposed 1n the thorax for
stimulatior.. By leaving the tracheal system intact, muscles were kept in
excellent condition. Single muscles were studied either by removing

the other muscles of the liwb or by severing the nerve branches to the
unwanted muscles. Contractions were recorded iscometrically Irom the

apodemes of the muscles. Nerve potentials were led off from the



relevant nerve branch at its point of entry into the fewmur.

5. With one exception, the tibial and tarsal muscles of the three
limbs exhibit a number of contraction types. These have been studied
in most detail in the wmetathoracic levater tibia, but in the other
muscles they appear to be very sinmilar. By variatior of the stimulus
strength, a series of discrete contractions can ove elicited. The

first contraction type is smooth at moderate fréquency and response to
single shocks has not been observed. Its tension is only a fraction of
that of a maximal contraction at the same frequency. Contraction types
2 to 5 are of increasing size but otherwise differ little from one
another. Each respends to single shocks with twiiches of constant
tension. At wmoderate frequency incomplete tetanus occurs and tre
Ffusion frequencies vary from 50 to 7O per second at room temperature.
Maximal tensions occur between 90 and 160 per second. At frequencies
higher than this the muscle respords maximally out does not follow the
stimulus frequency. Contraction type 6 has the highest thresnold. Tt
responds to single shocks but in contrast to types 2 to 5, its fusion
frequency appears to be at about 10 per second.

6. Only one type of contraction can be observed in the metathoracic
depressor tibia although the depressors of the other limbs exhibit a
number of types. This single contraction type has properties which are
characteristic of contraction types 2 to 5 of the levator. It is
accompanied by large, complex, triphasic muscle potentials.

7. The contraction types of the mesothoracic ard metathoracic levators
tiblae could be correlated with characteristic muscle potentials. The
potentials increase in size from potential 1 to potential 5 but the

sixth potential 1s much smaller than the fifth. Each has a characteristic
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size and shape. With the leading off conditions ewmployed, the potentials
show various degrees of diphasicity and usually have an initial positive
sign. With the muscle in situ, leading off corncitions are very complex and
even the nerve potential may exhibit initial positive sign with respect to
the suppused active electrode.
8. The electrical data are compatible with the idea that excitation i1s con-
ducted over the length of each muscle Zibre, and over the whole muscle, by
the agency of the axons.
G. The relative refractory period of the nerve varies between 25 and 50
milliseconds and the absolute refractory period betweer 10 and 15 milli-
seconds. The estimated time for myo-neural delay is 0.5 milliseconds.
Nervous conduction velocity varies between 2.5 and 5.5 metres per second.
Due to the long refractoury period uf Lhe nerve, skipping of shocks occurs
around the threshold intensity. Repetitive discharge was observed only
under the most severe conditions.
10. Tn Schistocerca, the nerve to one of the metathoracic limbs was severed
under surgical conditlions and the wounds then sealed. At periods up to
50 days after the operation the nerve had not degenerated and tests showed
that the myo-neural system of the experimental 1limb was in all respects the
same as that of the control limb on the opposite side of the animal.
11. It is concluded that the leg muscles of the grasshopper are innervated
by a small number of axons, in much the same way as are crustacear muscles.
Each axon evokes a contraction of characteristic strength and speed. The vast
majority of these contraction types are non-facilitating, typically 'fast' and
the twitch to tetanus ratio for each is unity. The several axons innervating
each muscle give rise to contractions whose maximum strengths form a step-
vwise series. Neither muscle action potential facilitabtion nor peripheral

inhibition, both of which are characteristic of the decapod Crustacea, have

ever been observed 1n Romalea.
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