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ABSTRACT

Part I. Muscle Receptor Organs of the Crayfish.

Some interesting structures were discovered in the ab-
domens.of certain Crustacea by J. S. Alexandrowlcz (Quart. J.
Micr. Sci. (1951) 92: 163) and in the present study their
function was investigated. From his histological observations,
Alexandrowicz deduced that these structures would serve as
stretch receptors and his assumption was confirmed by the
present work. It was found possible to isolate the organs
and remove them from the animal. When the organs were stretched,
using a specially constructed apparatus, trains of impulses
were recorded from'the nerve supplying them. There afe two
types of receptors in each half of each abdominal segment and
the responses of each were found to differ from those of the
other. One type (RM1l) exhibited a prolonged slowly adapting
discharge in response to a constant stretch; while the other
type (RM2) adapted rapidly. The organs each consist of a
muscular strand on which end the dendrites of the nearby
sensory cell. It was shown that the muscular parts are un-
necessary for the evocation of the sensory discharge by
stretch; but that the former, by their contraction, can
. initiate impulses. The reactions of the receptors to several
drugs were tested. Acetylcholine (ACh) in concentrations
above a certain low value (10_6 g/ml.) augmented or initiated
discharge in RM1l, The effect was abolished by prevlious admini-

stration of atropine and enhanced by eserine. The discharge



accompanyling stretch was not abolished by atropine and it
was concluded that ACh probably did not serve as a mediator

of the nofmal stretch-discharge.

Part II. Excitation in Decapod Crustacean Muscles.

Several muscles iIn a number of sSpecles of decapods were
studlied using a combihation of’ two techniques. On the one
hand was the procedure for isolating and stimulafing single
motor axons; and on the other, the microelectrode method for
recording intracellularly from single muscle fibers. The
existence of two classes of responses was corroborated. The
first type, termed "junctional potentials,™ constituted the
first muscular response to nerve stimulation. These boten—
tials were found to be distributed to all parts of the
musgle fiber by the motor nerve, in corroboration of previous
evidence. The Jjunctional potentials could summate when re-
peated and upon exceeding a certain threshold of depolariza-
tlon evoked the second type of response: the spike potential.
The latter was found to have the unusual properties of being
graded and local. The spike was, however, followed’by re-

raétoriness. The distribution of motor axons ﬁo the indi-
vidual muscle fibers was also studied. Two types of muscles
- were studied in this regard: 5hose receiving two motor
axons and those recelving four. In the muscles innervated
by two axons, most muscle fibers were found to receive each

of the axons, although several eXceptions were noted. ZEach

axon evoked a response of different character in any particular



fiber; and, in addition, the size of the response ellcited

by either one of the axons varied markedly from muscle fiber
to muscle'fiber. The situation was even more complicated in
the muscles innervated by four motor axons. Fibers were found
which received only one axon, some received two, others three,
and a small number were innervated by all four. In this
muscle, then, aside from heterogeneity of response size, a
marked variation in the axon complement of individual fibers
was found. The responses evoked by different axons in a
ruscle fiber were found to summate and could thus act in con-
cert to evoke a spike. The crustacean neuromuscular apparatus
is thus a very complex reaction system and has some of the

attributes of central nervous systems.
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INTRODUCTION

Alexandrowicz (1951) has recently described organs in the abdomen and thorax of
the lobsters, Homarus vulgaris 1.. and Palinurus vulgaris L., which he considers to
be stretch receptors. Their structure is reminiscent of that of the (vertebrate)
muscle spindle. These organs are few in number and were found only in the dorsal
regions of the body. Two pairs in each of the six abdominal segments and a small
number (perhaps only four) in the thorax may constitute the animal’s entire
complement of these receptors. _

The organs of the abdomen are attended by an interesting, if complex, innerva-
tion. One of the several axons supplying each unit has its cell body in the périphery,
in close apposition to a specialized area which Alexandrowicz calls the ‘intercalated
tendinous region’. The cell sends short dendritic processes to this area and is con-
- sidered to have a sensory function; its axon would conduct impulses centripetally
in response to stretch. Also observed were fibres typical of crustacean motor axons.
They branch extensively along the muscular regions of the unit, ‘giving off
abundant ramifications ending amidst the myofibrils’. Other fibres, which seemed
to branch and innervate the tendinous region as well as the muscular areas, were
described and referred to as ‘accessory’ nerves.

It seemed of special interest to study the physiology of these crustacean receptors
in view of the physiological deductions made by Alexandrowicz and of the recent
intensive investigation of the vertebrate muscle spindle, both anatomically (Barker,
1948) and physiologically (Lecksell, 1945; Katz, 1949, 19304, b; Kuffler, Hunt &
Quilliam, 1951; Hunt & Kuffler, 19514, b; Hunt, 19520). '

Several attributes of these receptors contribute to making them more amenable
to experimentation. Unlike the vertebrate spindle, which lies within the body of
a muscle, these are separate and external organs, free from other musculature and
having only nervous conmexions. They are thus rather easily isolated and, if
necessary, removed from the animal. Carefully dissected preparations, if perfused

* Hixon Fellow.



137 Muscle receptor organs of the crayfish

occasionally with fresh solution, maintain their ability to respond to stretch for long
periods, often for over 12 hr.

The present paper aims to present a first approach to the study of some of the
reactions of these units. Several aspects of the present work will be treated in more
detail in subsequent research, but since these organs represent one of the more
casily obtained single-unit sensory preparations, and since their exposed position
allows their being bathed directly in solutions of known drug or ion concentration,
it has seemed appropriate at the present time to follow our short preliminary note
(Wiersma, Florey & Furshpan, 1952) by a more detailed description of techmque
and results.

METHODS

Most experiments were performed with the fresh-water crayfish, Cambarus clarkii
Girard, and some, as noted in the text, with the lobster, Panulirus interruptus
(Randall). Several methods of preparation have been employed. One dissection
has been found best for most purposes, however, and although similar to one given
by Alexandrowicz, it will be described in view of some anatomical dlfferences
between lobster and crayfish.

"The tergal parts of all the abdominal segments are dissected free from the rest of
the abdomen in the form of a single strip containing all the extensor musculature.
It is found convenient to hold the strip, ventral surface up, with a bulldog clamp
which can be attached with a spring clip to the side of the perfusing vessel. The
clamp is attached to the proximal end of the first abdominal tergite. Varying
amounts of the dorsal attachments of the flexor muscles remain, and these are
removed from the half-segment to be prepared. After severing the nerve branch
supplying it (Text-fig. 1, NPM), the more ventral layer of extensor musculature
(profundis lateralis and medialis) is cleared, care being exercised to cut nerve
branches which connect the thicker of the two receptor organs with the profundis
musculature. Now the superficial extensor muscles are exposed and the receptor
units can be found by carefully pulling aside the medial border of the medial
superficial muscle, which partially covers the units (Text-fig. 1, right side).
Removal of the tergal strip necessarily severs the nerve trunk which supplies the
organs, but a sufficient length of nerve remains to allow for the placement of
electrodes. If the organs are to be excised this section of nerve may be freed along
its entire length by carefully removing the remaining extensor musculature to which
it sends numerous small branches. If the units are to be left within the tergal strip,
however, only the medial and not the lateral superficial muscle is removed, as the
latter then serves to protect the units from being stretched by pull on the nerve.
This same trunk also sends at least one large branch (Text-fig. 1, NCS) dorsad to
tactile receptors in the tergum, and this branch is always cut since impulses from
these receptors otherwise confuse the recording.

To test the response to stretch, the end of the cut nerve trunk was lifted above
the surface of the perfusion solution on a micromanipulated platinum electrode.
The other electrode was immersed in the surrounding fluid or attached to the clamp
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which holds the strip. Most of the recordings were taken from organs of the second
segment. A thread was attached to the posterior part of the strip so that pull upon
it caused movement of the third segment on its articulation with the second similar
to that in natural flexion. ‘ -
After suitable amplification the impulses were led into an oscilloscope,- or in
some experiments concemned only with low-frequency response, into a power
amplifier which drove;a signal magnet writing on a two-drum kymograph. With
this device long continuous records have been easily and inexpensively obtained.
Preparations were dissected in, and perfused with, van Harreveld’s crayfish
solution (van Harreveld, 1936). Some of the preparations for testing motor response
' Anterior
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Text-fig. 1. Semi-diagrammatic drawing showing the location of the receptor organs, nerve trunk
and branches, and the extensor musculature in the crayfish. It represents a ventral view of
a section of the tergum which has been removed from the abdomen in a single strip. The
“letters denote the following structures. Extensor musculature: M5, superficialis medialis; LS,
superficialis lateralis; MP, profundis medialis; LP, profundis lateralis. . Nerve branches:
NRM, nerve to the receptors and the superficial extensor muscles; NPM, nerve to the profundis
- muscles; and NCS, nerve to the various receptors of the exoskeleton. RM, and RM, are the
-muscle receptor organs. }
were stimulated in a solution containing one and one-half times the normal amount
of potassium and no magnesium (Waterman, 1941). To study the effect of drugs on
the receptors, drops of the appropriate solutions were applied to either stretched or
unstretched preparations, and the concavity of the tergal segment served con-
veniently to retain the added solution for a short period of time. If it was desired to
have the drugs act for a longer time, the entire vessel within which the strip was
held was filled with the solution. Concentrated standard solutions of drugs were
prepared in van Harreveld crayfish solution containing no bicarbonate, and were
diluted with buffered solution prior to being used.

( Anatomy .
A short comparative study of the anatomy of the crayfish and lobster organs was
made. The anatomical data for the lobster are, for the most part, from Alexandro-
wicz; but several preparations of the California rock lobster, Panulirus interruptus
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(Randall), were made for further comparison. In preparations dissected as de-
scribed above, the two receptors are easily seen under the binocular microscope
without the aid of staining. It was necessary to stain, however, in order to see the
nerves and ganglion cells. For this purpose rongalite-reduced methylene blue
(Pantin, 1948) was found quite satisfactory.

In the crayfish as in the lobsters, the two organs of each half- segmcnt are of
unequal length and thickness. The difference in thickness is much more pronounced
in the crayfish than in the lobster, but in both the thicker organ is also the longer.
As is the case in the lobster, the '-rger of the two organs exhibits. finer cross-
striation of the muscular regions. As already indicated in the section on methods,
there is a surprising difference between crayfish and lobster in the position within
the abdominal segment. In all of the lobsters these organs are situated-in the space
between the lateral and medial superficial extensor muscles. This places them
lateral to the superficialis medialis, whereas the organs of Cambarus lie medial to
this muscle (cf. Text-fig. 1). Another difference between the two animals exists in
the amount of connective tissuc surrounding the organs. Whereas in Panulirus the
two organs of a half-segment are almost entirely enclosed within an encapsulating
sheath, those of the crayfish are separate and rarely bound together by any external
connective tissue except in the region of the nerve entrance. '

In both animals it was possible to show the presence of ganglion cells sending
dendrites to a differentiated region. Fibres typical of motor axons, whose branches
ramified along the length of the muscular parts, were also seen; and in one case
fibres were observed which seemed to fit Alexandrowicz’s description of accessory
nerves. Thus, despite the differences, the similarities seem sufficiently manifest to
justify carrying over Alexandrowicz’s terminology to the crayfish. The longer and
thicker organ, having the finer cross-striations, will be called RM, , and the other, RM, .

Response of the receptors

Flexion of the tail strip is followed by trains of action spikes in the trunk inner-
vating the RM’s (muscle receptors). If the precaution of severing the branch to the
receptors in the exoskeleton has been taken, spikes of not more than two heights are
observed, each falling into a regular rhythm (Pl 1, fig. 1). The two rhythms are
easily distinguishable from one another, since one adapts very slowly and the other
by comparison, rather rapidly. A marked difference in stretch-threshold for
eliciting the two different rhythms is also apparent. The slowly adapting rhythm
follows much slighter stretch and, in fact, is occasionally recorded in the absence of
any externally applied stretch. Itis therefore easily obtainable by itself (P1. 1, fig. 3).
The regularity of this rhythm, as well as the constancy of the spike height, can leave
no doubt that it arises from a single receptor unit. This slowly adapting unit can
maintain continuous discharge for periods exceeding an hour, and in one experi-
ment, where the preparation was constantly perfused at a slow rate, response to
a sustained stretch did not cease until 34 hr. after its initiation. As intimated, the
other rhythm arises from a unit which has a higher threshold and is fairly rapidly
adapting. It is usually necessary to flex the isolated tergal strip to an extent which



C. A. G. WirrsMma, E. FursHPAXN aND E. FLOREY 140

approaches the maximum possible in order to induce discharge in this receptor unit.
Even on maximal flexion the response usually lasts for about 30 sec. and seldom
longer than 1 min. By the standards of tactile receptors, a discharge which is
maintained for a minute is long-lasting. In the crayfish, however, where this unit
is contrasted with another which is capable of sustained response for several hours,
it has been convenient to refer to it as the ‘fast-adapting’ receptor unit.
There are, then, two distinct types of rhythm which can be recorded from the
nerve trunk to the RM’s. Histologically two types of organs, RM,; and RM,, have
- been shown to be present, and the question arises which receptor gives rise to which
type of rhythm. If a moderate amount of stretch is applied to a preparation so that
. only the slow-adapting unit is active and then the terminal attachments of RM, (the
longer-thicker organ) are severed, no appreciable change in the frequency of the
discharge ensues. But if the attachments of RM, are then cut, all discharge ceases.
If in other preparations, RM, is left intact, and only the attachments of RM, are
cut, some response, though always diminished in frequency, may follow upon
gentle stretching. This is due to connective tissue binding the two organs together
in the region of the ganglion cells, and this response can be shown to originate in
RM, despite its severed attachments. Further, it can be shown more directly, by
the converse experiments, that the fast-adapting rhythm originates in the organ
RM,. It has recently been found possible completely to isolate and remove one or
the other of the RM’s from the tergal strip, and to study it in isolation. These
experiments leave no doubt concerning which type of rhythm arises from which
receptor. In most preparations the nerve-action potentials recorded from RM, were
smaller than those of RM, (PL. 8, fig. 1A). In the rock lobster a similar pattern of
two spike rhythms was observed. Because of the connective tissue enclosing the
two receptor muscles in this animal, no cutting experiments were performed; but,
as in the crayfish, the more slowly adapting discharge with the lower threshold
consisted of spikes of smaller size in almost all preparations (Pl. 8, fig. 1B).

Only one of the nerve fibres supplying each receptor unit has its cell body in
the periphery and is thus probably the sensory axon. Further evidence in support
of this interpretation was obtained physiologically. The most direct and conclusive
method would involve splitting the receptor nerve trunk and recording from single
axons. Successful isolation of single axons has not yet been accomplished on
account of the extremely tough connective tissue surrounding the nerve fibres in
the periphery, and a less direct method had to be employed. The muscular elements
of the receptor unit receive branches from all the attending nerve fibres with the
exception of that one whose cell-body lies peripherally and whose terminals are
restricted to the narrowly circumscribed tendinous region. It was found that
crushing the muscular parts of an organ with a fine forceps did not alter the response
to stretch. But if the approximate area innervated by the dendritic processes of the
ganglion cell was probed with a sharp needle, a high-frequency discharge resulted
and was usually followed by a loss of the receptot’s ability to respond. Both of these
facts are in full accord with the assumption that the fibre with the peripheral cell-
body is indeed the sensory axon.
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It was then found feasible to clamp the tendinous region with two pairs of screw-
locking forceps, one on either side, so that very little muscle tissue was interposed.
One pair of forceps was sccured and thie other moved by a rack and pinion device,
thus stretching the receptor region almost exclusively. Responses were readily
obtained in this manner, and it was found that the characteristic differences in the
responses of the two receptors were not altered with this method of stretching. The
comparatively rapid adaptation was still displayed by RM,, and it is thus a property
of the receptive mechanism or is an attribute of its nerve fibre (Gray & Matthews,
1951), rather than a function of its attachment or of the viscous-elastic properties
of its in-series muscle elements. "

These differences in the response to stretch of RM, and RM, are paralleled by
disparities in the response of the receptors to various drugs and to alteration of the
ionic content of the perfusing solution. Differences in the effects of drugs will be
noted in a subsequent section, but some differences in the responses to changes in
calcium and potassium ion will be noted here. A

The increase in excitability caused by a reduction in the external calcium con-
centration is well known and has been specifically studied for receptors by Talaat
(1933)- Elimination of this ion from the external environment of these muscle
receptors also produces dramatic increases in their excitability. Shortly after their
immersion in a calcium-free solution, the receptors begin to fire spontaneously.- If
allowed to remain in this medium, the frequency of the response continuously
increases until a point is reached at which impulses seem to drop out of an other-
wise regular train. The dropping out continues and eventually the spontaneous
activity, as well as the ability to respond to stretch, disappears. It has been con-
sistently noted, however, that the response of RM, to the decreased calcium ion is
delayed with respect to that of RM,. Often impulses have started to drop out of
discharge from RM, before RM, starts to fire spontaneously. Differences have also
- been found between the responses of the two receptors to increases in the external
potassium concentration. Results with this ion were not as consistent as those
obtained with calcium, but a general pattern was observable. The high-potassium
solutions were made by adding crystalline potassium chloride to normal crayfish
solution. Potassium concentrations of three and four times normal caused a short
(c. 30 sec.) decrease in excitability so that a moderate discharge resulting from
stretch would be inhibited. This phase was followed by one of increasing excitability,
and with higher concentrations (4 x } spontaneous activity would ensue in RM;.
The increase in excitability often continued, and a dropping out of the spontaneous
impulses and a cessation of discharge similar to that described above for calcium -
lack would eventually occur. Such spontancous activity, and the associated
behaviour, was never seen for RM, with these potassium concentrations.

The dropping out of impulses followed by complete cessation of spontaneous
‘discharge found in calcium-free solutions resembles, at least superficially, another
phenomenon noted in the behaviour of RM,. If stretch on this receptor is con-
tinuously increased, a point near the extreme limit of flexion will be reached at
which impulses start to drop out. Then almost immediately, the high-frequency
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discharge stops completely. Following a slight decrease in tension, the discharge
is again resumed. Recovery will also occur if the receptor merely remains in this
. over-stretched state for some time. In one such experiment the receptor was over-
stretched and maintained in this condition until, at the end of approximately 4 min.
discharge was resumed. Then tension on the receptor was increased further until
the discharge again ceased, and again recovery occurred after 4 min. This was
repeated for three additional trials with recovery times of 4, 4% and 5 min. The
tensions needed to produce over-stretch are rather high, and it is possible that these
recovery effects find their explanation in the slow rupture and slipping of the in-
series elements of the organs. Some of the other attributes of the over-stretch
phenomenon will be mentioned, although it is difficult to evaluate their significance
without further study. The frequency of discharge immediately prior to cessation
in over-stretch is dependent upon the rate of stretching; the higher the rate, the
higher the frequency. This frequency is also dependent upon the state of fatigue
of the preparation; the less fatigued, the higher the frequency. Over-stretch occurs
at lower tensions, and is preceded by lower frequencies if the external potassium,
concentration is higher than normal.

Motor innervation

Because of the ubiquity of multiple innervation and peripheral inhibition in
crustacean motor systems, it is usually necessary to obtain single axons before an
effective study of these systems can be undertaken. Numerous attempts to induce
contraction in the receptor musculature by stimulating the whole nerve trunk have
been made. These have been unsuccessful, with a few exceptions, despite the
apparent good condition of the animals and the care with which the- dissections
have been executed. This lack of success may, perhaps, be attributable to the above
explanation (an interaction of motor and inhibitory stimulation), but attempts to
isolate single axons have also been unsuccessful, as the connective tissue band in
which the axons lie is extremely tough. Nevertheless, the few preparations which
have given contraction on stimulation of the nerve trunk, demonstrate the existence
of a functional motor system. It has also been shown that, as in the vertebrate
spindle, this motor system is capable of altering the response to a given stretch.
Pl. 8, fig. 2 shows several superimposed sweeps of the oscillograph. The recording
electrode was placed on the nerve not far from the stimulating electrodes, and thus
the stimulus artefact and deflexion of the base-line are rather large. The impulses
which were set up at the stimulating electrodes and travelled directly to the
recording electrode are included in the stimulus artefact and are not seen in the
picture. The musculature of both organs gave visible contractions and impulses in
both sensory axons are seen in the record.

There are several other muscle systems whose contractions interact with the
receptor organs and affect their sensory discharge. It is known that contraction of
the flexor muscles will stretch the receptors, and it is probably this system which is
capable of imposing the widest range of tensions on the organs. Contraction of the
extensor muscles would also be expected to affect the receptor’s discharge, and the
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following experiments were performed to see if these expected effects were present.
‘A tergal strip was removed as usual, the remnants of flexor musculature cleared,
but no further dissection was performed. Then the nerve trunk of the right half of
the second segment was picked up on a recording electrode and that of the left side
of the same segment on two stimulating electrodes. A base-line discharge was set up
by moderate flexion of the strip and then the stimulating electrodes were activated
at a frequency of about 30/sec. A visible contraction of the extensors of the left side
was accompanied by a decrease or cessation of the discharge from the receptors of
the right side. It is presumed that contraction of the extensors of the same side of
the same segment would inhibit discharge of the receptors even more readily.
Experiments performed in a similar manner demonstrated that contraction of the
-extensor muscles of the right side of the third segment had an opposite effect and
augmented discharge from receptors of the right side of the second segment. It
can be seen that very complex interactions of at least four different muscle groups
are possible, all of which affect the tension on the receptor terminals, and these are
considered further in the discussion.

Pharmacological reactions of the receptors

Drops of the appropriate solutions were added to the half-segment of the tergum
containing the dissected receptors. At the end of 3 sec., in most experiments, the
response was recorded. After the record was taken the tergal strip was thoroughly
washed and then the perfusion vessel allowed to drain in preparation for addition
of the next test solution. The mechanical agitation caused by the application of
drops of the drugs was frequently sufficient to induce a small and transitory dis-
charge in the more sensitive RM,. Most of the effects with which we have been
concerned, however, have been so large and long-lasting that confusion could
seldom arise between mechanically caused and drug-induced responses. Where
doubt existed drops of physiological solution, applied in the same manner, were
used as controls.

A large number of drugs have been tested on this preparation. Of these acetyl-
choline gave the most interesting results, and only the effects of this drug and of
a few other drugs which seemed most closely bound up with the ACh-induced
response will be reported here. All drug concentrations are g1vcn in grams per
millilitre of solution. :

Acetylcholine. 'When applied in concentrations of 107¢ or greater, ACh con-
sistently induces spontaneous impulses in RM,, the slowly adapting receptor.
RM, has about a hundred-fold lower sensitivity to ACh. In a number of fresh
preparations solutions of 10™* (and, in a few, 107*¢) ACh initially enhanced the
discharge from slightly stretched preparations (that is, with a background discharge
of about 10/sec.) as shown in PL §, fig. 3. Subsequent applications of the same or
even higher concentrations (1078 and 1077) often gave no increment. Because of
this lack of correlation between concentration and response the results obtained
with these low concentrations arc rather difficult to interpret. The frequency of
discharge following application of the higher concentrations (107 to 107%) was
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always related to concentration, and a typical record is shown in PL. 8, fig. 4A. The
numbers inserted refer to the concentration of ACh added. The variation in
-height of the nerve-action potentials from one record to another is not significant
but merely reflects slight differences in the level of the surface of the solution
in the tergal concavity and thus in the point at which the active lead from the
nerve is located. These responscs were obtained from a preparation of RM,
with intact terminal attachments but to which no external stretch ‘had been
applied.

Hunt (19525) reports that ACh exhibits a large excitatory effect on the vertebrate
spindle, but he concludes that it is the contraction of the intrafusal muscle fibres
which causes the heightened response rather than any direct effect of the ACh on
the sensory terminals themselves. Two types of experiment indicate that this is
not the case, however, in the crayfish organs. In the first, the terminal attachments
of the receptor were severed so that it floated loose in the ACh solution being tested,
attached only by its nerve to the tergal strip. 'I'his usually resulted in only a slight
decrease in the ACh-sensitivity of the preparation. For example, in one experiment
an eserinized receptor (RM;) gave a slight response to 10-® ACh prior to cutting its
ends free from its attachments. After this operation ACh in a concentration of
5 x 107" was needed to give a similar response. It is felt that this slight decrease in
sensitivity to ACh reflects the decrease in the level of exc1tab111ty following removal
‘of the subliminal stretch to which the organ is subject when #n situ. This is cor-
roborated by a number of preparations which have discharged spontaneously at
a low level without the application of external stretch. The majority of preparations
of RM,, in fact, are very close to firing, even though the tergal strip is fully extended,
as only the slightest amount of flexion is necessary to initiate discharge. A second
type of experiment also indicates that ACh does not produce its excitatory effect
on this organ by first initiating contraction of the receptor musculature. RM, was
completely isolated with the nerve trunk and clamped with forceps (see p. 141) on
either side of the intercalated tendinous region. Fixed in this manner there is only
a small amount of muscle tissue remaining in series with the receptor region, and
this must certainly be damaged by the clamping procedure. But even when so
clamped, the sensitivity of RM, to ACh was essentially unchanged.

Eserine. Despite negative effects obtained in a few preliminary experiments
(Wiersma et al. 1952), eserine (physostigmine salicylate Merck) has since been
found to enhance the ACh response of all preparations tested, to a rather marked
extent, when they are bathed in this drug for some time (3-5 min.). It has recently
been found that high concentrations of eserine can also show a depressant action on
ACh excitation. If drops of 107 eserine are followed immediately by ACh, a much
smaller excitatory effect is obtained than if a washing is interposed between the
applications of the two drugs. We have not studied this effect further, since it is not
directly concerned with the problem in hand, but it might be that in this direction
lies an explanation of the preliminary negative results.

PlL 8, fig. 4 E shows some responses of the same preparation of RM, as is shown in
Pl 8, fig. 4A, but between the times of the two sets of recordings the receptor had
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been bathed in eserine 105 for 3 min. No external stretch was applied, and the
numbers inserted again refer to the concentration of the single drops of ACh which
* were added 3 sec. prior to the taking of each record. It can be seen that there is an
approximately ten-fold increase in the sensitivity of the eserinized receptor to ACh.
Similar results have now been obtained in a large number of experiments, After
being bathed in the lower concentrations of eserine (1073, 107%), the receptor shows
no noticeable change in its sensitivity to stretch stimuli. Higher concentrations
(107%), however, usually induce a low-frequency discharge in the absence of
externally applied stretch. Once obtained, this spontaneous discharge is difficult
to suppress and may persist after a number of washings.

Atropine. Many drugs, when applied to the receptors in high concentrations,
induce effects which may not be related to their more typical and specific actions.
In fact, one is hard pressed to find a compound which in high concentrations does
not have some effect on the response of this naked receptor; and, especially in the
invertebrates whose pharmacology is less well defined than that of the vertebrates,
it is difficult to decide where the boundaries between ‘typical’ and ‘unspecific’
effects should be drawn. This difficulty is well illustrated by the effects of atropine.
When this drug is applied in a concentration of 1074, it causes considerable
augmentation of response in discharging receptors (PL. 8, fig. 5¢, 4), and can initiate
spontaneous activity in resting ones. Atropine 107° also has a slight excitatory
effect. But more striking is the effect of the atropine on the ACh-induced excitation.
Pl. 8, fig. 5a shows the response of a preparation of RM, to a slight stretch.
Pl. 8, fig. 55 shows the response of this same receptor three seconds after the addition
of one drop of ACh 10~%. After washing for a short time the discharge (PL. 8, fig. 5¢)
returns to its original level. Then atropine 10~* is added and the excitation which
it induces is shown in record 4d. Subsequent addition of another drop of ACh 107*
causes only the slight increment of discharge (over that induced by atropine) seen
in P 8, fig. 4E. After washing ACh 10~*is again capable of inducing the same large
response (P1. 8, fig. 57) as prior to the administration of atropine. These effects of
atropine were consistently observed in a large number of preparations, and in no
case did it cause a depression of the normal stretch response.

DISCUSSION
These organs have thus proved to be receptors responding to the stimulus of stretch.
This fact and several other facts were correctly predicted by Alexandrowicz. He
also foresaw that the fibres ramifying along the receptor musculature subserved
a motor function, and that the receptor designated as RM, would have the higher
threshold. Not only was the predicted difference in threshold found, but further,
the two receptors were seen to have markedly different adaptation rates. RM,
adapts very slowly, has a very low threshold, and in some instances discharges even
when the tergal strip is fully extended. It can maintain both very low (about 2/sec.)
and fairly high (over 200/sec.) frequencies of discharge and can do so for long
periods of time. RM, may thus be termed a tonic receptor, for it is well suited to
transmit continuous information about the degree of flexion of each segment of the
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abdomen. RAM,, on the other hand, fits the definition of a phasic receptor. Its high
threshold and fairly rapid adaptation restricts its response, so that in the whole
animal it probably fires only during rather extreme tail flexion as is found in the
swimming reflex. Alexandrowicz also felt that it would be involved in this reflex,
and further conjectured that RM, might initiate impulses which inhibit the powerful
tail flexors. It seems to us more likely that impulses from this receptor operate to
induce reflex contraction of the cxtensors so that the tail is readied for its next
flexion. _

A knowledge of all the functional connexions of the motor nerve fibres innervating
the receptors will certainly facilitate the formulation of the role of the receptors in
reflexes, in view of the complicated interactions which could conceivably exist in
such a system. Contraction of the RM’s has been shown to facilitate discharge;
but if these organs have been phylogenetically derived from the extensor muscles
and share with them one or more motor axons, it would be difficult to state,
a priori, how the combination of in-parallel extensor-muscle contraction and in-
series receptor-muscle contraction might affect the discharge. There is, in addition
the possibility of interaction between the receptors of one segment with the muscles
of adjacent scgments. Both of the receptors have one attachment on an articular
membrane which connects tergites of adjoining segments (see Text-fig. 1), and
RM, has its other attachment at the anterior tendon of the medial superficial muscle
of the immediately posterior segment. Thus contraction of the extensor muscles of
adjacent segments would be expected to increase discharge from the receptors, and
this was demonstrated experimentally. Briefly reviewing the possible interactions
of the abdominal receptors with other musculature of the tail, it can be seen that
contraction of the flexor muscles will tend to increase discharge from these receptors.
Contraction of the in-series muscle elements of the receptors themselves can also
increase discharge frequency, whereas contraction of the extensor muscles of either
side of the same segment will diminish the response. And lastly, contraction of the
extensor musculature of adjoining segments will augment discharge. Deduction of
the pattern of the discharge for any natural movement of the tail cannot be made
until it is known what combination of these various motor systems may be activated
simultaneously.

It is interesting to note that the difference in response of RM, and RM, to various
conditions is not solely a function of the viscous-elastic properties of their in-series
elements or the places of their terminal attachment parts. There must be in addition
an inherent difference in their sensory mechanisms, as shown by their reactions to
drugs and by the reactions to stretch of their isolated intercalated areas held in
forceps. At present we are not yet able to judge the relative importance of these
factors in the overall responses obtained from the organs in situ.

A comparison between these organs and the spindle of the vertebrates suggests
itself. Alexandrowicz has already undertaken such a discussion, but since the
appearance of his paper the work of Kufiler et al. (1951), and Hunt & Kuffler
(19514, b) on the function of the small nerve fibres in the ventral roots of cats has
been published. These investigations suggest the nature of the augmentation of
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afferent discharge upon small-nerve stimulation first observed by Leksell (19435).
Their evidence indicates that the small-nerve fibres are motor axons for the intra-
fusal muscle fibres, and it is by contraction of this spindle musculature that the
increase in discharge is effected. A similar mechanism is now seen to exist in the
- crustacean muscle receptors. Although it has not been possible to split the main
nerve trunk, it has been demonstrated that when stimulation of the whole nerve
results in visible contraction of the receptor muscle elements, one or several
impulses can be recorded from the sensory axons.following each stimulus with
a delay of about 10 msec. Leksell discusses the possibility of a direct facilitation of
the sensory mechanism by a depolarization induced by the efferent impulses.
Although it now seems that this is not the case in the spindle, the possibility of such
an additional facilitating mechanism in the RM’s cannot yet be excluded. This, as
suggested by Alexandrowicz, might be the function of the axons that he has named
the ‘accessory’ fibres, but no evidence concerning this point has yet been found.
With respect to the response of these organs to ACh, several previous reports of
a sensitivity of afferent endings to this drug are in the literature. Coon & Rothman
(19394, b) found that ACh, in an optimal concentration of 1:40,000 (as well as
nicotine, 1:100,000 and a-lobeline, 1:1,000,000), can initiate axon reflexes, causing
transient pilomotor and sweat responses. Concentrations higher than optimal of
'ACh or nicotine only inhibit further response to the optimal concentration, and the
pilomotor response, at least, is not blocked by atropine. ACh can, therefore, be
said to exhibit nicotine-like effects. Brown & Gray (1948) have demonstrated
a similar nicotinic action of ACh in initiating spontaneous activity in nerves of the
mesentery of the cat and the skin of the dog. By the elimination of other known
possibilities they deduced that the recorded response must have been set up in the
sensory endings by a direct action of ACh at these sites. Here, as in the pilomotor
axon-reflex responses, atropine had no blocking action, and inhibition was obtain-
able by prior administration of higher doses of the ACh (or nicotine). This inhibi-
tion of the ACh response was not accompanied by any apparent loss of sensitivity
to the stimulus of pressure and they concluded that ACh is not involved in the
normal sensory function of the receptors concerned. Hellauer (1950) found that
1 %, ACh solutions, dropped on the cornea of the eye, caused sensations of pain;
and Umrath (1951) reports that'in sensitive persons, ACh 107° can be felt as pain.
With the crayfish muscle receptor, RM;, however, it has been possible to demon-
strate directly that ACh, in low concentrations, can initiate discharge in some part
of a receptor mechanism. It has been shown that ACh 107¢ is usually a sufficient
concentration to initiate spontaneous activity when applied to the isolated receptor
region of RM,. If this preparation has been previously sensitized with eserine,
ACh in concentrations as low as 1078 is able to produce a definite response. Not
enough is known of the pharmacology of the Crustacea to assess the validity of
a distinction between nicotinic and muscarinic actions of ACh in the crayfish. It
was observed, however, that the ACh response could never be blocked by increasing
the concentration of this drug; atropine was seen to be an effective inhibitor of the
ACh excitation; and a marked potentiation was obtained by pre-treatment with
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eserine. If it cannot be concluded with certainty that a muscarinic action of ACh is
evident here, it is at least noteworthy that the characteristics of the response differ
in these respects from those previously reported for vertebrate receptors (see above).

Although atropine was able to inhibit the ACh excitation, it demonstrated- no
such action against the normal response of the receptor to stretch, but, in fact, its
application was usually followed by an augmentation of the discharge. In order to
maintain the hypothesis that ACh acts here as a normal transmitter substance, it is
necessary to invoke some mechanism like the following. The terminal surfaces of
the ganglion cell dendrites would be enclosed in compartments within which the
ACh would be released during stretch. Neither the added ACh nor atropine is able
to penetrate the pockets, and these drugs have their entire action on the cell or
dendrite surfaces external to the compartments. There is, as yet, no histological
evidence for the separation of the terminal dendrite surfaces from the rest of the
neuron. If one is dissatisfied with the construction of such an hypothesis, one is left
with at least two possible alternatives. The first is that ACh is not in any way
involved in the normal mechanism of these crayfish muscle organs and their response .
to it is merely fortuitous. The second takes into account the sensitivity of the
receptor to such low concentrations of ACh and the potentiation of this effect by
eserine. ACh would have a role in the normal receptor mechanism as a regulator
of the afferent discharge, rather than being the direct cause of its initiation. This
latter hypothesis has the advantage of making compatible all the observed effects
of the various drugs; but, as in the case of the others, no direct evidence can be
brought to its support at present.

SUMMARY

1. The muscle organs recently described by Alexandrowicz in the tails of
Homarus vulgaris and Palinurus vulgaris, have also been found to be present in the
crayfish (Cambarus clarkii) and the rock lobster (Panulirus interruptus), and a study
of them in the latter animals has been undertaken.

2. The position of these units within the abdomen of the crayfish differs from
their position in the lobsters. In almost all other respects, however, there is
substantial correspondence in their morphological features.

3. The organs are easily isolated and it is found that stretching them is accom-
panied by a discharge in one of the axons supplying each unit. There are two
receptors in each half-segment of the abdomen and their responses show considerable
differences. One has a very low threshold and can be sustained in continuous dis-
charge for several hours. The threshold of the other is high and this receptor usually
adapts completely to the most extreme stretch in less than 1 min.

4. A phenomenon which is designated ‘over-stretch’ has been observed.
All-but-maximal stretch causes a reversible cessation of the previous high-frequency
discharge. The discharge can be restored by slight release of tension, but even if
the tension producing ‘over-stretch’ is maintained for a sufficient length of time,
discharge will resume spontaneously. The possibility that this spontaneous return’
is due to a slow rupture of the receptor tissues is not excluded. :
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5. The muscular regions of the organs are not necessary for their sensory
function.

6. It has been possible to show that stimulation of the nerve trunk can induce
contraction in these muscular regions and that such contraction results in discharge
in the sensory axons.

7. The unit with the low stretch-threshold responds to low concentrations of
ACh and this effect is potentiated by eserine. In concentrations above 107% before
eserinization and above 1078 after eserinization, ACh consistently initiates rthythmic
responses in relaxed units and augments the discharge from those under
tension.

8. ACh affects the sensory mechanism directly; the muscular regions of the
organs are not necessary for its action.

9. Atropine inhibits the ACh excitation, but only incrcases the response of the
receptors to stretch. Eserine, except in high concentrations, has no consistent effect
on the normal stretch discharge.

10. 'T'he possibility that ACh has a role in the normal receptor mechanism is
discussed, but the question is left open.
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EXPLANATION OF PLATE 8

Fig. 1. Action potentials recorded from the nerve to the muscle receptors of A, the crayfish
(Cambarus clarkii) and B, the lobster (Panulirus interruptus). A moderate amount of stretch
has been applied in cach case. In both A and B the larger spikes are from RM,;, the more
rapidly adapting organ. Time signal: 6o cyc./sec.

Fig. 2. Response of sensory fibres to motor stimulation of the nerve trunk. One unit responds to
each stimulus with a repetitive discharge, whereas the other responds only once. The direct
response of the whole nerve trunk to each stimulus is hidden in the stimulus artefact. Time:
1000 cyc./sec. :

Fig. 3. The effect of ACh ro™®. A, the response of a slightly stretched preparation of RM;; B, the
increase in this response following addition of one drop of ACh 107%; and C, the return to the
original discharge frequency following washing. This response to very low concentrations was
not always reproducible nor related to concentration; but see fig. 4. Time: 60 cyc./sec.

Fig. 4. Response of R, to various concentrations of ACh. A, before bathing in eserine 1067° for
3 min., and E, after. 'The numbers refer to the concentration in grams/millilitre of the drop of
applied ACh solution. The tergal strip was fully extended and there was no stretch-discharge
prior to addition of drugs. Time signal: 6o cyc./sec.

Tiig. 5. The effects of atropine. A preparation of RM;, slightly stretched and giving the response
shown in a. This stretch is maintained throughout the experiment. b shows the result of adding
one drop of ACh 10~% After washing, the discharge returns to its original level, c. Then a drop
of atrapine 1o *is added and a slight excitation follows, d. A second reapplication of a drop of
ACh 107 now increases the response only slightly, as shown in e. Washing re-establishes the
ACh sensitivity as shown in f. Time: 6o cyc./sec. ‘
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ADDENDUM TO PART I

S. W. Kuffler (J. Neurophysiol. (1¢54), 17: 558) and,
Kuffler and C. Eyzaguirre (Fed. Proc. (1955), 14: 89)‘have
recently reported some additional studies on the crustacean
abdoninal stretch receptors. In the first paper, Kuffler

used preparations from lobster and crayfish (Homarus america-

nus and Procambarus alleni) and confirmed the physiological

results presented above. He also studied the contractile
responses in greater detail and showed how they correlated
wilth the resultant afferent discharge. He applied stimula-
tion to the whole nerve trunk and with these stimulating
conditions the contractions of RM1 and RM2 were characteris-
ticdlly different. If RM2 contracted at all it gave a twltch
response, whereas only slow shortening was seen in RM1., At
frequencies of stimulatlon at about 10 per Sec.:discrete
twitches were recorded in RM2 by means of a "strain gauge,’
while at higher frequencies (75 per sec.) smooth plateaus of
tension appeared. Depending upon the amount of initial
stretch, the twitches of RM2 could each be accompanied by
~one or several afferent impulses in the sensory axon. Con-
traction in RM1, however, was accompanhled by a smooth in-
crease 1in the afferent discharge freqguency, and the sensory
impulses did not follow the frequency {(or some multiple of

the frequency) of the stimulation. If the initial tension
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wa s sufficlently large, a single efferent impulse could
result in a ©Train of sensory nerve impulses. He does not
consider fhe possibility, especially in RM1l, that some of
the augmentation of sensory discharge lollowing efferent
stimulation could be due to an excitatory nerve fiber end-
ing directly on the sensory cell. Although the presence of
such a nerve flber has not been demonstrated, Kuffler and
Eyzaguirre (see below) have proven the existence of a direct
Inhibitory axon; and there are still histologically demon-
strable axons whose,function 18 unaccounted for. Kuffler
has also made some observations on electrical events occurr-
ing in the receptor muscle fibers and these will be con-
sldered in Part II. |
Kuffler and Eyzaguirre (see above) have published a
note concerning electrical changes in the sensory cell
podies of the stretch receptors, They used microelectrodes
for intracellular recording and found steady depolarizations
accompanylng stretch. If the latfer was sufficiently strong
and the steady depolarization exceeded a certain threshold,
a train of impulses was evoked. The frequency of the sensory
impulses was higher with larger depolarizations. The inhi-
bitory axon mentioned above was found to function by counter-
acting the steady depolarization. In particular it tended
tc return the membrane potential to 1ts normal level and
caused depclarization if the cell was hyperpolarized. The

steady depolarization or "generator potential" had previously
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been cobserved in frog muscle spindles by B. Katz (J. Physiol.
(1950), 111: 261). The action of the inhibitory axon is
similar to that reported by Fatt and Katz (J. Physiol. (19¢53),

121: 374) for inhibition in crustacean muscle.
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Part I1.

ELECTRICAL EXCITATION IN CRUSTACEAN MUSCLE

A. Introduction.

The experimental section of this part concerns the
electrical responses which are evoked in crustacean muscles
by stimulation of thelr motor nerves. The significance of
these responses lies in the role usually assigned to them in
the sequence of events leading from motor nerve impulse to
muscle contraction. This sequence is: (a) conduction of
The impulse in the motor axon to the junction between axon
and muscle; (b) transmission of excitation across this neuro-
muscular juncition; (c¢) a state of muscular excitation which
in some manner 1s spread along the muscle fiber; (d) coupling
of the muscle excitation to contraction; and finally (e) the
muscle contraction. Although some of the boundafies Implied
above may be artificiasl, each of the processes is convenlently
stqdied separately, often using different technigues. The
electrical responses of muscle enter the scheme as the only
known concomitants of the state of excitation mentioned in (c).
As well as an interest in the excltation process itselfl, part
bf the motivation for these studies was the hope that they
would serve as a basis for experiments on excitation-contrac-
tion coupling, (d), for several attribubes of crustacean

muscle seem to make them promising objects for such an investi-



gatlion,

In order to facilitate subsequent comparisons, a dis-
cussion of vertebrate neuromuscular systems will ensue. That
which immediately follows does not apply to the "slow!" muscle
fibers of the frog, nor to the muscles of spindle organs. With
Tthese exceptlions 1t is known that a vertebrate muscle isg or-
ganized into many motor units. The motor unit may be defined
as a single motor neuron plus all of the muscle fibers which
it innervates. Aside from mechanical summation of contrac-
tion, the response of the motor-unit is generally éll—or—
nothing. The motor-unit concept implies that a varticular
muscle will receive many motor axons; that the contractile
response resulting from the stimulation of any one axon will
be small, constant, and similar to that of any other; and that
variation in the number of activated motor neurones will be
a very important way of grading contraction. In short, the
motor unit provides the quantum of response. ZEstimates of
the number of motor axons innervating a single muscle {and
thgs of the number of motor units) vary from about 95 in the
rabbit sartorius (1) to 4000 in sheep eye muscle (2). Inter-
mediate values ranging from 275 to 600 have been given for
various cat limb muscles (3). All of these values are too
>high, however. Those for limb muscles include the "small
nerve fibers" (4) which are now known to innervate spindle
musculature, and that for the eye muscles includes proprio-

ceptive afferents. IEstimates are also available of the num-



ber of muscle fibers in a single motor unit. These calcu-
lations involved the number of motor axons innervating the
muscle and are similarly in error, being too low. Values
for rabbit sartorius are given as 100-125 (1), for leg
muscles of the cat as 120-165 (5), and for sheep eye mﬁscle
as about 5 (2).

It has been maintained (6,7) that vertebrate-”twitch”*
muscle flbers receive only one nerve-ending each. It is, in
fact, implied by the motor unit concept that a muscle fiber
will not be I1nnervated by more than one motor axon; There
is, however, good experimental evidence that single twitch
muscle Tibers can recelve two or more endings and that these
can vte from branches of the same axon or from different axons
(polyneuronal innervation). As early as 1024, Cattell and
Stiles (8) showed that stimulation of either of the. ventral
roots supplying the gastrocnemius of the frog gave almost as
much tension as stimulation of both simultaneously. Katz and
Kuffler (9) have given more direct evidence for the presence
of two and more end plates in almost every muscle [iber of
the frog sartorius. In one type of experiment they recorded

the compound muscle action potential at either end of the

muscle before and after severing one of 1ts two maln nerve

*The word "twitch" is used here to signify those muscle
fibers which have conducted action potentials and contract
raplidly in response to one of these action potentials; and are
thus distinguished from the "slow'" muscle fibers of the frog
and perhaps the muscle fibers of the spindle organs.
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branches (pelviec or tibial). Before either nerve branch is
cut, the size and latency of the action potentials recorded
from both-ends are very similar. After cutting the pelvic.
branch, however, the latency of the potential recorded from
the pelvic end is increased by an amount equal to the %time
necessary for conduction of the muscle potential from the
focus of tibial nerve endings to the focus of pelvic endings.
Further, although the height of the potential now recorded
from the pelvic end is decreased, this is at least partially
due to temporal dispersion because of the increased length of
the conduction pathway in the muscle. These observations were
interpreted as follows. Most of the fibers in this muscle
receive innervation near both ends, from the tibial and pel-
vic branches of the nerve respectively. Action potentials
initiated at the two endp lates, as well as propagating to
the ends of the fiber, also travel toward the center where
they extinguish one another halfway between the éndplates.
Thus, only the action potentlal from the nearby endplate is
recorded at elther extremity of the muscle. When, however,
one of the nerve branches is cut, the electrode at that end
then records the action potential initiated at the far end-
plate as evidenced by the temporal dispersion and increased
iatency. It is interesting that in this same paper, Katz and
Kuffler cite a histological study by Sandmann published in
1885 (10) which had been overlooked in the more recent liter-

ature of their time. In it Sandmann reported two, three and
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more endplates on most fibers of the frog sartorius. In a
very recent study Hunt and Kuffler (11) reported further
éxperimenfs using the techniques of measuring contraction-
tension and recording muscle potentials with intracellular
electrodes. Seven different muscles, four of them in the cat
and three in the frog, were studied. These authors were able
to confirm and extend the observations of Cattell and Stiles
(8), that the sum of the muscle tensions obtained when each
of two ventral roots is stimulated separately is greater
than that obtained by simultaneous stimulation of both roots.
With intracellular recording they were able to show in one

of the cat muscles and several frog muscles that stimulation
of different portions of the motor nerve supply can elicit
actlion potentizls in the same muscle fibers; and these poten-
tials usually had different latencies, presumably due tc the
time for conduction in the muscle fiber. They showed that,
in some cases, much of this multiple innervation is poly-
neuronal. The cricothyroideus of the cat 1s particularly
interesting, for 1t receives two separate nerves; the superlor
laryngeal branch of the vagus and a nerve from the pharyngeal
plexus. The large majority of muscle fibers showed action
potentials, as measured with an intracellular micro-electrode,
when either nerve was stimulated. Further, they found that
in many of the fibers the two end plates were sufficiently
close to each other to show summation of their respective

local potentials.
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It will also be interesting to compare the way in which
the neurally induced excitation is spread over the muscle
fibers of.different animals, and this attribute of vertebrate
twitch muscle will be discussed next. Typically, a single
nerve impulse arriving at one of the few endplateS-on‘a muscle
fiber initiates a local depolarization across the muscle fiber
membrane which is called the endplate potential (usually
abbreviated as e.p.p.). At most endplates this depolariza-
tion 1is sufficiently large to activate the muscle fiber's
conduction mechanism and an action potential propagates longi-
tudinally until it either arrives at the end of tThe filber or
collides with an action potential initiated at another endplate.
Endplates may also be present in normal muscle, however, which
require facilitation to initiate the propagated wave (12,13).
But in either case the conducted muscle action potential
gualitatively resembles that of nerve, Both of them over-
shoot beyond zero potential, are all-or-nothing, leave a wake
of refractoriness, and are dependent upon the presence of
sodium ione in the external medium., The height and time course
of both are similar. Thus, in summary of the several preceding
paragraphs, vertebrate twitch muscle fibers receive one to
vseveral endplates which terminate branches of one to several
axons, All of the muscle fibers innervated by one neuron
constitute a motor unit. The contraction of this relatively
small unit has been thought of as the quantum of which the

normal contractile response is additively composed;and although
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there may be some overlapping of motor units (polyneurcnal
innervation), and some fibers of a unit may reqguire facilitation
hefore a éonducted impulse is initiated, the concept 1s for the
most part valid and useful. Excitation spreads along the -
muscle fiber as a self-propagating wave which resembles the
nerve impulse. The conduction mechanism resides in the muscle
fiber's own excitable membrane.

As intimated above, however, not all vertebrate muscle
has these properties. The most notable exception 1s the
category known as "slow' or "tonus” muscle fibers which have
been found occupying parts of certain muscles of the frog.
They_have most recently been studied by Kuffler and Vaughan
Williams (14). These fibers receive many endings which sSeem
to be mostly from different axons. A good estimate of the
number of endings 1s not yet available, but it is probably
more than several per mm. The action potentials of this type
of muscle fiber are also unusual in several respects. They
do not propagate actively along the length of the muscle
fiber; the density of nerve-endings providing for the spread
of excitation. They do not overshoot the resting potential
in magnitude, having on the average an amplitude of about
10 mv., There 1s no refractoriness following them and succes-
éive ones may summate to give a larger depolarizatlon. The
gize of the summated depolarizaticn is, however, limited and
the potential response to a traln of nérve impulses always

shows a plateau. The time course of the slow muscle poten-
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tials has a peculiar aspect; for although the initial part of
thelr decay is approximately exponential, as one might expect
for a locél, passively declining potential, the depolarization
is followed by a smaller and prolonged phase of hyperpolariza-
tion. The contraction of the slow muscle fibers also differs
from that of the twitch fibers; for the former display smooth
graded contractions even at low frequencles of stimulation

and the response to a single maximal nerve volley 1s very
small. The time course of shortening is slow and 1s measured
in seconds, while relaxation may take minutes. The exact
values vary considerably with The conditions of recording and
stimulation (15).

The muscle filibers of the spindle organs (intrafusal
fibers) have not been studied in as much detail as have those
of the twitch and slow systems because of difficulty in ftech-
nigue, but there are some things known about them. Discrete
endplates simllar to those of twitch fibers have bheen demon-
strated with histologlcal methods by Barker (16) and shown to
be‘few in number. A spindle organ most often has twice, or
slightly more than twice, as many motor endplates as intra-
fusal filbers, about half of them being distributed on either
side of the sensory area. Since 1t seems unlikely that con-
vduction of muscle actlion potentials proceeds across the hizhly
modified sensory region, 1t may be said in these cases that
there.is only one endplate per contractile element., This might

seem to argue lor the presence of conducted action potentials;
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however, 1t is not conclusive, since the length of the muscle
elements is small. In the rabbit this value is about 1 mm,
which 1s approximately the same as the length constant of
muscle (as measured in the frog (17)). Consider the case of
an endplate located in the center of a 1 mm. length of muscle
fiber. A lccal potential set up at the endplate would have
to spread only 0.5 mm. in either direction and, since it
decays exponentially with distance and falls to 37% (1/e)
in 1 mm., it would only decrement to 60% of its original value
in 0.5 mm. Thus no decision on this basis is realiy possible
and the question of local as against propagated actlion poten-
tials must await more direct investigation. Several other
features of the intrafusal motor innervation were noted by
Barker. It was quite common that a motor axon would pranch
before terminating and contribute to more than one endplate
elither on the same fiber or more often on adjacent fibers.
Further, single endplates frequsntly recelivad branchood v
savaral axons. which were separate as far as he was able to
follow themn.

. With the vertebrate, somatic neuromuscular system Just

described serving as a frame of reference, an account of the

;

i

development of the present concepits of this pams syatan in

dee

Prior to 1936 several of

the characteristic phenomena of crustacean muscle had been
observed, but agreement as to their cause was not general.

For example, in 1907, Kelth Lucas (18) described two types of
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‘contraction obtained from the muscle which closes the claw of
the lobster. He referred to these as slow and twitch contrac-
tions; and found that ﬁhe strength-duration curve for indirect
(by way of the nerve) stimulation showed a discontinuity at

the same point at which one type of contraction was réﬁlaced by
the other. In 1917 (19) he extended these studies to the cray-
fish and further showed that a curve relating height of contrac-
tion to the interval between two nerve stimull was often bi-
modal. From these results he concluded that the two contraction
types were eliclited by stimulation of different “sﬁbstances”
(types of nerveelements). This interpretation was not uni-
versally accepted at the time, however, and alternative
explanations for the two contraction types were offered.
Wiersma, in 1933 (20), advahced the hypothesis that the fre-
guency of the motor nerve impulses was the important parameter
determining which contraction type ensued; and thatbthe im~
pulses eliciting both would travel in the samevherve elements.
He postulated that one nerve impulse would evoke no contrac-

tile response, but that two in rapid successlion would give &

)
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(e, A Donzer treln of impulses at lower frequéncy would,
on the other hand, give rise to the slow response. In 1934,
Jiersma and van Harreveld (21) brought additional support to
this idea from experiments on the muscle opening the claw of
the hermit crab. This muscle was shown by histological methods
to recelve only two axons, one of whiéh was assighed the func-

tion of mediating peripheral inhibition. (Inhibition in
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isolated legs was first described by Biedermann (22) in 1887).
These authors were able to demonstrate both twitch and slow
fesponses.in this muscle, even though only one axon remained
to subserve a motor function.

C. F. A. Pantin (23,24,25) also presented evidence that
crustacean muscles, with one exception (the crushervclaw of
Homarus), would be innervated by only one excitable element.
He, too, émphasized the importance of frequency of nerve im-
pulses 1in determining the character of the muscular response
and explained this dependence in terms of all—or-néthing re-
cruitment of additlional muscle fibers following facilitation
at their neuromuscular junctions. In support of this he pre-
sented a continuous curve relating contraction to stimulation
freguency throughout the responsive range. Katz (26) cor-
roborated these results. His response-frequency curve was
sigmoid and very steep on either side of the inflection point
so that most of the response range was obtained?with a narrow
band of stimulation frequencies. He also emphasized the im-
po?tance of the recrultment of muscle fibérs fdllowing neuro-
muscular facilitation and showed that response to nerve stimu-
lation was much more frequency dependent than that to direct
muscle stimulation. Both Katz and Pantin worked with relatively

slow moving marine crabs (Carcinus maenas). This choice of

muscle preparation was, however, unfortunate in one respect,
and this will be discussed further at a more appropriate place

below,.



-31-

It is now known that more than one type of motor axon can
innervate a single crustacean muscle and that the electrical
and mechahical responses evoked by each can differ with respect
to heilght, time course, facilitation, and fatigue. The first
conclusive demonstration of this was provided by van Harreveld
and Wiersma (27) in 1936. They isolated single functioning
mobLor axons from crayfilish claw nerves and stimulated them
independently. (Previous to this Wiersma (21) had shown that
it was possible to split limb nerves into small bundles which
would still conduct impulses,) In particular these authors
studied axons evoking contraction in the muscle which closes
the claw (abbreviated as '"the closer™). In normal preparations
two such axons were always found and stimulation of the re-
mainder of the nerve never resulted in any contraction of this
muscle. A single impulse in the thicker of the two axons
evoked a rapild twitch, while a train of impulses was needed 1in
the thinner fiber to obtain even a small contraction. About
30 seconds was required to attain maximal tension during stimu-
lation of the thin axon at 40 shocks per second. This time
for the thick nerve fiber was only about 1 sec. and the terms
"slow" and "fast’ were adopted to describe the thin and thick
axons, respectively. These same terms are also used with
'reference to the muscle action potentia’l and contraction evoked
by the thin and thick axons. The muscle potentials showed even
greater differences, the slow potentials being very small, but

growing with repetitive stimulation. Despite this growth
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(facilitation) they remained smaller than the single fast

muscle action potential. In this muscle, which was later

shown to be atypical in this respect, the fast action poten-
tiald exhivited no augmentation with repetition.

In.a number of succeeding papers these authors used the
method of isolating single axons, as well as observing the
stained nerve flbers branching on the surface of the muscle,
to determine the pattern of innervation of the major’limb
muscles in a number of different crustaceans. ‘This type of
study, limited, however, to the use of histological tech-
nigues, goes back as far as Bledermann (22), who observed
that the nerve flbers ramifying on the surface of the opener
of the claw of the crayfish were apparently all branches of
only two axons. At every branch point the two nerve fibers
could be seen to divide at the same place. Mangold (23)
cbrrbborated these findings and introduced the term "diplotomic"
branching for this type of gimultaneous divisions of two axons,
Hoffmann (29) added some further observations, one of the most
interesting being that one of the axons innervated two different
muscles: a fiber innervating the extensor of the carpopodite
("stretcher" muscle) continued into the next podomere to end
in the abductor of the dactylopodite ("opener" muscle). He
.showed diplotomic branching for the opener, stretcher and
"vender" (flexor of the carpopodite) muscles. Although a
number of the observations of these older workers proved to

be correct, the histological methods by themselves were insuf-

ficlent; and it was only when the latter were combined with
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physiological techniques that more extensive information on
the 1limb muscle innervation patterns was obtalned.

As sﬁated above van Harreveld and Wiersma (27) demon-
strated physiologically that the closer of the crayfish claw
received two motor axons. Staining with methylene blué,‘how~
ever, revealed three axons branching on the muscle surface in
a "triplotomic" manner (3C,31,32). It was suspected that the
third was an inhibitory fiber and this was confilrmed physio-
logically by Marmont and Wiersma (33). The original conten-
tion by Biledermann, that the crayfish claw opener recelved
only two axons, one excltatory and one inhibitory, was con-
firmed (31,33). The stretcher muscle was found to be similar,
recelving one each of inhibitory and excitatory axons; and
the observation of Hoffmann (29) that one of the axons was
also common to the opener muscle was also confirmed. The
common axon was found to be excltatory and served as the sole
motor nerve supply for both muscles (31). Further studies re-
vealed that in some marine species (brachyurans and anomurans)
these two muscles receive three nerve fibers (30,34) and the
additional axon was subsequently shown to be inhibitory (35).
It has now become clear, in fact, that almost all variations in
the innervation patterns of decapod limb muscles may be ascribed
.to differences in the inhibitory nerve supply (36). Inhibition
will not be considered further here, but for details of the
comparative anatomy and physiology of this system the followilng
references should be consulted: 33 and 35 throtgh 40, The

numbers of motor axcons to the seven most peripheral 1limb
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muscles were subseguently worked out for numerous decapod
species and are as fcllows: opener - ggg_(3l); stretcher -
one (same.axom) (31); closer - two (27); bender (flexor of
propodite) - two (31); main flexor (of carpopodite) - four
(41); accessory flexor (of carpopodite) - one (41); and
extensor (of carpopodite) - two (31). There may very well

be exceptions to this scheme. PFor instance, in Blephariooda

occidentalis, four axons can be seen branching on the stretcher

muscle which normally receives only one motor axon. It would
be necessary for three of the axons to bhe inhibitofy to keep
the scheme 1nviolate, but this has not been tested by scimu-
lation of single axons. Nevertheless, the above values are
very useful in predicting the number of motor axons to a
given limb muscle of a decapod.

" A gquestion then arises concerning the innervation of the
individual muscle filbers. Can muscle fibers receive branches
from each of the two or several axons (polyneuronal innerva-
tion) or are there several non-overlapping motor units? The
first case requires that a muscle fiber respond in different
ways to the stimulation of different nerve fibers, The first
experimental results concerning this guestion were obtained
by van Harreveld (34) using histological techniques. He
vinitially studied the opener of the crayfish claw, which was
known to receive one inhibitory and one motor axon. From the
physiological evidence that the contraction of the opener can
be completely inhibited (33), it was to be expected that all

fibers of %his muscle would receive branches from both axons;
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and, indeed, he was able in many cases to observe both palrs
of axon branches from a terminal diplotomic division ending

on a single muscle fiber. Although the case was not as simple
for a tfiply innervated muscle (two motor and one inhibitory
axons), histological evidence was obtained that in suéh muscles
all three axons can end on one muscle fiber (34). Physiologi-
cal evidence concurred. Wiersma and van Harreveld (42) showed
that stimulation of one of the motor axons to the crayfish
claw closer augmented a contraction evoked by stimulation of the
other shortly afterwards. No mutual influence with respect to
fatigue or facilitation of the action potentials could be
demonstrated. These results indicated a pathway susceptible
to mutual influence somewhere between the muscle action poten-
tial and contraction; and thus it seemed likely that at least
some of the contractile substance was activated by both axons.
van Harreveld (43) presented more direct evidence from micro-
scopical observations of the contraction of individual muscle
fibers. Movement of a fiber is not a sufficient criterion

for contraction, since active fibers passsively move thelr
neighbors. He noticed, however, that slight curves in the
relaxed fibers were stralghtened out, unaccompanied by wrinkl-
ing of the surface, during contraction. He was thus able to
observe the two types of contraction in single muscle flbers.
In fact, every fiber observed to contract during stimulation
of one of the motor axons alsc responded to stimulation of the

other.
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These studies of polyneuronal innervation were extended
by van Harreveld (34) and van Harreveld and Wiersma (41) %o
quadrupaliy and especially quintupally innervated muscles. The
manner of branching of the motor axons in the two cases was
analagous with the diplotomic type and the terms "quadruplotomic?
and "quintuplotomic” were used to describe them. The analogy was
taken as inconclusive evidence that the four or five axons would
also 2ll innervate individual muscle fivers. Some physiological
experiments bearing on this point were performed with the guin-
tupally innervated muscles (flexor of the carpopodite in Panu-

lirus interruptus). Four of the axons proved to be excitatory

and one, the thinnest, inhibitory. Interaction Letween the
four motor axons was studied and a small heterofacllitation

of contraction was found. The test contraction was about
equally augmented by previous stimulation of any of the other
three motor axons. It was also observed that the ratios of
the sizes of the four muscle action potentials was constant
for different varts of the muscle. These results will be con-
sidered at greater length in the discussion section as they
pertain to the present findings.

Little has been said, as yet, concerning the nature of
the contractions evoked by the one to four motor axons inner-
.vating a particular muscle., It was noted above that Lucas
distinguished twitch and slow contractions in the crayfish
claw closer (19). van Harreveld and Wiersma (27) confirmed
this in their isolated axon experiments which were performed

on the homologous muscle of a crayfish of a different specles.
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If one examlnes other crustacean limb muscles, however, one

often finds the term “twitch"” lnapplicable, as more than cne

4 Ay

nerve impulse is necessary bto elicit even small contractions

(31). This tendency away from twitch-llike shortening beccmes

L

extrene 1n certalin crab muscles ag studilied by

34

Wiersma and
van Harreveld (d44). They found that in the flexor of the
dactylopodlte of the walking legs (homologous with the claw

P -

closer) of Cancer anthonyi, stimulation at Trequencies of less

than 100 shocks per sec. evoked smaller and slower contrac-
tions when applied to the thicker of the two motor a cons (fast

P

xon). Above this frequency the reverse situation was ob-

tained (i.e. response to the thin axon was slower). Neverthe-
less the terms "fast”™ and "slow" were retained for the thick
and thin axons, respectively, for two reasons. Firstly, the
muscle action potentials evoked by the thick axon were larger
than those set up by the thin at all stimulation frequencies;
and secondly, even though the frequency of stimulation of the
fast axon had to be high to evoke a contraction, the number of
impulses needed was very small. In fact two shocks separated
Dy iess than 30 msec. resulbted in contraction when applied to

-1,

the ick axon, but never when applied to the thin one. A
shorter latency of contractlon for the fast system would thus

be expected and this was actually observed. Thesge lindings

o .

allowed an understanding of the resulis of Pansin (24) who
also worked with crab nuscles and fcund smooth frequency-
response curves rfor stimulation apoplied to the whole nerve.

He interpreted this incorrectly %o signify the absence of two
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gualitatively different contraction systems. The absence
of a discqntinuity in these curves merely reflected the lack
of' a sharp transition from one contraction type to the other.
It will be recalled that in thelr early experiments Wiersma
and van Harreveld (21) alsoc obtained results discordant with
the idea of two different types of motor axons. In experi-
ments with the opener muscle of the hermit crab claw, which
receives only one motor axon, they obtained both twiteh and
slow contractions by varying the strength and frequency of
stimulation. In 1641, Wiersma investigated this muscle again
(45) and confirmed the original results: only one motor axon
could be found and twitch and slow contractions could fesult
from its stimulation. The twitch probably finds its explana-
tion in a phenomenon called the spike potential, which will
he déscribed below. Nevertheless, this nuscle may be atypical
in this regard and was an unfortunate choice of object for
these early studies.

A phenomenon of some considerable interest was observed
by Wiersma and van Harreveld (46). 1In certain muscles (e.g.

Blepharipoda occidentalis, claw closer), low frequencies of

stimulation (10-15 shocks/sec.) applied to the fast axon
could elicit large muscle actlon potentials unaccompanied
by any visible contraction; while a stimulus of the same fre-
guency delivered tc the slow axon evoked much smaller muscle
potentials which were, nevertheless, accompanied by contrac-
tion. This phenomenon was referred to by the authors as the

"paradox." Taken with previous evidence that both axons seem
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to innervate the same muscle fibers, the paradox is of theore-
tical significance in attempting to understand the coupling
between mﬁscle action potential and contraction., This addi-
tional emphasis placed upon polyneuronal innervation of single
muscle fibers motivated some of the present studies.

Another basic attribute of crustacean muscle is the large
number of endings which any one axon has on individual muscle
fivers. Ripley (47) used the term "multiterminal innervation'
to describe this situation in insect muscle and 1t will be
ugsed here to avoid the confusing term "multiple innérvation.”
This type of innervation has been known for a long time and
was first described for insects by Foettinger (48) in 1880.
Mangold confirmed and extended his observations, alsoc histo—
logically, in 1005 (28). It is interesting that Mangold found
diplotomic and quadruplotomic branching mentioned above for
the crustacea. Marcu (49) described multiterminal innervation
for fibers of fly muscle {about 2C endings per fiver).

Wiersma and van Harreveld (46) anticipated the finding
of multiterminal innervation in crustacean muscle from Thelr
physiological experiments. They reascned that since fast
and slow action potentials could reside in the same muscle
fiver and in some preparations the slow potential would be
followed by a contraction, while the larger fast potential
was not (the paradox), then the potentials must occupy dif-
ferent sites on the fiber and must not be all-or-nothing.

This reasoned agalnst conducted action potentials and for

many separate sites of excitation. In 193¢, van Harreveld (34)
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was able to see the very fine terminal regions of the motor
axons, using a silver stain, on the surface of crayfish muscle.
He was nof able to observe any discrete structure, such as
the endplate of vertebrates, but saw the axons tapering con-
tinuously to invisibllity. In one very good preparatibn‘of
a doubly innervated muscle (opener), van Harreveld was able
to see twenty-eight such endings on a single muscle filber
(3.5 mm. long). At each of the twenty-eight places both of
the axons terminated together. All of the errors of counting
and histological preparation tended to diminish the number of
visible endings, so that thils number may be below the average.
In similar studies on triply innervated muscles of the cray-
fish (extensor, bender), van Harreveld observed that the
three components of a terminal branch did not all end close
to one another (34). The thinnest fiber usually ended first
and probably did not staln in its terminal regilons. Of the
two thicker elements one usually continued beyond the other,
branching by itself and thus showing more endings. Because of
the numerous terminations on each muscle fiber and the fact
that even small nerve branches may run for considerable
distances on the fiber surfaces, a dense tangle of intra-
muscular nerve elements is seen. van Harreveld (43) described
this as a feltwork.

Physiological evidence was also presented to support the
contention of multiterminal innervation. It was reasoned that
1f excitation could be distributed to all parts of the muscle

fibers by the feltwork of axons, conducted muscle action poten-
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tials of the vertebrate type would be superfluous. van
Harreveld (43) stimulated muscle fibers directly with very
small eleétrodes. This was done in preparations which had
ceaged to respond to axon stimulation to avoid the posslbility
of conduction in the intramuscular nerve branches. The only
contraction observed was localized in the region of the elec-
trodes and did not propagate along the remainder of the

muscle fiber. Further, the potentials usually recorded by
Wiersma and van Harreveld had many of the properties of graded,
local potentials. They could, inmst cases, Summaﬁe; were

not followed by refractoriness; and, as usually recorded, were
monophasic (44,50). Exception was taken to these results by
several authors. Holmes (51) disputed van Harreveld's histo-
logical data, maintaining that the feltwork of nerve fibers
wasg in reality only connective tissue and that each muscle
fiver would receive only one or a few nerve endings. And

in 1946, Katz and Kuffler (52) demonstrated conducted action
potentials and contended that the local-type potentials could
only be recorded focally like the endplate potentials of
curarized vertebrate muscle. Twitch contractions were ob-
gerved ©o0 accompany spikes; whille with the local-type poten-
tials, slower smoother contractions were seen.. Thus they
.viewed crustacean muscle as essentially similar to that of

the vertebrates with two quantitative differences. In the
crustaceans (1), the safety factor of transmission would be
lower so that facilitation and recruitment would be more im-

portant and (2), the tendency for muscle to contract in
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response to endplate potentials would be intensified. They
first demonstrated propagated muscle potentials following
direct stimulation of the muscle fibers and measured conduc-
tion velocities of about 25 cm. per sec. They were also able
to show diphasic potentials arising out of nerve-induced
"local" potentials if the latter were sufficilently large.

It seems likely that in their preparations these nerve-~
induced spikes were also propagated (see fig. 3 of that
paper). Concerning their finding of sharply localized end-
plate potentials, 1t is significant that the experiments

were performed using "strip! preparations. These are obtained
by cutting main nerve branches to most parts of a muscle,
leaving only a small strip of fibers still innervated. This
preparation represented an attempt to approach the physio-
logical ideal of working with single units, but it is probably
because of it that the presence of focal endplate potentials
has not been confirmed by more recent investigations. For
example, in 1953 Fatt and Katz (53) reported the results of
experiments using the intracellular recording technigue
(gléss microelectrodes) to study the distribution of the
local-type potentials along the length of muscle fibers in
twe speciles of crabs. They found that wherever a microelec-
trode entered a muscle fiber an "endplate" potential could

be recorded following nerve stimulation. Further, they

were able to enter a particular muscle fiber at a number of
points along 5-6 mm. of its length, and measure the amount

of variation in the sizes of the potentials so recorded. In
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experiments on fourteen fibers the ratio of the highest to

the lowest value (for each fiber) averaged 1.4+0.045. The
duration of the rising phase of the potentials was practically
constant. These results, taken with the fact that the length
constant of crustacean muscle is about 1 mm. (distance in
which local changes in potential passively decrement to 1/e of
their value at the source), constitute a very convincing demon-
stration of multiterminal innervation. Confirmation of these
data is presented in the section treating the present results
(IIC). 1In this same paper, Fatt and Katz report several in-
stances of belng able to record a response in one muscle

fiber to stimulation of each of two axons.

There has also been discussion concerning the conducted
muscle potentiéls reported by Katz and Kuffler (52). Wiersma
(54) suggested that an additional regenerative process or
spike potential did not exist and offered an alternative ex-
planation for these conducted waves. He argued that the
experimentally evoked, local muscle potentials would in turn-
stimulate the hypolemmal branches of the motor axons in the
adjacent regions. These in turn would elicit a local muscle
potential in the new region and this cyclic process would
continue, resulting in propagation. He felt that in normal
muscle this situation would not arise since nerve impulses
would tend to arrive at the endings simultaneously. Recent
experiments with intracellular micrcelectrodes, however, have

demonstrated clearly that an additional process signalled bya
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spilke potential can occur in crustacean muscle (55),(also

see present results). Fatt and Katz (55) used two internal
microelectrodes, each forming a pair with an external elec-
trode Iin the bathing solution. One pair was used for passing
current across the muscle fiber membrane (stimulating) and

the other for recording. No attempt was made to observe re-
sponses to nerve excitation and it seems unlikely that they
stimulated terminal axon branches unintentionally. When suf-
ficiently large depolarizing currents were passed across the
membrane by the stimulating electrodes, a splke potential

was often seen at the recording microelectrode arising from
the resultant electrotonic potential. By entering a muscle
fiber at several points successively, 1t was shown that the
spike potential could be propagated and at a velocity averag-
ing about 30 cm. per sec. Local action potentials, apparently
restricted to the region of the stimulating microelectrode,
were also often observed. ZEvidence will be presented in the
Results section, that in neurally activated crustacean nmuscle,
the role of the spilke 1s not primarily that of a cistributor
of excitation. Another interesting finding was alsc presented
by these authors (55). Replacement of the sodium ilons of the
external medium by choline only resulted in the augmentation
‘and prolongation of the spike potential. These effects were
even more pronounced when tetraethylammonium and tetrabutyl-
ammonium were used as the sodium substitutes. Spike poten-
tials which have been studied elsewhere (squid giant axon (56),

frog muscle (57), and frog myelinated nerve (58)) are uniformly



I

diminished by the replacement of sodium by choline. Lorente

de Nd (5¢), however, has shown that tetraethylammonium, as

well as sdme other quaternary ammonium compounds, can substitute
for sodium in certain small fibers in frog nerve.

The older experiments on crustacean muscles can be sum-
marized by describing the two opposing views which they
engendered. On the one hand was the concept of a novel ex-
citatory system. The muscle fiber surface was considered as
a mosalc of discrete spots at which local electrlical events
were evoked by numerous nerve endings, and the activity at
some of these spots could differ frcom that at others. The
other view stressed the similarities of crustacean neuro-
muscular mechanisms to those of the vertebrates. Only one
or a few endplates were visuallzed at which propagated muscle
action potentials could be initiated, although it was also
felt that considerable contraction could accompany the local
endplate potentials. Conslderable reconciliation of these
two 1ldeas has been effected by the recent work of Fatt and
Katz (53), as well as by the present experiments.

.The remainder of this section is, in a sense, a digres-
gion, for few additional references to crustaceans will be
made. It 1s an attempt to present what is known of the neuro-
muscular mechanisms of other animals, in order to consider the
extent to which some of the above-mentioned attributes might
be general ones. In this respect the insects are most interest-
ing. These arthropods also have a small number of motor nerves

fibers innervating any particular muscle (47,560,61,62), and



_L6-

different contraction types have been observed. For example,
Pringle (60) distinguished twitch and slow contractions in
the flexof tibia of the cockroach. By varylng the strength
of stimulation to the nerve both before and after subjecting
it to a certain amount of drying, he was able to evoke the
two contraction types separately. He observed visually that
The same muscle fibers could be involved in either type of
contraction., He thus assumed double motor innervation of all
the nmuscle flbers and speculated that the difference between
twitch and slow contraction would lie in the number of muscle
fibers activated by the two nerve fibers. Thus he attributed
the facilitation observable in the slow system to a progres-
sive recrultment of addltional muscle fibers, each fiber giv-
ing an all-or-nothing response. Wilson (63) has recently
worked with the same muscle and offered an alternative expla-
nation of the two contraction types. He stimulated the muscle
through its nerve and recorded the resultant electrical activity
in numerous of its [ibers with intracellular microelectrodes.
He‘distinguished two types of electrical respohses: (1) one
had a duration of 3-4 msec., was followed by a refractory
period and often overshot beyond zero potential (size range
22-85 mv.), while the other (2) lasted about 6-8 msec., showed
vsummation rather than refractoriness and was smaller (8-20 mv.).
He concludes that the two types of potential underlie the two
ypes of contraction and that each occurs 1n different muscle
fibers, much as in the frog (14). His arguments in support of

the latter concluslion are not very convincing. For example,
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he points out that both responses occur in fresh, unfatigued
muscle and therefore the small slower potential would not
merely be én endplate-like response which failed to elicit a
spike. Katz and Kuffler (52), however, showed that endplate-
like potentials, too small to evcke spikes, are obtainable
from the muscles of intact crabs. And it will be shown below
that both types of potential (endplate and spike) can be
elicited from the same muscle fibers of various crustaceans.
Wilson also reports that he never observed the transition
from one type of potential to the other while recording from
a single fiber, but 1t seems very probable that some type of
prepotential precedes the spike response.

The most_comprehensive study of an insect muscle is re-
ported in several very recent and very interesting papers by
Hoyle (62,64,65). He worked mostly with the extensor tibia
of the migratory locust and showed that it received three
motor axons. One of the axons, which runs in a Separate nerve,
seemed to innervate all of the fibers of the muscle and evoked
in them an action potential congisting of a spike arising from
an endplate-like potential. This axon was referred to as "F,"
indicating that 1t gave rise to a typical fast response. A
second axon, referred to as 37 (signifying a slow response ),
seemed to have two different types of endings and could pro-
duce qualitatively different effects in two classes of muscle
fibers. &7 innervated only about 30% of the fibers of the
muscles. In about two-thirds of these, 1ts stimulation evoked

small, slow potentials lasting over one second and Capable
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of summating to plateaus of depolarization of 50 mv. The
other one-third of these fibers showed more rapild responses

to Stimulaﬁion of fiber 54, which were only slightly smaller
and slovier than those evoked by F. The slow responses were
designated as Sla and were accompanied by slow contractions,
while the more rapild action potentials were referred o as

Sy, and gave rise to twitches. The third axon (82), which

was smaller than elther F or S;, produced an electrical re-
sponse 1in only some of the fibers and was not sesen to be ac-
companied by contraction. The form of the electrical response
was a briefl depolarization followed by a longer lasting hyper-
polarization. Although both phases were small (less than 1 uv.),
the hyperpolarizations could summate during repetitive stimu-
lation and thus ralse the resting potential of the fiber. The
S response was most clearly seen in fibers with low resting
potentials and could not raise the membrane potential above
the level of about 70 mv. Hoyle has not been able to demon-
strate that Sp, causes any inhibition of either contraction
or‘action potentials evoked by the other two axons. In fact
stimulation of S, sometimes seemed to augment the contraction
elicited by F and Hoyle ascribes to 8o the function of rais-
ing the membrane potential briefly before 2 maximum effort is
lrequired by the animal. This might be useful inasmuch as
muscle fiber resting potentials were found by him to be lcw

in locusts feeding on certain diets (66). Since the F re-
sponse occurred in all fibers tested, it can apparently be

present in combination with the other three types of potential,
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énd records are given from two filbers showing F and Slb’ and
I and 82. Responses S, and Sla recorded from a single fiber
are also éhown and presumably this fiber received axon F as
well, No fiber was found which showed both 373 and 82 effects,
and other combinations are not mentilioned.

Insect muscles may recelive more than three axons. Ripley
(47) round as many as six contraction steps accompanying
gradual increase of the intensity of stimulation applied to
the nerve supplying the flexor of the tibia, in a different

species of grasshopper (Romalea microptera). Four of the con-

traction types were twitches, while two were slower. Hoyle
also found up to four steps of twitch contraction in the
homologous muscle of Locusta (64), and although he did not
observe the slow response, he reports from a histoclogical
study (62) that this muscle receives "a relatively large num-
ber of motor axcns." He concluded that not more than one of
the twitch-evoking axons innervates any one of the small
bundles into which these muscles are organized. A micro-
electrode inserted into individual muscle fibers never re-
corded more than one fast action potential and this would
always be assoclated with a particular contraction step. In
this case the concept of the motor unit seems more applicable
lthan in any other arthropod system yet studied.

del Castillo, Hoyle, and Machne {67) reported that the
slze of the endplate response does not vary appreciably along
the length of the fibers of the flexor tibila of Locusta. Hoyle

corronorated this in his later paper for the extensor tibia of



-50-

éhe same species (64). Thus, multiterminal innervation is
apparently present in insects as well as in crustaceans., The
original histologioal demonstrations of multiterminal innerva-
tion were, in fact, on insects (28,48).

In brief summary of the studies on insects, 1t may be
said that both polyneuronal and multiterminal innervation
have beén demonstrated. As well as endplate-like potentials
which evoke spikes, there are slower potentlals which can
cause steady changes in the resting membrane potential level
and which do not seem %to elicit spike potentials.

Very fTew of the detaills of muscle innervation given above
for Vertebrate and arthropod systems are available in any
other of the phyla. The numbers of motor axons to a muscle,
the numbers of these which innervate the individual muscle
fibers, or the numbers of endings con a typical muscle fiber,
are essentially unknown for other animals. But there are
indications that further study of these systems would be
interesting. Two types of contraction have been recognlzed
in various molluscs for some time. Winton (68) showed that

the anterior byssus retractor of Mytilus edulis responds dif-

ferently to alternating or direct current stimulation. Fol-
lowing the cessation of a.c. stimulation, tThe muscle relaxes
lrapidly, but after d.c. stimulation does sSo over one hundred
times as slowly. In this slowly relaxing state the muscle
may support considerable tensions for long periods. Winton
showed that d.c. stimulation applied for 14 sec. of every

minute resulted in a sustained or steadily ilncreasing con-
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traction: A.c. stimulation given in the same time relations
resulted in only one discrete contraction per minubte. A.c.
stimulation after d.c. abolishes the delayed relaxation.
Fletcher (6G) confirmed these findings and tried to stimulate
the muscle through 1ts nerve supply, but was unsuccessful.

He recorded the muscle action potentlials with a mechanical
device wrlting on smoked paper and found that the response

to a single shock was propagated at less than 2C cm. per sec.
and was of the order of 1 sec. in duration. The electrical
response to repetitive or d.c. stimulil was a plateau with
irregular potentials superimposed upon it. Pumphrey (70)

obtained evidence for the medlation of twitch and tonic con-

-t

tractions

by sSeparate nerve groups, but in a dlfferent specles.

He recorded impulses from intact motor nerves, primarily from

[

those to the anterior adductor muscle, in the clam, lMya

arenaria. Contractions were elicited reflexly through tac-
tile stimulation. Accompanying contraction in response to
different strengths of stimulation were particular sequences
of motor nerve impulses, Correlated with the rapid initial
closure of the valves following strong tactile stimulation
were large nerve impulses which eventually dropped out, al-
though the animal remained closed for some time. The remain-
ing small nerve impulses were also the sole concomlitants of
very weak slow contractions following slight stimulation. It
appears from his records that iwmpulses in the small nerve fibers
evoke very little contractile response by themselves, but can

cause maintainance of tension which has been initiated by the
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large nerve impulses. Pumphrey refers to 1t as a delay of

relaxation and from this deduces that the large and small

axons must innervate the same muscle fibers. A phenomenon
observed by Blashko, Catteliand Xahn (71) should, however,
orompt cautlon in the acceptance of this reasoning. Working
with crustacean muscle they found that if, during stimulation
of the nerve to the closer muscle of the claw at a freguency
eliclting only s8light contraction, they passively closed the
claw against the resistance of the recording lever, the claw
remained more or less closed after removal of the passive,
externally applied tension.

Ramsay (72) developed a nerve-muscle preparation of the

retractor of the buccal mass in the snail, Helix pomatia. He

recorded sumacing muscle potentials, a single one of which
could be followed by a slow contraction in some preparations.
Gradually increasing the strength of stimulation of the nerve,
several contraction steps were observable. TFronm histologl-

cal studies he discerned two types of nerve fibers, thin deeply
staining(l«S/p) and thick (6-lqp)faint1y staining ones. He
confirmed an observation by R8chling (73), that a thick and

1,

a thin axon could run together and branch diplotomically
within the muscle., This was not, however, the only manner of
branching that could be seen. These observations are very
enticing, but not complete enough to validate a comparison
with the crustaceans.

some doubly functioning molluscan muscles are anatomically

differentiated into two parts. TFor example, in the scallop,



_.53..

Pecten, the largest portion of the adductor muscle is vellow-
ish, clear and Striéted; while the remainder 1s white, opaque
and unstriated. The striated porticn 1s responsiile for the
twitch-1like swimming movements of Pecten, while the other pardu
shows slower tonic contractions (74). (The muscle with which
Pum?hrey worked (see above), however, does not correspond to
Tthis description, being homogeneous and unstriated throughout.)
Lowy {75) has recently recorded contractions and action poten-
tials from the two parts of the adductor of Pecten. Confirma-
tion was supplled that twitch-1like closures of the shell were
due to contractions of the striated portion; while during
maintained closures, the smooth muscle portion was active.
The action potentials of the smooth part have the slower time
course of the two. This muscle, then, is roughly analagous to
those of the frog which have sevarate twitceh and slow areas,
but different from the crustaceans where twitch and slow con-
tractions proceed in the same muscle fibers. It is interest-
ing to note that Lowy was always able to record action poten-
tilals In the slow portion during its prolonged contractions;
and this wasg alsc true for the wholly smooth adductors of
Wytilus (76), which could remain contracted for up %o 3C0 hours.
These observations do not support the idea of a molecular
catch-mechanism which would allow prolonged contractions with-
out expenditure of energy. Such an idea has been put forth
by several authors (e.g. 77,78).

J. 4. Young (7¢) performed experiments with nerve-muscle

preparations from the squld, Loligo. The mantle of this animal



-5l

1s composed almost entirely of striated muscle fibefs running
circumferentially.ahd radlially in a matrix of connective Tis-
sue. MNine to eleven pairs Qf nerves from the stellate ganglion
form 1ts complete innervation. Each nerve contains one giant
axon (250-700/p) and numerous smaller axons (less than 50)1).
Youﬁg_was able To stimulate these stellar nerves and record
contraction from the appropriate area of the mantle. The
response to a single shock to one of the nerves was a practi-

cally all-or-nothing twitch of one area. If all of the small

=y

nerve {ilbers were cut away leaving only the glant axon, the
response was essentially the same. If, however, the giant

axon was pricked with a needle, but the small fibers left in-
tact, smaller contractions of the same mantle area were ob-
tained; and these were graded according to the stimulus strength.
The two types of contraction correlate with the two types of
mantle movements performed by the live sguid. One is a violent

contraction accompanying Jjet-propelled swimming and the other

.
w

a zgentle, rhythmic movement associated with respiration.

4

It is not known if both gilant and small axons innervate the

ot

same muscle [ibers, or what the mechanism of gradation is

in the small-axon system. Neither has the actlon potential
nor its manner of distrivution been studied. Prosser and
Young (80) found that the height of the contraction evoked

by the gilant fibers is initially Independent of freqguency.

The entire duration of a single twitch is about 200 msec,

Thus it_has the fastest time course so far found for molluscan

muscle and in this respect, and In the absence of facilita-
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tion, it resembles the closer muscle of the crayfish and
somatic muscle of vertebrates (with the exception of frog
slow muscle fibers).

Prosser and Melfon (81) have recently found evidence of

gualitatively different motor nerves in the smooth muscles

of the sipunculoid worm Phascolosoma. The muscles studied,

the proboscis retractors, were known from previous work (82)

co display two types of action potentials, a spilke and a slow
wave, The spike was found to fatigue easily on repetition,

to evoke a twiteh contraction and to be followed by refractori-
ness. The slow wave facilitated and summated and was associ-
ated with tonic contractlons. With stimulating electrodes
applied directly to Tthe nuscle (excitation nevertheless pro-

1o
ceeds through the intramuscular nerves) the

m

nike was for the
most part all-or-nothing, but the slow wave was graded accord-
ing to the intensity of stimulation. Both spike and slow wave
were conducted away from the stimulating cathode at velocities
of about 1-2 m. per sec. and C.3-0.4 m. per sec., respectively.
Evidence was presented that thls conduction also proceeds by
way of intramuscular nerves. Using very small stimulating elec-
trodes, Prosser and Melton, were able To elicit either spikes

or slow waves, or both. The type of response depended upon the

position of the stimulating electrodes with respect to nerve

)

fibers and small oundles of nerve fibers which they could
discern on the muscle surface. From histological studies they
were also able to distinguish two types of nerve fibers. One

group had dlameters in the vicinity of Q'P, whille the others



were below 1 P A detailed diamebter spectrum for comparison
with sopike and slow-wave conduction veloclitiles would have been
interesting but was not provided. ZEvidence was presented that
each of the two types of muscle response arises from stimula-
tion of one of the nerve fiber groups, although this could not
pe proved directly. The spike potential usually preceded the
slow wave and the latter is thus not a prepotential (endplate-
like potential) for the former. It also suggests that the
function of evoking the slow response may be assigned to the
small axon group on the hasls of the relative conductlon
ities. No data were gilven which would help to decide
whether the innervation of individual muscle fibers was by

one or both axon groups (i.e. whether both types of response

in a single muscle fiber).

L

could be elicite
Prosser, Curtis and Travis (82) not only studied Phascolo-
soma proboscis retractors, but also recorded actlon potentials
from the latern retractors of Thyone and the byssus retractors
of Mytilus. The Thyone muscles showed two types of potentials,
fast and slow. The former fatigues readlly, while the latter
facllitates on repvetition. Only one type of potential was
observed in the Mytilus muscle. This is a wave which shows
summation and no refractoriness; and is conducted at about
0.6 m. per sec. One suspects that conduction here i1s also
mediated by intramuscular nerve branches, bult this is not known.
Very little study has been devoted to annelid motor sys-
temeg. Glant azxons located in the central nervous system are

very common. In some cases they apparently send branches
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rectly. to the body musculature and thus serve as fterminal
motor axons. This situation has been reported for the poly-

chetes Myxicola infundibulum (83) and Branchiomma vesiculosum

(84). Stimulation of the glant axons gives an all-or-nothing

contraccion which rapidly fatigzues and shows no facilitation
unless the contraction has become considerably reduced by
repetition. The contraction involves %She entire worm and the
mechanisms for more local graded contractions were not dis-
cussed. In other annelids, fthe glants are not the primary
motor axons (85) and papers concerning the latter were not
ffound.

C. F. A. Pantin and his collaborators have studied the
motor mechanisms of actinian coelenterates (sea—anemones) in
some detail. A net of synapsing neurones provides for the
central nervous system as well as the peripheral effector
axons. Much of the work has been devoted to the properties
of This nerve net and is more germane to a discussion of
nervous systems, but there are several phenomena which are

ertinent to the present considerations, The earlier work of

Pantin was mostly with Calliactis parasitica as experimental

animal, while tThe more recent studies of Batham and Pantin

have been on Metridium senile, One responz studied in

Calliactis was the contraction of the sphincter muscle (at the

top of the column) to stimulation applied to the side of the

column (86). A single electric shock evokes no visible con-

p 2. .?

ractlon unless the intensity is extremely high. = Two shocks,

<

however, above a certain low threshold do elicit a response,
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The size of the latter is dependent upon the interval between
the two stimuli, ?rbvided that this is greater than about 50 msec.
(absolute refractory period), but not much greater than 1 sec.
(racilitation interval). The sphincter muscle will respond to
a single stimulus of intensity not much greater than the two-
shock threshold, if 1t 1s applied directly to the muscle

itself (87). These phenomena were interpreted by Pantin as

o

follows. The first of two stimuli applied to the side of

the column would result in a nerve impulse arriving at each
"endplate” of the sphincter muscle, but would be unable to
activate the muscle. This would, however, facllitate the
neuromuscular transmisgsion process so that a second nerve
Impulse arriving soon after might effect activaticon. The
increase of contraction wilth shorter intervals would be due

to the success of the nerve impulse at a greater number of
junctions. This implies an all-or-nothing contraction pro-
cess in the muscle fibers. There are systems 1in the crusta-
ceans which show auvgmentation of contraction with decreasge of
the two-shock interval, but for which an increase of graded
processes 1in all of the muscle filbers 18 responsible, rather
than recruitment. These do not, however, show the large dif-
ference between the responses to one and two stimulil seen in
the anemones; and it is upon this that Pantin puts the greatest
burden of his argument. As an alternative explanation it might
be possible, for example, that the last synapse of the nerve

net would reguire facilitat

(=

on. Direct proof pertaining to

this guestion will be difficul? to obtain. The muscle Tibers
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are usually less than,l_}tin.diameteru although they may be
over 1 mm. _n leangth. Thelr diameter practically excludes
the possibility of intracellular recording. It is not, in
fact, clear thaf an electrical concomitant of conduction and
muscular activation can be readily measured. Pantin (88)
states that no electrical activity has yet been detected, but
he does not disclose how asslduous was the search. An interest-
ing histological detall appears in the same paper. This is in
the form of an "endplate!" photograrhed from a preparation of
Dr. Batham's, The width of the endplate structure (about 10)1)
suggests that 1t supplies a number of muscle filibers, although
these do not appear in the picture.

Metridlum differs from Calliactis to the extent that 1t

shows considerable spontaneous contraction of its various

muscles under apparently constant external conditions. These
movements are extremely slow and are barely detectadle visually,
but are quite apparent in kymograph records made with slowly
moving drums. There is a particular sequence of contraction

£

0o several muscles, which lasts several minutes. The whole
sequence may e repeated after somewhat varying intervals
(several sequences per hour) gziving some suggestion of

7

rhythmicity (8¢). A very similar sequence can be evoked by
a train of stimull at a freguency below that which normally
elicits the more rapid contractions assoclated with reflex
activity (¢C). Batham and Pantin typically used five or ten

gtimull .at frequencies of from one in 2 sec. to one in 15 sec.

In contrast To the semltetanic appearance of the contraction
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following stimuli at higher frequencies (1 or 2 per sec. ),

these slow responses are entirely smooth and may outlast the

sﬁimuli by several minutes. There is also a prolonged latent

pericd preceding the contraction. It IiIs not known if the

fast and slow type responses both occur in the same muscle

fibers, although both can occur in the same muscle in which

no obvious histological differences among the fibers are found.
It is apparent from the above dlscussion that outsilde

of the arthropods very listle is known of the more intimate

details of neuromuscular mechanisms in invertebrates. There

was one feature, however, which seemed to be qulte general

among the systems considered. Rapid and slow contractlon

were evoked by different groups of nerve fibers, and 1in some

cases the muscle was also differentiated into fast and slow

parts. In this regard, then, the mammals seem to be unusual

in their total reliance on a twitch-type system in theilr

somatic musculature. (It is not known 1f this is also true

:n birds and reptiles, however.) Part of the difficultles in

studying some of these invertebrate systems lies in the nature

of the materials, themselves. Most of the muscles consist

A

off very small cells which are typlcally imbedded 1in toug

x..—J
D“

connectilve tissue. Nor are lengths of nerve avallable in most
animals which are amenable to manipulation. These facts em-
phasize the usefulness of the crustacean systems with thelr
long, easlily split nerves and large, free muscle fibers. Bub
as might be expected, other difficulties are present and These

will become avparent in the following pages.
= Lo B P



B, Methods.

Preparations and Methods of Stimulation:

Nerve-muscle preparations from a number of decapod crus-
taceans have been used for these studies., In each case, some
portion of the nerve containing the appropriate motor axons
had to be isolated for stimulation, and in many experiments
single axons were prepared. Further, some surface of the
muscle needéd to be exposed to ailow electrical recording.
The way 1n which the dissection was carried out to meet these
reguirements 1is detalled bhelow for each vpreparation used. In
addition any techniques peculiar to the use of that prepara-
tion will ve described.

(1) The muscle of the quick-adapting abdominal stretch
receptor, RM2:

The crayfish, Cambarus clarkii (Girard) was the only

specles from which thils muscle was prepared. The dissection
differs in only minor respects from that described in Part I,
pp. 2 and 3. The tergal strip of the avdomen was isolated

and the extensor musculature of one side of cne segment re-
moved. If this is properly done only a T-shaped structure
formed by the stretch-receptor muscles and thelr nerve re-
mains In that half-tergite. RM1l was cut free of its termi-
nal attachments and its connection with the nerve trunk.

Since the muscular parts of the remaining organ (RM2) were now

the most 1mportant, a more diligent attempt was made to keerp
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them undamaged. In the previous experiments the ends of the
nuscle stfands had been clamped in mounted forceps to effect
removal from the terzite. For the present purposes, however,
the tissue on which RM2 had its attachments was dissected
out and clamped instead. This was especlally difficult at
the posterior attachment which 1s obscured by the lateral,
deep extensor muscle, and damage to this end of the receptor
muscle often resulted. Damaged reglons are readlly recog-
nized by their opacity and were never seen to extend anterliorly
beyvond the sensory region. In all experiments reported below,
only the portion of the muscle between the sensory reglon and
the anterior attachment was used, so that this posterior
damage probably had little effect on the results. A length
of nerve suitable for stimulating is obtained in thils dissec-
tion. Attempts to spllit this nerve with sharp needles were
unsuccessful and responses were evoked by stimulation of tThe
whole of 1t.

Some of the experiments required moving the recording
electrode small known distances. The fine adjustment knob
for the horizontal traverse of the micromanipulator wag call-
brated for this purpose. The smallest units were 50’p and
distances could ve estimated accurately to within 10 p.

(2} The flexor of the dactylopodite (closer muscle)

“

of the thoracic limbs:

v

Several species have provided this preparation. Two

e

grapscid crabs, Pachygrapsus crassipes and Hemigrapsus nudus

o “

were most frecguently employed. In these animals only the

n
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four most posterior pairs of non-chelate limbs were ever used.
After removing the limb at the autotomy joint in the ischio-

P (3 1

te, a particular strip of exoskeleton was clipped away with

D)

odl

by

a pair of bone forceps (or finger-nall clippers) from the

I}

propodite. This strip of shell covers the surface of the

feloser muscle opposite to the one which contacts the
"opener" muscle. The strip is narrow and is the only region
of exoskeleton on that side of the propcdite which 1s [ree
from muscle fiber attachments. Care must therefore be taken
in removing the strip to avold probing the underlying and
adjacent fivers. This was facilitated by the fact that all
the grapvsoid crabs used had the still uncalcified "shell"

2

of the next molt underlying the calcareous exoskeleton. This
tough structure helped to protect the muscle fibers and could
then be removed with greater care under the dissecting micro-
scope using fine scissors. A successful dissectionwas signi-
fied by the translucent appearance of the muscle fibers. When
damaged they became white and opaque. The animals were al-
mogt always used within several hours, and sometimes within
minutes, after removal from their natural environmens.

The "closer! muscle was also used from non-chelate limbs

of two species of the crab, Cancer: (¢, antennarius and

tus. The dissection technigque was analagous with

ct

hat used on the grapsoid crans. In the specimen of Cancer,

The words closer and opener are put In quotation marks
when referring to muscles of non-chelate limbs.



-5l

however, a tough next-molt "shell” was not present, but the
limbs were large enough to permit dissectlon without damaging
muscle fibers. Specimens of Cancer were not as readily cap-

p

tured and were kept in the laboratory for longer periods of
time before being used. Aguaria,suppliled with running sea
water served to keep them in good condition.

In the crayfish, Cambarus clarkli and Astacus trowbrldgil,

only the first thoracic legs, the chelae, were large enough
for convenient preparation of the closer muscle. These limbs
differ from the walking legs of the crabs in at least one
respect. In the claw the only regilon of the propodite (ex-
cluding the pollex) which is free from closer muscle fiber
attachments 18 that surrounding the opener. In this prepara-
sion, therefore, the approach was from the opposite slde of
the muscle. After clipping away the shell overlying the
opener, that muscle was removed by severing 1ts distal attach-
ment and stripping it back. The surface of the closer nuscle
8till remained covered by two large nerves and a thin mem-
brane. After removal of the membrane, only the surface of
the closer between the nerves was exposgsed for probing with
the microelectrode; and to thls extent the preparation was

3 LR

of limited value.
The technique for isolating the appropriate motor axons
was essentlally identical for all of the above preparatlions

and nas been described by van Harreveld and Wiersma (27) and

Wiersma {(35).
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(3) ° The main flexor of the carpopodite:

This nmuscle will be referred to subsegquently as the
"main flexor.!" Panulirus interruptus, the California rock

lobster, was the only animal from which successful prepara-

tions were nade. The technique employed, differed in several
respects Irom that described by van Harreveld ard Wiersma (41).
The animal was encouraged to autotomize a limb at the natural
breaking joint in the ischlopodite. REleeding often occurred,

nevertheless, and cauterization of the stump was routine pro-

cedure (41). The muscle lies in the meropodite and for these

N

experiments its entire free surface was exposed. This is
the face of +the muscle contiguous to the extensor of the
carpovodite and the cne on which lle the various nerves cours-
ing through the meropodite. To effect this exposure the
inner, slightly concave part of the exoskeleton of the mero-
podite and Ischiopodite was clipped away. The area of shell

to pe removed 1is conveniently pigmented black and is approxi-
mately the region which receives extensor muscle fiber attach-
ments. Next, the extensor tendon was severed distally and
that muscle was removed. The limb was {ransected at the
carpo~-propodite joint and the distal plece discarded. The
remainder then consisted of carpopodite, meropodite and vart
of the ischiopodite. A modifiec ferniur clamp was used to se-
cure this plece at the mero-carpopodite joint and served to
support the preparation as well as prevent flexion during

nuscle contraction.



The. nerve containing the main flexor axcns was split
in a small region on either side of the ischio-meropodite
Joint. In some preparations there were ftwo nerves and in
others three, at this level. The nerve contalning the de-
sired axons could be recognized as the thinner (or thinnest).

ny other nerves but this one were removed. Before the re-

maining nerve could besgpllit 1T was necessary to remove a
mass of sticky connective tissue surrounding it. The suc-
cess of the subsequent dissectlon depended considerably upon
the extent to which this sometlimes tedious cleaning was per-
formed. Care was also taken to keep the proximal attachment
of the nerve intact. The nerve contains seven efferent
fibers which are sufficlently larger than the numerous sen-
sory axons to be readlly recognized. Of the seven, only
four were used in the present experiments., Of the other
three, one 1s the main flexor inhibitor; one, the stretcher-
"Topener" motor axon; and the third, the stretcher inhibitor
(41). It was necessary to remove these latter three and it
was often possible to recognize them without having to stimu-
late each of the seven axons in turn. The flexor Inhibitor
was always the thinnest of the seven. The other two were
of'ten closer to one another than any other two axons; and
they usually ran on the side of the nerve opposite “o that
from which the first branch to the main flexor arose.

Many dissections fafled to yield four separate, function-
ing motor axons, one or more having been damaged in splitting

the nerve. In those cases that were successful, the axons were
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transected as proximally as possible and each hung over a
separate platinum hook electrode. Two electrodes were car-
ried by a Zeiss micromanipulator and two by a double rack

fal

and pinion device. A layer of paraffin oll was poured on
top of the bathing solution and the four electrodes, with
axons attached, were lifted through the aqueocus-o0il inter-
Tace. A grounded Ag-AgCl electrode was immersed in the ag-
ueous phase and by means of a selector switch, stimulating
voltages could be applied between 1t and any of the hook
electrodes, With this method the potential is eflectively
applied along the axon bvetween the hook and the oll-agueous
interface. Provided that the hook electrodes were made posi-
tive with respect to ground, this method of stimulation was
very satisfactory. Exclitation occurred with low voltages and
cross-stimulation of other axons wasg absent at maximunm avail-
able intensites.

The live lobsters were obtained from the XKerckhoff Marine
Station at Corona del Mar. They were transported wrapped in
wet burlap atop a cake of ice. All animals survived the
Journey and could usually remain alive for an additional three
weeks 1n thelr new environment. This consisted of an aguarium

O 4 s

containing 1O liters of sea water, constantly aerated, kept

at 10° C., and renewed abcut once a week.

Potential Recording:

Muscle potentials were recorded almost exclusively using

intracellular microelectrodes (86). These were made of glass
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and drawh from melting-point capillary of about 1 mm. out-

4

side diameter. The completed electrode tapered to a Cip
cbnsiderably less than 1 p_in diameter. TFig. L shows an
electronmicrograph of one such electrode. 1t was the only
‘one observed in the electron microscope and may not be typl-
cal.. In most cases, however, the tips did not seem To be
resclvable using the high power objective of a light micro-
scope and were thus probably less Than O.B‘y in diameter

The apparatus used to draw the microelectrodes was quite
simple to both assemble and use. Its esgential parts were

a vertically pulling spring (20 cm. long, extending 3 mm./gm.)
and a heating element consisting of a loop of nichrome wire
(1.5 turns of #26 wire, 3 mm. in diameter). It is not known
within what limits these characteristics may be varied, but
they are probably wide. Current was supplied to the heating
loop by a high-wattage step-down transformer (110 v./12 v.).
The primary of the latter was connected to the output of a
variable transformer., The step-down transformer allowed
more delicate control of the heating current, since 1ts out-
put voltage only showed changes about 10% as large as those
of the variable transformer. In actual opveration a clamp
carried by a micromanipulator held the lower end of a I cm.
length of the caplllary tubing. The latter passed through
the nichrome loop and was attached by another clamp at its
upper end to the spring, which was extended by about 10 cm.
The nmlcromanipulator allowed the center of length of the

capillary to be placed in the center of the heating loop.



i 1. Electronmicrograph of a glass micro-
lectrode. This electrode was drawn with the
pparatus described in the text. Many of the
lectrodes used were probably not this small,
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These precautions provided two microelectrodes of equal
length from each piece of capillary; and insured that the
glass did not contact the hot wire.

The microelectrodes were fllled with 3 M. KC1l by putting
them in a boiling bath of that solution for 15-20 min. The
detalls of the technique were similar to those described by
Ling and Gerard (87). It was found that if air dbubbles re-
mained in the electrode tips after volling, they would usually
dissolve completely in the surrounding fluid during the fol-
lowing several days. Electrodes were usually made, therefore,
that much in advance of their being required and stored over
water in a "dessicator." It was possible to prepare completely
about 50 electrodes as a batch in about an hour. This greatly
facilitated the experiments, since a dozen or two electrodes
were sometimes broken on a single preparation.

The position of the microelectrode was also controlled
by a Zeiss micromanipulator to which it was affixed by means
of a stout, capillary-bore, glass tube. The microelectrode
shank was wedged into a polyethylene collar in the end of
the tube. This arrangement held the electrode firmly enough
and allowed rapid replacement of broken ones. A fine silver
wire, coated with AgCl, was inserted directly into the shank
of the microelectrode through a hole in the wall of the
stout tube. The silver wire led, by means of a short length
of double shielded wire, to a compact cathode-follower input
stage which was mounted on the micromanipulator. These

measures helped to reduce the input capacitance and thus
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the input time constant. A low input capacitance i1s neces-
sary in View of the large input resistance offered by the
microelectrode. A few measurements of this resistance
yvielded values of about 20-40 megohms. A single measurement
of the input capacitance gave 3 pF. No more exact assessment
of the time constant was attempted since neither the abso-
lute magnitude nor the exact time course of the action poten-
tials was of importance for the conclusions,.

The cathode follower was bullf according to the design
of Bishop (88). It had a balanced input to two #954 acorn
wbes. Its output was divided and led (1) directly to the
input of the resistance-coupled amplifier of one channel of
the double-beam oscilloscope and (2) to the input of a con-
denser-coupled pre-amplifier. The output of the latter fed
into the other channel of the oscilloscope (Dumont #322).

The oscilloscope amplifiers provided a maximum sensitivity

of 25 mv. per inch deflection of the trace, while the pre-
amplifier (Techtronix, #22) increased this either 100-or
1000-fold. VIn sampling the electrical response of the fibers
of a muscle, the microelectrode was poised over the desired
region by observing its position through the binocular micro-
scope. PFollowing this, attention was directed to the oscillo-
scope beam registering the d.c. amplifier response while the
‘microelectrode was slowly lowered into the muscle. The suc-
cessful penetration of a fiber was then signalled by the
sudden deflection of this beam in the proper direction to

indicate measurement of a resting potential. The motor axons
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could then be stimulated and the response observed or photo-
graphed. |

| The convenlence of using both beams of the oscillo-
scope, one registering the response at a greater amplification
‘than the other, arose from the great variation in the size of
these responses. Muscle potentials of less than 0.1 mv, and

greater than 50 mv. had to be observed in the same preparation.

Physiological solutions:

van Harreveld's crayfish solution (89) was used to bathe
preparations of both Astacus and Cambarus. Sea water was
used for Cancer and the grapsoid crabs. A solution for Panu-
lirus was prepared from the data of Schlatter (90) and had

the following composition:

NaCl 30.5 g.
KC1 0.9
CaCly 2.3
MgCly-6H50 2.0
NaHCO4 to pH 7.2

HQO to 1 liter



The present experiments concern, for the mest part, four
attributes of the crustacean neuromuscular mechanism. Two
»of them haverbeen considered in greater detail tThan the others,
but they are all interdependent. The terms that will be used

Clals,

to describe them are as follows: (1) Jjunctional poten
(2) spike potentials, (3) multiterminal innervation, (

t

L) poly-
neuronal innervation. Although all of these terms have been
used beforé in describing other systems, they have not, with
the exception of (2), been applied to crustaceans. Opera-

tional definitions of them will be given in the descriptions

ral

of the observed phenomena, and a Jjustificatlion of their use

will be attempted in the Discussion.

Muscle potentials:

During experiments on the sensory cell of the stretch
receptors, using intracellular microelectrodes, entriés into
the strand of muscular tissue of the guickly adapting organ,
RM2 (see p. 3), were also made. Following stimulation of the
whole nerve, which contains motor axons for this muscle, two
types of potentilal responsevwere visible. Fig. 2 is a photo-
graph of a single sweep of the oscilloscope beam, during which
two stimull were applied to the nerve. The two small diphasic
transients preceding the responses mark the times of applica-
tion of the stimuli. The small ripple in the record 1is at
60 cycles per sec. It can be seen that the response to the

second stimulus differed from the first mainly in the presence






of a sharp spilke of potential. The additional hump following
it was aléo a common feature, but will not be considered
further. The relations between these two types of potential
response and some of thelr other vproperties will be examined
at greater length below. For the present this record serves

e

to define "junctional potential' (first response) and "spike
potential” (the sharp peak of the second response).

The Jjunctional potential is qulte similar in appearance
to local, post-synaptlc responses elsewhere observed (e.g.
at the vertebrate motor endplate, and in spinal cord moto-
neurons). Such potentials have, in general, been shown to
be lcocal and graded,}and upon exceeding a certaln size to
elicit an all-or-nothing propagated spike. It then becomes
interesting to determine in how far these properties are
applicable to the potentials under consideration; for these
attributes indicate something of the mechanism of the spread
and distribution of excitation.

In all experiments the Junctional potentials did indeed
prove to be graded, in that successive ones could summate

) ™

to a greater size. Examples are given in Fig. 3. In Fig. 3a,

4je]

recorded from a preparatlon of the main flexor of Panulirus,
the junctilonal response to a single stimulus to one of the
motor axons is shown (at two amplifications). b-d show
'summaulon of Junctional potentials recorded from a different
Tiber of the same preparation. Note the lower sweep Speed
than in a. The photographs are multiple exposures each show-

ing seven sweeps. In all sweeps the first nerve stimulus (of 2)

(8



Fig. 3. Junctional potentials. Ponulirus, main flexor

(of carpopodite). Upper beam at 5x arnplification

of lower, b-d
stimu muli %? S

multiple exposures, two nerve

eep, On each successive sweep
the second stimulus is closer to the first. Cal-
ibrations: time, 20msec.; voltage, 2 mv. for
upper beam.
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the trace and for each successive
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occurred-at the hegin
xposure the time interval between the shocks was decreased.
b shows stimulus intervals from 110 msec. to 17 msec., while

3.5 mesec. %When the two-shock

in ¢ These times were 15 to
interval was decreased below 3-3.5 msec., the second response
was reduced in helght as seen in d. These shorter intervals
approach the refractory period of the nerve and the reduction
in response amplitude probably finds 1ts explanation in the
refractoriness of some of the terminal axon branches to that
muscle fiber.

Spike potentials were evoked by nerve stimulation only
if the Junctlonal response was of sufficient size. With the
exception of the claw closer and RM2 muscle of Cambarus, in
only a small fraction of the fibers of a muscle did the junc-
tlonal potential exceed this threshold following a single
nerve stimulus, © Was,‘however, usually possible to evoke
a splke by repetitive stimulation. Fig. 4 illustrates one

aspect of this pecint. a and b show potentials recorded

Q

le

g

from a fiber of the claw closer of Cambarus, a to a sin
stimulus to the fast axon and b to two. The two-shock inter-
val in b was 16 msec. The second junctional response, added
fo the declining phase of the first, exceeded the threshold
and evoked a splke. ¢ and d show a similar effect using

the muscle strand of RM2. In this case two microelectrodes
had been inserted and the potential recorded by each is

displayed on a separate beam. The responses were to a single

- bl

e

nerve stimulusg, ¢, and to two separated by 2.3 msec., d. Not



Fig. 4. The initiation of spikes. a and b,
Cambarus claw closer. ¢ and d, RM2.
e, Panulirus main flexor. a and c, one

nerve stimulus; b and d, two. e, mult-
iple exposure, two stimuli repeated
25 times per sec. Calibrations: 20 mv.



all fibers, however, will show spike potentials following

two nerve stimuli. In the majority, in fact, the Jjunctional

response Lo one nerve impulse wag qulte small and the sunmina-

t,

A
O

n of many of them was necessary to exceed the spike thresh-
old. Flg. 4§_is a multiple exXposure showing the response

to two nerve stimuli, separated by an interval.of 11 msec.

and repeated 25 times per sec. In this case, aslde from the
sunmation of each pair of Junctional potentials, successive
pairs also summed. The depolarization eventually reached
Zhreshold and two spikes were evoked. The ends of the spikes
are seen at the beginnings of the two successive sweeps. The
magnitude of the threshold depolarization varied consgiderably
and probably depended to some extent on the condition of the

preparation. The lowest value found was 22 mv. (Hemigrapsus,

"closer™) and high values in the vicinity of 4C-U5 nv. were
guite common.

The crustacean muscle Jjunctional response thus seems to
regsemble gualltatively other post-synaptic events which have
been recorded from diverse systems. Does tThe crustacean spike
potential then, also resemble the propagated action potential
of nerve and vertebrate nmuscle? From qualitative olservations
made during the course of thesevexperiments, 1t is apparent
that there are several points of difference. The crustacean
muscle spike can be a more subtle phenomenon than the explo-

sive, all-or-nothing acilion potentials elsewhere observed.

1t

[

9]

s often graded, 1ts size depending upon that of the Jjunc-

tional response, Although 1t 1is followed by reflfractoriness,
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this 1s Lo some extent incomplete. And it can be present in

one part of a musclie [lber withoubt spreading to adjacent

regzions. EHach of these polnts will be considered in more
detail -in the fcllowing.
Wlde variation in the amplitude of the spike potential

was observed, anrd lg i1illustrated In Fig. 5. The size of the
action potential shown in a is near the upper limit of those
encountered. It was recorded from an RM2 muscle (Cambaggg).
The total amplitude was 85 mv. The arrow approximately indi-
cates the inflection point at which The spike component arose
from The Jjunctlonal response. Istimated in This way, the
latter was ancut 57 mv. and the former about 20 mv. The rest-
ing potential in thils case was T4 mv., so that the overshoot
was 11 mv. The potential of Fig. 5b was recorded from a flber

of a "ecloser"” muscle of Pachygrapsus. This was also among

the larger potentials observed and was 71 mv. in total ampli-
tude. The resting potential was 64 mv. so thas a 7 mv. over-
shoot was present. There was often, however, no overshoot
and the presence of a spike component could be recognized
only by the consequent change in time course. The potentials
shown in Flg. bc¢-d were recorded from a fiber of the main
flexor of FPanulirus. In ¢, two shocks were delivered to

one of the motor axons and This was repeated three tines,
with a different two-shock interval on each trial, The re-
sponseg to the filrst shock of each pair were superimposed

at the begirning of the record and the three second-shock

responses follow., The altered time course c¢f the second-



Fig. 5.

walking leg 'closer", Pachygrapsus. c¢-f,

The size of spikes. a, RM2. b,

main flexor, Panulirus; multiple exposures,
two stimuli per sweep. On each success-
ive sweep the second stimulus is closer to
the first. Calibrations: 50mv., 20msec.
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shock response in the 1 with the shortest two-shock inter-

»

val, indicates the presence of a spilke component. This 1s

more apparent 1 which shows responses to seven two-shock

o
;
J

i

trials, using shorter interval than in ¢c. c¢ and 4 were
vrecorded from the same muscle fiber and 1llustrate that the
size of the splke response can vary within wide limits. It
1s also apparent that the size of the total Junctional re-
the factors determining the size of the
spike. e and f show simllar effects recorded from two muscle
fibers of another preparation of this nmuscle.

The Panulirus main flexor exhilbited gradation of the
spike most readily of all the preparations used. Gradation
was also observed in the RM2 muscle strand of Cawmbarus and

in the "closer™ muscle of the walking lezs of the grapsoid

crabs. In some cases, however, the spike did appear to arise
from the Junctional potential in an all-or-nothing manne
(see Fig. 4§, for example). DBoth types of behavior were seen

in the same preparation, but the factors determining which
cececurred are unknown.

Experiments were performed  test for tThe presence of
refractoriness following the spike. Variability was also
found in this case. When the spike response to a test shock
was preceded by a conditioning splke at varying intervals,
the test spike was, at different times, decreased, augmented,

or unchanged in height. Fig. 6 shows some of the responses

L

obtained in this way and perhaps gives some clue to the

reasons underlying the variability. Fig. 6§ and b were



Fig. 6. Refractoriness following the spike.
a-d, from an RM2 muscle fiber; e-h,
from a fiber of a "closer" muscle of

Hemigrapsus. Calibrations: |10 msec., 20
mv. Calibrations for a-d given in a;
for e-h, in e.
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recorded’ from the Bame preparatlon of an RM2 muscle, b at
some time later in the experiment than a. The interval be-

shocks (c-% interval) v msec .

C‘l

tween conditioning and tes

4 g3

in both cases. Whereas the test response was diminished in

=

&, 1t was augmented in bh. As

n this case, the test response
was only found tc be augmented when the conditioning spike
was small. The augmentation apparently results from a

larger total Junctional response due to sSummaslon of %he

est response with the declining phase of the conditioning
spike. ¢ and d 1llustrate better the refractoriness seen in
a. The c-% intervals were for c, 2.4 msec. and for d, 2.2

msec. Fig. 6, e-h show responses from one fiber of a "closer™

P

muscle of Hemigrapsus. The c-t intervals are as follows:

(O

e, 17 msec.; £, ©.5 msec.; g, 7.5 msec.; h, msec. g shows

both the summation and refractoriness particularly well. A
comparison of the Junctional-spike inflection points of the
conditlening and test responses in g shows that part of the
test Junctlonal votentlal had added to the declining phase of
the conditloning spike. Despite this higher level of depcla-
rization achleved by the test junctional potential (summation),
the test spike was considerably reduced (refractoriness). It
is Interesting that even part of the test response can add
to the declining phase of the conditicning spike and this
point will be considered in the Discussion.

The next attribute of the spike thatwill te discussed is

the manner of its distribution over the muscle fiver. Katz

HD

and Kuffler (52) and Fatt and Katz (55) have demonstrated
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that under artificial conditions the spike can propagate
along the length of a crustacean muscle fiber at a rate of
about 25-30 cm. per sec. They assumed that the conduction
was effected by the muscle fiber membrane, much ag in the
vertebrates. Experiments pertaining to the question were
performed exclusively on preparations of the muscle strand
of RM2 (of Cambarus). It was chosen because 1% seemed to
be a single musc- e fiber and because 1in some preparaclons
spike potentials are elicited by single nerve stimuli. £Ex-
periments have been performed which corroborate the above
assumption that the RM2 muscle consists of only a single
fiber, and they will be described first.

The procedure involved passing current directly across
the muscle fiber membrane with the aid of a microelectrode
and observing the result either visually as a contraction
or, using a second microelectrode,as a change in resting poten-
tial. The microe’ectrode through which current was passed
will be referred to as the "stimulating" electrode, while
the other will be called the "recording™” electrode. A poten-
tiometer and a 67.5 volt battery provided a variable voltage
for passing current through the stimulating electrode. The
latter was made positive (the anode of an electrolytic cell)

except where otherwlse stated. It would be expected, con-

o]

ldering the muscle fiber as a core conductor, that wit
These conditions only [ibers which had been penetrated by the
stimulating electrode would be depolarized during the passage

of current and would thus contract. Since the microelectrode
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enters only one fiber at a time, if there were more than one
fiber in the RM?Z muscle strand, only a part of the latter
should show this contraction. This was, however, often not
the case. The local contiraction seen in the viclinity of the
microelectrode could be made “o involve the entire width of
the muscle., This was observed for several entries in each of
six preparations. Controls were performed to show That con-
Sraction ensued only when the stimulating electrode had
actually entered a fiber, using the measurement of the rest-
ing potential as the crilterion for entry. These results were
not considered unequilvocal because of the subjective nature
of the ohservation of the contraction. Therefore the seconc
type of experiment was performed in which ancther microelec-

trocde was used to record changes in potential. The recording

o
o)

electrode should measure changes in potential of different
magnitude and direction during the passage of current through
the stimulating electrode depending upon whether both elec-
trodes are in the same or adjacent fibers. Ii in numerous
entries, both electrodes always proved to be in the same
Tiber, 1t could be concluded that only one Tiber was present.
Four preparations were made to test this polint, and with one
class of exceptions to be discussed below, in all of the total
of about thirty trials the recording electrode registered a
depolarization during the application of a positive potential
to the stimulating electrode. This 1s the result To be exX-
pected when both elecirodes are in the same {iber. For many

of the trials removal andre~entry of only one ol the elec-
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trodes was performed, whereas in others the positions of ©toth
electrodes were changed. The distance between the twe elec-
trodes varied from about 0.5 mm. to 1.5 mm., As mentloned
anove, there were some apparent exceptions, in that applica-
tion of the maximum avallable voltage (67.5 v.) to thé soimu-
lating electrode, somelimes prcduced no measurable potential
change at the recording electrode. Thls was despifte the Tfact
that both electrodes were inside a fiber as shown by their
recording of resting potentials. In these cases, however,
local contraction around the stimulating electrode was aiso
absent (with the maximun voltage); and 1t scecems apparent
thatonly a negligible amount of current was actually crossing
the fiber membrane. The absence of local contraction typically
occurred with the use of very fine electrodes having a high
résistance. In view of this difficulty, local contraction
was used as the criterion for successful entry of the stimu-
lating electrode, rather than measurement of thé resting
potential, in most of the abcove Thirty trials. #When this

was done, the recording electrode reglstered dépolarization
or hyverpolarization respectively, as the stimulating elec-
trode was made positive or negative, and with no exceptions.
(See below, however, for the case in which the %wo micvro-
electrodes were each on different sides of the sensory re-
gion.) The above results were taken as strong evidence that

the RM2 muscle strand is only one fiber in cross sectlon, and

2l

it will be referred to subsequently as the RM2 muscle fiber,

e

An incidental observation was made, however, which modil-
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fies slightly the term "muscle fiber." Alexandrowicz (91)
has Tound, with histological technigues, that a small portion
of the 1ehgth of a receptor muscle, that part which receives
the sensory endings, has the muscular substance almost en-
tirely supplanted by connective tissue. This fact was re-
flected in the present experiments by a marked decrease in
electrotonic current spread across the sensory reglon. That
is, when the two microelectrodes were placed on either side
of the region, only very small changes in potential appeared
at the recording electrode, even though local contraction
was present at the stimulating one. Thus the RM2 muscle 1s
not functionally a continuous single fiber along its longi-
tudinal axis, even though it 1s only one fibervin Cross sec-
tiocn. This fact does not affect the following results, how-

4

ever, since only the portion of the fiver on one slide of the

sensory area was used.
Returning now to the consideration of the manner of
spread of muscular excitation, it will be recaled that Fatt

and Katz (&

3) have used the microelectrode technigue to cor-

\J1
(W]

rovorate the existence of multiterminal innervation in
crustacean muscle. They made a number of successive entries
along the length of a muscle fiber and were able To measure
Junctional potentials having similar time courses at ail of
these points. Recently, In a study on various properties

of the crustacean stretch receptors, Kuffler (92) has obhserved
that wherever he penetrated “he recepnior muscles (RML and

RM2) with a microelectrode, a Jjunctiocnal "end-plate" potential



could be reccrded. These ouservations have been confirmed

and thosge of Kuffler extended, using the RMZ2 muscle fiber
: *

of’ Cambarus.

The typical procedure was as follows. A recording
microelectrode was inserted in the RM2 fiver just anterior %o
the sensory region, the response to a nerve stimulus recorded,
and the electrode withdrawn. This was repeated at successive
positions, each 0.25 mm. anterior to the preceding, until
the end of the muscle fiber was reached (usually 10-12 posi-
tions). Tig. 7 shows every other record from one such experl-
ment {(each position separated by 0.50 mm.). The tendency seen
here, for the Jjunctional potential to decrease towards the
end of the fiber, was common. The gap in the baseline ci each
trace represents the stimulus artifact and the time interval
from the beginning of the gap to the foot of the muscle re-
sponse will be referred to as the latency. It can be seen
that the latency increases progressively (from g_to g) as the
distance of the reccrding electrode from the sensory reglion
becomes larger. It has been assumed that this latency in-
crease 1s due to the time for conduction of the impulse in
the nerve which runs along fthe muscle fiber. In support of
Tthis assumption is the similarity of these junctional poten-
'tials to. non-conducted responses found elsewhere and the
demonstratlion by Fatt and Katz (53) that the crustacean

Jjunctional response rapldly decrements beyond a point at

*_ } R N } ,
The present experiments were performed before the ap-
pearance of the above two artlicles.
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which the nerve has been disrupted. Further, 1t has been

observed with the present preparations as well as in the

O

otailed studies of Alexandrowicz (91), that the motor axon
first makes contact with the muscle fiber in the vicinlly
of the sensory region and then runs along the fiber bo 1ts
end, which is in the proper direction to account for the
latency prolongation.

If the junctional potential is distributed along the
muscle fiber by the nerve, 1t then becomes interesting to
know how the spread of the spike is effected. To ﬁest this
point preparations were used which happened to exhibit‘spikes
in response to single nerve impulses; and then the type of
experiment illustrated in the previous figure (Fig. 7) was
performed. In the records of Fig. 8 the distance between
successive recording positions was 0.50 mm. (The shock arti-
fact is again marked by the gap. The initial, small, di-
phasic wave served to trigger the oscilloscope’5weep.) There
are two particular points to be observed. Firstly, the height
of‘the spilke component varled for different eléctrode posi-
tions and tended to be largest where the junctional response
was largest. (The vertical distance from the foot bf the
action potential complex to the inflection point on 1ts
rising phase serves as a measure of the size of the junctional
response.) And secondly, the spike and the Jjunctional poten-
tial tended to progress along the length of tnafiber at the
same rate. These two points are further illustfated in Figs.

¢ through 11,



Fig. 8.

Fig. 7.

Fig. 7. dJunctional responses from an 2 musc]
fiber. Each response was recorded 0.5 mm. further

sensory region than the previous one.

Increase 1In latency. Callibrations: Lime
voltage, 20 mv,

. . Spik " ther Dren 4

ar muscle { 3 ar
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Fig. 9 a and b show potentials recorded simultaneously
from two points on the same RM2 muscle fiber using two mlcro-
electrodes separated by 1.10 mm. This was done to show that

the variation

[l

v in splke height are not due entirely to changes
with time, for the spike can be gqulte labile. Another point
ig illustrated as well. Whereas the place on the fiber from
which the lower-beam potentials were recorded showed prac-
tically no spike following a single nerve impulse, 1T 1s
capable of exhibiting one in response to two nerve impulses,
as seen in b. Thus a spike will sometimes not invade a
neighboring region even though the latter is capable of pro-
ducing a spike following larger depolarizations. The second
point made in the preceding paragraph, that the junctional
and spike potentials progress along the fiber at similar
rates, is better illustrated in Figs. 10 and 11. Fig. 10 is
a montage prepared from two records taken from two sites,
separated by 1.75 mm., on the same RM2 fiber. The two action
potentials are so superimposed that the stimulating shock
artifacts for each coincide. It can be seen that the two
time intervalg, one between the bases of the Junctional po-
tentials and the other between the peaks of the spikes are
approximately the same (ca. 1.4 and 1.5 msec. respectively).
The graphs of Flg. 11 show similar data for a number of polnts
in each of four such experiments. The abscissa 1n each 1s
the distance in mm. from the first electrode position, where
successive positions are further away Irom the>place of ini-

tial contact of the motor axon with the muscle fiver. The
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Fig.Il. The increase of latency with distance along fiber: J, of the
junctional potential (base) and S, of the spike (peak). Four
preparations of the RM2 muscle fiber. Abscissae: distance from
first electrode position. Ordinates: delay time, from shock.
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The observatlons presented thus far may be recapltulated
as follows:

(1) Crustacean muscle fibers exhibit neuromuscular junc-
tional potentials which are capable of summation, and except
for their presence throughout the fiber, resemble cther post-
synaptic potentlals. WWhen they exceed a certain level of
depolarization, a spike-1like response results.

(i1) Although the spike potential is followed by refrac-
toriness, some component of an lmmediately ensuing response
can summate with 1ts declining phase.

(11i1) The spike is often not all-or-nothing. I% can
vary in size at one point on a filber with different patterns
of nerve stimulation, and be of different size at various
places on the filber Zoilowing a given nerve stimulaticn. The
height of the Junctional potential is one of the factors de-
termining the size of the spike.

(iv) The spike progresses along the muscle fiber at
aoout the same rate as the Jjunctional response,

A reasonable irference from (1ii) and (iv) i1s that the
spike is not normally conducted in the muscle fiber membrane,
but 1s elilclited at the various points on the fiber by the

Junctional potential at that point.

Polyneuronal innervation:

The next attribute of crustacean muscle to be considered

is the innervation of single muscle fibters by more than one

axon. The experiments were performed on two types of nuscle,
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those receiving (a) two motor axons and (b) four motor axons.

it )

Muscles with two motor axons:

Althoﬁgh all previous evidence had indicated the presence
of polyneuronal innervation, it was felt that the prominence
of this phenomenor in much of the reasoning about crustacean
muscles warranted a more critical test c¢f it. This was pro-
vided by the use of the recently developed technigue for
Intracellular electrical recording, combined with the older
procedure of isolating single motor axons. It was thus pos-
sible to record the electrical response of individual muscle
fibers to separate stimulation of the axons innervating them.

For several reasons, which will be considered below,

a thorough sampling of the fibers of any one muscle was not

&2}

performed. Nevertheless, muscles from a variety of species
were used. The resultv may be stated as follows. With a few
exceptions, every sampled fiber of muscles receiving two motor
axon exhibited an electrical response, in the direction of
depolarization, to stimulation of either of those axons.

The muscles and species used, together with the number

of successful preparations of each, are as follows: Astacus

Lrowbridgli, claw closer - 3; Cambarus clarkii, claw closer -

3; [FPachygrapsus crassipes, walking-leg "closer™ - 3; P.
crassipes, claw bender (propodite flexor) - 1; Cancer productus,
walking-leg "closer™ - 2; C. nudus, walking-leg "closer" - 1.

*Most of the experiments on this class of muscles were
performed in collaboration with Professor C. A. G. Wiersma
at the Hopkins Marine Station of Stanford University, at
Pacific Grove,



With the exception of the bender, all of the above muscles
are homologous. In four of the preparations the two motor
axons, fast and slow, were completely isolated as single nerve
fibers. In the others, one or bhoth of the axons was Zeft sur-

[ng}¥

»ounded by a small bundle of sensory axons. Tnils praccwce
facilitated the dissection as well as yilelding hardier prepara-
tions. The location of the inhiblitory axon was unknown in
these cases. Stimulation of the inhibitor would not be expected
to affect the present results, however, since the muscles used
do not show reduction of the action potential during inhibi-
tion (38).

Flg. 12 shows the palred fast and slow muscle potentials
recorded from three fibers of a claw closer of Cambarus. The
left (a, ¢ and e) and right (b, 4 and ) columns depict the
rast and slow responses, respectively. The fast axon was
stimulated, in each case, by a single shock, while a frequency
of 30 shocks per sec. was used for the slow axon. These stimu-
lation parameters were employed tc avoid fatiguing the fast
regponse and to make the slow response detectable., The latter
was usually below the noise level following a single nerve
impulse, and very small with frequencles under 15 shocks per
sec. It is apparent that the size of the response varied
from Tiver to fiver. In this example the variation was more
oroncunced for the slow potential, but 1t was also typical
for the last response. It 1s also evident that the size
ratio of the fast and slow potentials was not constant among

different fiberg. All six responses were Jjunctional poten-



Fig. 12. Fast and slow responses in the same muscle
fibers of the claw closer of Cambarus. The upper
beam shows the same response as the lower one in
each case, but at I8x amplification. The left column
shows the fdst responses of three fibers to a single
nerve shock each. The paired slow responses to 30
nerve shocks per second are opposite in the right column.

Calibrations: time, 20msec; voltage, Imv. for upper
beam.
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tials and were considerably below the spike threshold. The
spike-like appearance of ¢ and the notch in f are believed to
rfesult from proportionately large responses in muscle filbers

=

adjacent to the impaled one. Evidence supporting this con-

in

tention will be presented below, with the experimentg on the
Panulirus main flexor muscle.

Results similar to those shown from Cambarus were also
obtained with the other preparations, but specific differences
In the character of some of the responses were observed. In
the preparations from the grapsold crabs, the variation, from
Tiber to fiber, in the size of the fast potential was very
pronounced. The amplitude of the slow potential, although
also variable, was consistently very small (mostly bélow
0.5 mv.). Wiersma and Ellis (38), using external recording
electrodes also recorded very small slow potentials in Pachy-

grapsus. The present experiments indicate that this observa-

A

T

ion is atbributable to small responses in almost all fibers,
rather than large ones in a few fibers. The variation in the
size of the fast response in the grapsoid muscles was not
entirely random. Fivers further from the exposed surface

of the muscle and nearer to its central end, typically

showed larger fast potentials. The more internal and central
fibers were thus the ones most commonly exhibiting spikes

in response to a single nerve impulse. Although exceptions
to the above generalization were common, 1t was useful
experimentally in attempts to find fibers giving spikes

following single shocks.
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In Cancer the fast responses were, in general, smaller
than in the other species and those elicited by a single
nerve Shoék often resembled the slow potentials evoked by
30 shocks per sec. No fibers were found which exhibited

spikes followdl single stimuli. In the Cambarus claw closer,

3
0a
e

both large fast and slow responses were found. Although it

4

was difficult to sample this muscle, because of the large

contractions evoked by a single shock to the fast axon, many
of its fibers showed spikes following such stimulation.

Muscles recelving four motor axons:

Decapod limbs contain one muscle which recelves five
efferent axons, four motor and one inhibitory. It is the main
flexor of the carpopodlte and 1t has previously been studied
by van Harreveld and Wiersma (41). They were able to isolate
the individual motor axons and found that eachvekaed a con-
traction which differed from the others both in strength and
time course. The actlon potentials recorded with external
electrodes were also different from one another.

In The present experiments the distributidn of the
axons to the individual muscle fibers was studied. The only

species in which the dissection was successfully completed

was Panulirus Interruptus and all of the following experi-
‘ments were performed on the muscle of that animal. A total
of fourteen successful preparations were made, in which all
four motor axons functioned. In about an equal nﬁmber, one
or more of the axons did not evoke any responseé; but some

of' these preparations were useful for other observations.
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The criterion for accepting that an axon innervated a muscle
fiber, was the game as that used above. Namely, that having
made a Suitable entry into a fiber, a microelectrode recorded
an actbion potential (usually a junctional potential) in the
direction of depolarization following stimulation of the
axon in question.. The determination of an entry as "suiltable”
was rather subjective. It depended upon the Sizelcf‘the rest-
ing potential measured and the rate of the transitlion from
zero potential to the resting potential during the impaling
process, This transition was very rapid in the beSt entries
and a resting potential of over 60 mv. was usually considered
fsuitable.”

The first point that was tested was the conjecture (41)
that each of fhe fibers of this muscle would be Ilnnervated
by all of the axons. In every preparation 1t was found that,
whereas some muscle filbers did recelve four motor axons, a
very large percentage of them did not. Most of the filbers
were innervated by one, two or three of the axons. Of 421
fibers sampled, 38% recelved only one of the motor axons;
26% received two; 29% three; while only 7% were innervated by
all four. Too much emphasis must not be placed upon these
percentages, however, for two reasons. As will beishown be~
'1ow, the distribution of axons to muscle fibers is not ran-
dom. Fibers receiving some of the axons tend to occur in
grouped clusters and there are at least two regions of the
muscle in which the fibers are innervated by a\bharacteriStic

axon complement. Since the number of regions (i.e. fibers
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under a particular surface point) explored in any one pre-
paration was small, the samples were probably not chosen repre-
Sentativeiy from among these different regions. Further,

a number of the potentials observed were diphasic (for reasons
to be discussed), and some of bthe decisions in these cases,
based on the criterion of depolarization, were arbitrary.
Thus, the above percentages have been given merely to demon-
strate that this muscle 1s a heterogeneous population of
fibers with respect to the number of axons it receivew; and
that all four categories are represented. (MuscleAfibers

with no motor innervation were not encountered).

Then the question arises whether or not within a parti-
cular category, the different possibilities which constitute
it occur equally often. For example, among those fibers
receiving only one axon, are there equal numbers innervated
bj each one of the four axons. The latter questionboan be
immediately answered 1in the negative. Almost all of the
fivers with only one motor axon were innervated by tThe same
particular one. This axon was readlly identified, for almost
all of the fibers on the inner surface of the muscle (the
surface facing the extensor muscle and which is first ap-
proached by the microelectrode) received it exclusively.

This was also true of the several layers of fibers lying Jjust
beneath those on the inner surface. There are sgeveral reasons
for believing that this axon is the one evoking the "oype 1Y

response of van Harreveld and Wiersma (41), and it will sub-
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sequently be referred to as axon I. The identification 1s
based on the facts that in the present experiments axon I
most commdnly evoked the largest responses and had the most
widespread distribution of the four. The type I potentilals
of van Harreveld and Wiersma (as recorded with extern&l elec-
trodes) were also the largest and evoked the largest and
fastest contractions. Axon I was, in addition, the Qne‘most
readlly evoking spikes, which would contribute to the rapid
contraction rate. It was also the only axon consistently
evoking a visible muscle potential following a single shock.
This fact correlates with the short latency of the type I
contraction.

As intimated above, axon I not only supplied almost all
of those ribers receiving only one axon, but was also the
most common participant in the innervation of fibers recelv-
ing two and three. it has been estimated that about 90% of
all muscle fibers sampled (377 out of 421) were activated by
axon I. The uncertainty of the estimate arises from the
difficulty of detecting small potentials in a muscle fiber,
if neighboring fibers are simulfaneously exhibiting large
potentials. This point can be better considered after the
presentation of some additional results.

Unfortunately, the present data do not allow similarly
conclusive identification of the other three axons in Terms
of the contraction and potential types of van Harreveld and
Wiersma. One of the factors contributing to this difficulty

was the heterogeneity of the response. As in the case of
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‘muscles with double motor innervation, there were large vari-
ations in the size of the poten tials evoked in different
muscle fibérs by stimulation of any one of the four axons.

It was especially true, however, for the axonsg other than
axon I. Table 2 shows the results of a typical experiﬁen@
and serves to 1llustrate this, as well as Sevefal other phe-
nomena commonly observed. The four axons are arbitrarily
indicated by letters A through D. The four columns headed
"Size of Potential™ give the magnitude of the responses
evoked by each of the four axons in 33 muscle fibers, The
potential sizes were read directly from the calibrated‘face
of the oscilloscope and are only approximate (to within about
0.1 mv. for small potentials, up to about 1 mv. for larger
ones). All of the responses were to axon stimulation at a
frequency of U5 shocks per sec. The small letters, assoclated

with the gr

O

ups of readings enclosed between sollid lines, re-

Fa 2.

fer to points on the exposed surface of the muscle below
which the responses of successively deeper fibers were seri-

ally recorded. Point a was the most distal and successilve

polints were progressively more proximal., The two dotted

- = e Y

lines indicate places where difficulty in Impaling a fiber
was encountered so that fibers 25 and 30 were probably not

immediately beneath 24 and 29, respectively. Before enter-

ing Tiber 19, Ghe electrode tip broke and several partial
entries were made. It was found that fibers with axon C were

present, but measurements were not made and the other re-

spongses were not tested. The figures enclosed in parentheses



Table 2
The Responses of Individual Muscle Fibers to Stimulation

of the Four Axons

Muscle
Position Fiber Size of Potential (mv.)
Axon A B o] D
a 1 1.1l mv., 1.2 mv 0 1.5 mv.
o 0.5 1.1 2 3
3 3 2 ? 1.7
4 1.7 2.5 ? - 1.6
5 6 12 ? (-0.5)
6 1.2 2 0.2 o
7 .2 .3 0.7 1.7
b 38 0 0 0 10
9 0 O 0.1 10
10 0.1 0 0.1 9
11 1.1 0 0.1 14
12 0.5 0 1.2 6
13 0 0 7 (0.6)
14 0 0 0.5 3
15 ? ? 0.2 5
c 16 0.2 0.2 0 10
17 0.7 0.3 ? 10
18 0.2 ? (-0.2) 13
1¢ —-— -— large -
d 20 0 0 0 8
21 0 0 o - 8
e 0.1 0 0.5 10
23 0 0 0.3 14
2l ? 0 10 (0.7)
25 0 0 8 (2)
e 26 0 0 0 8
27 0 0 0 8
28 0 0 0 7
29 0 0 0 8
30 1.2 0 0.2 12
31 1.1 0 0.2 12
32 1.2 0 0.2 10
£ 33 0.2 0 0.1 5
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those potentials were diphasic or showed large
notches. The number then refers to the size of the major
phase and.the minus sign indlicates that this phase was in
the direction of hyperpolarization. The guestion mark sig-
nifies that some response was observed but that it waé S0
close to the noise level that 1t was difficult to discern

s

ts size or direction. The zeros indicate no detectable re-

e

sponse. There are several interesting points illustrated by
this experiment which were also common in others. Axon D

LA

can be immediately recognized as axon I, because of its large

AN

size, widespread distribution and its tendency to constltute
the sole innervation of surface fibers (rivers 8, 16, 20,

26, 337. This tendency was les8s pronounced in this-pfeparation
than in some of the others in which all surface fibers tested
received only axon I. Reglon g differed from ﬁoreAproximal
ones 1n several respects. Muscle flber 1 was on the surface
put showed responses of nearly equal size to three of the
axons. It was also the only region containing fibers with
large responses to axons A and B. In all»prepérations in

which samples were taken from these most distal'fibers, near
the mero-carpopodite joint, these general features were also
found. It was more common in other experiments, however, for
all four of the axons to give rise to large potentials in

this area, although not typlically in the same fibers. Another
observation which was common is illusﬁrated by fibers 5, 13

and 24, which were the only ones showing a Smail axon 1 ré~

sponse. These fibers were also the only ones in which large
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notentials were evoked by other axong. After the entry into
P [V 4

4

fiber 24, the electrode broke, but partial entries into a
number of\additional Pibers were made. Among the latter some
showed large C and small D responses, while the reverse situ-
ation was present in the others. This tendency towara recl-
procating exclusion of the responses of two axoné,éypically
occurred in a compact group of neighboring fibers. There
was, in fact, a general propensity for fibers showlng a re-
sponse to a particular axon to occur 1in groups. (See the
responses of axons A-C in Table 2.) ;

is tempted from the data of Table 2, to identify
axons A-C with other of the contraction types (41). For
example, axon B, because of the pauclity of the responées it
evokes, might well be assumed to eliclit the type IV contrac-
tion. In a similar way, one might associlate axons.c‘and A
with types II and III, respectively. It must be emphaslzed,
however, that because of the tendency of respoﬁding fibers
to ocecur in groups, and because of the small size of the
sample in any one experiment, such identifications are likely
to be in error.

A few observations on the interaction of responses evoked
by different axons in a single muscle fiber, will conclude
this section. All of the junctional potentials shown in
2. 13 were recorded from the same single muscle Tiber in
response Lo stimulation of the four motor axons. In each
record the upper trace shows the same response'as the lower

bub amplified by a factor of 6x (a-c) or of 35x (a-f).



Fig.13. Heterosummation of junctional potentials. Al
records from the same fiber of a main flexor muscle of
‘Panulirus . See text for full description. In a-¢ upper
beam is at 6x amplification of lower; in d-f at 35x.
Calibrations: time, 20msec.; voltage, for a-¢ 5mv.
and for d-f, 1mv.,, both for upper beams.
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Records a, b, d and g each depict the response to stimulation
of a different one of the axons. ¢ shows the result of

s1mulcaheous stimulation of the two axons giving

o

the a and
b responses, while f 1s analagous for the axons evoking the
d and ¢ responses., The stimulation in a through c was a
single shock and in d through g_was at a frequenéy>of a5
shocks per sec. The axon of response a was identifiled as
axon I, and that of response ¢ was probably axon IV. No
decision was possible as to the identification of the other
two axons. It can be seen that responses ¢ and f are close
to being algebraic sums of responses a, b and d, e respec-
tively. In this particular filber other combinations of axon

stimulation could not be tested because of the dlsparity

‘.J-

n thelr sizes, but in other fibers the responses to three
axons have been seen To summate.
It has also been possible to show that this type of

heterocaxonic summation (heterosummation) can initiate sopikes.

o

Fig. 14 a shows the summated Junctional potential Wﬁich re-
sglted from two shocks applied to axon T. The:resoonse was
below the spike threshold in this fiber, although the dimple
in the peak of the record probably indicates that spilke
activity was present in adjacent fibers. In E_thebresponse
to stimulation of one of the other axons at 75 shocks
sec. 18 shown. In c the summation accompanying simultaneous
stimulation of

the two axons, each W1th its previous stimu-

tions, 18 seen To have resulted in a spike.
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D. Discussion.

he recent

ct

Combining the concepts from older work with
results of Fatt and Katz (53,55) and those of the present
experiments, one obtains a very complex picture of the crus-
tacean neuromuscular mechanism. The two older views éf‘
this system, discussed in the introduction, must bé recon-
ciled as both being partially correct. Excitatlon is dis-
tributed to all parts of a muscle fiber by the nerve and
at each of the numerous nerve endings local-type, summating
muscle potentials are evoked. DBut 1t is also true‘that
these Junctional potentials can, in turn, elicit an addit Lonal
process, a spike potential. This spike 1s often not all-or-
nothing, is quite labile and in some cases 18 presentrin only
a small fraction of a muscle's fibers. In addition, more
than one motor axon can innervate a single muscle fiber and
the fiber's response to each of its axons 1s usually dif-
ferent. If the different responses are Junctlopal potentials,
they can act in concert to give rise to a spike The marked
heterogenelty of crustacean muscle also adds to the complexlty.
Not only do the fibers of a muscle differ in tThe size of

.

heir responses to a particular axon, but can also vary with

i

respect to the number and comblnation of axons they recelve.
The two kinds of variation may only be guantitatively dif-
ferent aspects of the same phenomenon, as 1s suggested by

the very small responses (less than 0.1 mv.) often observe

joh
.

)

Some of these points require elaboration. The Junc-

tional potential of crustacean muscle resembles tThe vertebrate
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endplate potential in the shape of 1ts time course and 1ts

e/

ahllity to summate and to evoke spikes. It has thus heer

called "endplate potential” (52) and "distributed endplate

Al <

notential” (53) by other authors. The term "junctional

4

potential” has been acdopted in the present case as belng

(K

more convenlent than the latter and to emphasize its dif-
ferences Crom the veriebrate response. For the junctional
potential does not have the evocation of the splke as 1ts
only role, vut can cvlay an important part in ellciting con-
craction by itself. Further, discrete endplate stfuctures
have not been observed; and because of the large number of

nerve endings, this potential occurs throughout the flber

2
rather than at localized focl. The word "Junctlonal,’ of
course, refers to the nerve-muscle junction and hasg been
used by Kuffler and Gerard (93) in the term “small-nerv
junctional potential' (s.j.p.). This was with reference %o
the potentials evoked in the slow muscle fibers of the frog
(which are innervated by small efferent nerve fibers).

The term "spike' has been used above to signify the
additional membrane response evoked by supraliminal Juncticnal
potentials (see Fig. 2). This word ig commonly used to de-
scrite regeneratlve responses in nerve and other electrically

excltable structures. It has been used here mostly to avoid

terms implying conductlion, since at least 1n the nuscle of

the RM2 stretch receptor 1t does not appear to te actvlvely
self-propagating. Xuffler hag alsc mentioned in hisg recent

vaper on the stretch receptors (S2) that he has chserved
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'Splkes restricted to parts of the muscle strand. He also
reports an interesting observation concerning the effect

of stretoh on the muscle. Apparently twitch contractions
of RM2 only occur in the presence of spikes. (This has
also been observed in the present studies.) Kuffler found
that loéalized stretching of a portion of the nmuscle could
cause that part to twitch, following a nerve impulse, when
it had not previously done so0; and one may 1infer that a spike
had thus been evoked. In his study on locust muscle, Hoyle
(64) reports that the form of the action potential, junc-
tional potential ("e.e.p.") plus spike, was similar in dif-
ferent parts of the fiber, so that here also the spike does
not seem to be self-propagating.

The crustacean musgcle spike also differs from conducted
action potentials in 1ts graded behavior. Hoyie also re-
ports that one of the nerve fibers to the extensor tibila
of the locust, can set up spikes of variable size, The Jjunc-
tional responses of this particular nerve fiber (Slb) showed
facllitation with repetitive stimulation if théy were ini-
tially small. In these cases the splke also grew as the
Junctional potentlal increased. Similar observatlons have
heen made in the present studies. |

If the spike does not serve to conduct excitation along
the muscle fiber, the guestion of its significance arises.
Fatt and Katz (55) have suggested that the spike would serve
to smooth out lnequalities of the response along the lengﬁh

of the fiver. From the present exXperiments on the RMZ muscle



fiver, however, 1%t appears that the longitudinal variation

6]

in the heL&nt of the spike may be even greater than that of
the junctional potential. The observation mentloned above

that the RMP fiber only shows a twitch in the presence ol a
spike, suggests that the latter 1s capabvle of activating the

OO

contractile mechanism, while the junctional potential 1s not.
Wiersma (S4) has recently made some interesting observations
on this point. Using external recording of electrical activity,
he found that contraction only occurred when the electrical
responses became diphasic, in limb muscles of the lobster,

Homarus vulgarus. The diphasicity was interpreted to indi-

cate the presence of spikes. Thus the contractile mechanism
may be accessible to the spike, but not to the junctional
response. Olider experiments (4U) on other muscles, however,

have shown that contraction can be accompanied by monophasic,

) .

summating potentials. And further, 1t is known that stimula-

tion of slow axons at fregquencies at which the junctlonal
responses remain significantly velow the spike threshold, can
evoke considerable contraction. Thus 1t appears that sone

al

types of Jjunctional responses can activate the contractille

mechanism, while others cannot. Another example of fthis 18

"

contaired in the "waradox’ (46) discussed in the introduction.

.

These intrigulng observations emphaslize the necesslly of ex-

periments 1in ‘which electrical and mechanical events are simul-

taneously recorded from singie muscle filbers.

Fatt and Katz (55) have recently discovered ancther

peculiarity of the crustacean muscle spike which 1t shares



with the action potentials of certain slowly conductlng

nerve fibers of the frog (see Introduction). The sodiunm

(&7

ions 1in the external medium can be replaced by a number of

guaternary ammonium compounds, as well as procalne-HCI, and
she effect is an augmentation and prolongation of the spike
rather than i%s diminution. Scme of these effects were very
striking. The form of the action potential changes to 2
long almost rectangular pulse which can last several scconds
and overshoot zero potential (reversed membrane potential)

2ot 2

during a considerable portion of this time. It therefore

] oy

seerms likely that the mechanism underiying the crustacean

muscle spike is different in some important respect Irom
shat of the squid glant axcn, for eXanmple If such a bvasic
difference exists, it is not surprising that some of the

o

overt attributes of the twopotentials are also at variance.
The experiments testing refractoriness after the splke
first thought to reveal another unusual attribute

of crustacecan muscle, It was found that a component of

-

ue“t response could add to the falling phase cf a conditioning
spike. This pars of the spike thus seemed not to be abso-
utely refractory. Two articles have recently apoeared in
which a similar effect 1s reported for the electircplague o
the electric eel (95) and the endplate of frog sartorius

- RN - . T N L. . )
muscle (96). Aitimirano, Crates and Grundfest report that

a neurally evoked postsynaptic responsSe can add to the peak

[

and declining phase of a conditioning spike potential in the

electroplague. They present evidence that the postsynaptic
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4

e 1s not electrically excitable. Very sironz anodal

nal

6]
03]

e

pon

t-

o)

nolarization, which completely blocked the directly evcked

ic poten-

T

electrical response, did not abolish the postsynap!

tial; and a similar effect was obtained with several drugs.

Further, the declining vhase of the conditioning response

joN

wag absolutely refractory for a dlirectly evoked test response,
put not for the neurdly induced postsynaptic potential. On
the other hand, the vnostsynaptic potential was capable of
activating the elecorically excitable components of the men-
orane and thus evoke a splke. One must Therefore distinguish
three tTypes of potentials in this system: electrically in-
excitable postsynaptic potentials; local, electrically ex-
citabhle, subthreshold potentials; and spikes. In how far

this analysis is appllcable o the crustacean system remalns
to e studied.

)

Castillo and Katz (96) report that in the endovlate

4

de
of frog sartorius, a neurally evoked endplate potential (e.p.p.)
can add to the later part of the declining phase of a directly

evoked musgcle spike. If the e.p.p. is made to fall earlier

on the muscle spike, a dimunition of the latter resul

«t

s,

With respect to the guestilion of polyneuronal ilnnervatlion
of gingle muscle fibers, the experiments on the doubly motor
innervated muscles will be considered filrst. These experi-
ments were approached with the orientation of proving directly
oy use of microelectrodes, that it was possible for muscle
fibers ©o receive more than one motor axon. 1t was not anti-

cirated that the fibers might »e heterogeneous with resvecst
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Lo the number of innervating axons, until this was so clearly
demonstrated by the experiments on the main flexor of the
lobster. .Thus the nunmber of fibers sampled 1n any one muscle
was smaller than i1s now congidered desirable. Despite thils
difficulty, however, only several fibers lacking innerva-
tion by one of the axons were found and it seems likely that
almost all of the Ffibers of these muscles do recelve both
axons. Additional experiments on this point would be desir-
able. In any case, these experiments did serve as an addl-
tional and convincing demonstration that a single muscle
Tiber can respond in two different ways to the stimulation
of two separate axons. Fatt and Katz (53) in their paper

on multiterminal innervation also report several cases of

dounle motor innervation in fibers of Carcinus maenas nmuscle.

’

Concerning the experiments on the main flexor of the

carpopodite, there are several difficulties which should be
emphasized. Although the rock lobsters from which the limbs
were taken, were kept In the laboratory at 10° ¢ in a large
volume of aerated sea water, they were not fed and some of
them were in relatively poor conditlion. Probable evidence
of this was the inabillity Lo evceke spikes in some prepara-
tions. Thus, the Junctilonal potentlials recordec in
cases were probavly below the '"normal” size. The qualitative
aspects of the results were the same in all oreparaticns,
however, which included some that were Judged to be in excel-
lent condition and did show gpike potentials in many fibers

{with repetitive stimulation). Anocther difficulty lies in
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.the interpretation of some of tThe small diphasic, hotched
and '"negative' potentials (hyperpolarizations) freguently
observed. The microelectrode records a small component of
the activity of fibers adjacent to the impaled one and would
seem to be responsible for these phenomena. DIrock, Céombs
and Eccles (97) reported that the response measufed with a
microelectrode just outside a motoneuron in the spinal cor
of cats was as much ag 5% of that recorded intraceilularly

ey
ora -

and as expected was in the opposite direcection from the in
cellular response. =Raston (68) has recorded potenﬁials in
inactive frog muscle fibers due to actlon potentials in
fibers adjacent to the impaled one. He refers to them as

i

"extrinsic potentials " and found that they might account

for attenuation of an internally recorded actlon potential

e

to a maximum extent of about 8%, and that the attenuation
would be greatest in the endplate region. The extrinsic
potential was typically triphasic, except at thé endplate
reglon or the ends of fibers where it was diphasic. The
attenuation may be attributed to two factb?s. :Firstly, the
recorded potentlial 1s the algebraic sum of the efoinsic
potential and the impaled fiber's own membrane response;
anG secondly, the major phase of the éxtrinsic potential is
usually recorded by the microelectrode as negative (as‘a
"hyperpolarization').

Because of the heterogeneity of response'siie in crus-
tacean muscle fibers, it was not possible To eétimate peréentm

age values for the attenuation due to the extrinsic potential.
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If', however, in these muscles a mlcroelectrode records poten-
tials from fibers adjacent to the impaled one, to the extent
bf 5-10% of thelr actual membrane response, then the extrin-
sic potentials can become a source of error in attemot
to determine whether or not a fiber receives a pﬂrtlcﬁJa“

axon. This will only be true in the case of fibers giving
a small response and which are surrounded by others showing

much larger potentials. Examination of Table 2 shows that

is the only circumstance under which diphasic or nega-

this
tive potentials occur. In estimating the number of fibers

recelving Axon I, it was assumed that such responses as

those to axon D of fibers 5, 13, and 24 were due solély‘to
extrinsic potentials and were not counted as recelving this
axon. - There is also another possible source of error in this
situation of a fiber with a small response surrounded Dy

others showing large potentials. In the method of Sampling
uSed, all of the fibers directly above the impaied one had

been previously plerced by the microelectrode. The latte

would be expected to measure injury potentials'from‘such nearvy
damaged regions. The injury potentials are merélyvspecial

4

the extrinsic t

cases of

(o

otentials In which the major phase

21 P

would be positive (seen as a "depolarization") at the micro-

1

d

» s8ituvation descr

r

electrode. In the wery specifi ed above,

The extrinsic potentials and injury potentials could thus

ral

provide small artifacts of almost any

*

Hortunately

this situation did not arise often and these Ffactors probably
provided no source of error in at least 90% of the fibers
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‘tested. A greater source of error probably lay in the small
size of the sample as disgcusgsed in the Results section.

£

The main results of the experiments on the main flexor

b. Filrstly, it was shown that a

jah

ofol

c
ot
=

of Panulirus are
muscle fiber can receive as many as four motor axons.  Al-
though spikes were not observed 1in fibers receiving four
axons, 1t 1s very likely that they can occur. Thus it would
be possible for these Zivers to exhiblt five different elec-
trical responses. 1In addition all muscle fibers apparently
recelve branches from the fifth axon, the inhibitor. This
follows from the cbservation (41) that all four cohtractioh
types can be completely suppressed by the inhiblitor axon.

The second main result is the finding of extreme heterogeneity
With respect to the number and combination of mobtor axons
which the muscle fibers receive. The first result tempts cne
to study the contractions associlated with each of these elec-
trical responses, to determine in how far the two are corre-
lated. That the result migh?% be 1lluminating is suggested by
the presence of the "paradox" (46) in these muscles. The
sécond result cautions one of the necessity of performing

such studiles on single muscle fibers.



E.  Surmary.

2

Some of the attrisubes of the crustacean neuronuscular

6]

mechanism have been studied, by sSeparately stimulating notor

axons and observing the elecutrical response in individual
muscle fibers. The intracellular recording technique . was
used to accomplish the latter. Several previously reported
observatlions were reinvestipgated by these more direct methods
and shown to be correct; and some interesting phenoners were
discovered.

(1). Junctional potentilals., The first muscular re-

- -

sponse to nerve stimulation 1s a Junctional poteniial re-

“

sembling postsynaptic responses elsewhere observed. The

4

regemolance extends to the time course and the ability of

successlve responses Lo summate. The crustacean junctional
potentials differ, Tor example, from vertebrate muscie end-
plate potentials, however, in thelr occurrcnce everywhere in
the muscle fiber. This distribution of the Junetional poten-
tlals is effected by “She nerve.

(2). Splke potentials. If a junctional potential, or
the summated response consisting of some number of them,
attains a certain level of depolarization, an additional
response 1s evoked. This has been termed the "spike poten~

- o 1

tial, " al

4

though 1t can differ in several respects from spikes
elsewhere observed. The crusiacean spilke can be graded and
in these cases its gize depends upon that of the junctional

responge evoking it. This spike may be restricted to narcs

of a muscle Tiber without spreading %o others. The rate at



which the spike appears at successive points along an RM2
muscle fiber, 1s similar to that fcr the junctional poten-
tial, The apparent conduction of the Junctional potential
has been atiributed to the conduction of the impulse in the
motor axon which runs along the muscle fiber. I7 was con-
cluded that the spike was evoked at each point on the fiber

by the Junctilonal potentlal at that point. Although the

o2}

plke exhibits refractoriness, a small component of a test
response can add to The declining phase of a conditlioning
spilke, |

(3). Polyneuronal innervation. The distribution of
motor axons To individual muscle fivers was studled. Two
types of muscles were investligated: those recelving two
motor axons and those receiving four. It wasg shown that
more than one axon can evoke a potential in a partiecular
muscle Tiber and that the response to each axon is typically
different. It seesms probable that almost all fikers of
muscles recelving two motor axons are innervated by each of
the axons, MNuscles with four motor axons are more compli-
cated in this respect. Fibers of these muscles can receive
any number of motor axons from one to four. Only a small
percentage, however, received all four. Aside from this
heterogenelity of axon cowmplement, the fibers of both types
off muscles showed wide variaztions in the size of the response

evoked oy any one of the axons. The different responses

=i

el

3

cited in a single fiber can interact, in the directicn

of summation, and in certain caseg this heterosumation can

P

zive rise to spikes.
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APPENDIX

ELECTRICAL MEASUREMENTS ON SEA-URCHIN EGGS

Lillie (¢¢) originally suggested that the fertilization
reaction and the block to polyspermy might take the form of
a state of excitation passing over the surface of the egg

4u Y,

and that this excitation would 1n some way be analogous to
the action potential of nerve and nmuscle., With this su
gestion in mind, some of the pertinent attributes of eggs
willl be consldered and an attempt to compare eggs with other
excltable tissues will be made. The discussion will bé
limited almost entirely to echinoderm eggs.

A number of determinations of the concentrations of

Pl

inorganic lons within sea-urchin eggs have been made. The

most recent ones, by Rothschild and Barnes (100) are the
only determinations in which an attempt was made to esti-
mate the error due to ilons in the small volume of residual
suspending medium, after centrifugation of the eges.  There
is wide variation in the values given by previoué authors
and only the results of Rothschild and Barnes will be con-

‘gsidered. Theilr values for sodium, potassium and chloride,

in the eggs of Paracentrotus lividus are given in the

This problem constituted part of
minor in Emhryology.

)
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following table, together with similar estimations of
internal ion concentrations on the squid giant axon and
ffog musclé. The values for the latter two are taken from
a review by Hodgkin (101).
Tahle
Concentration in millimoles
Ton ver Kg. of Hp0O
Paracentrotus Lolig % F%o;%
Eeg glant .&on Sar orius
Sodium 52 %48_) ho(4ho) 15(110)
Potassium 210 (10) 4io(22 1?5( 6)
Chloride 80 (566) Lo(560) 1.2(7 7)
3
Freshly dissected material,
The numbers in parentheses give the concentrations of the
same 1ons in the fluld which normally surrounds these tissues.
There are falrly steep concentration gradients fo* each of
the above ilons across each of the cell surfaces, The resting
potential of nerve and muscle 1s usually attri? utedvmainly
to the potassium~lon gradient, while the sodium—ion gradient
is held responsible for the conducted action poter ﬁwal. On
this basis, 1t might seem possible for eggs to ‘exhibit elec-
trical excitation. It should be emphaslized, however, that
the concentration gradients are not sufficilent in themselves
to gilve rise to bloelectric phenomena. It is alsoc necessary
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that the internal ions be free to diffuse and that the cell

surface be permeable To at least one of the lon species

which has a gradlent. RFurthermore, if permeabllities ©o
)

more Than one of the ions exist, the fornmer must be selec~
z

tive to the extent that the sum of the potentials thus pro-

duced is not zero.
In a brief paper, Gelfan (102) reported some. nent
experiments with the eggs of the starfish Asterias forbesil,

£ 3 1 I

He inserted a microelectrode, having a tip diameter of

1-3 F’ into the cytoplasm of an egg and recorded no poten-

tial difference across the egg surface. This was true of
eges of varying age, from lmmaturlity to second cleavage.

When the microelectrode entered the germinal vesicle, however,
a potential was measured. The size of the potential varied
between 4 and 21 mv., and seemed to depend upon the condition
of the eggs, being higher when recorded from eggs 1in better
condition. The average potential measured in about 100 eggs
was 10 mv., the germinal vesicle always being positlve with
respect to the external sea water. With the microelectrode
iﬁ\the germinal vesicle, the same potential was measured
whether the other electrode was in the sea water or inserted

o

the egg cytoplasm. The additlon of KC1 tc the external

o

nto
medium reduced the potential. Pathing the eggs in a solu-
Tion consisting of one-half sea water and one-half isotonic
KC1, lowered the potentials to 10-20% of the cont crols Gelfan

does not specifically state 1f this was also true when the
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"indifferent" electrode was in the cytoplasm. Additional

comment on bh@u@ results will be reserved for the Discusgsion.

In 1938, Lord Rothschild (103) impaled eggs of the
sea urchin, Echinus esculentus, with glass microelectrodes

-~

of tilp dlameter 3-1@)4. The mature eggs of the sea urchin

do not have a germinal vesicle, but rather a more compact

nucleus and 1t seems unlikely that he inadvertently entered

this nucleus. To this extent then, his results agree with

those of Gelfan, for Rothschild measured no potentilals.
This was True of both fertilized and unfertilized eggs, some

of which were fertilized with tThe micropipette inside the

egg. He used a relatively slow-moving galvanometer

sl gl

b
to re-

ed rapld transilents

N

U;

cord potentials and might have mlss
,

during fertilization There was one abnormal circumstance

in which Rothschild did measure potentials. If the eggs

.)

were placed 1n an ion-deflcient medium consisting of 1 part
sea water to 19 parts isotonic dextrose, they uﬁderwent
cytolysis. During the cytolytic process a potential of
about 8 mv. (inside negative) was observed. Thé potential
fell to zero at the end of cytolysis which had a duration

of 1-2 min.

In 1635, Peterfi and Rothschild (104) published a note

on transient electrical changes during fertilization in the
frog egz. They placed two small ternaT electrodes at

opposlite poles of the egg and ejected sperm from a small

~

pipette near the surface of the egg. The nature of the

o)



electrical changes was not discussed except that they were

—

apparently "irreversible.” In a later paper (105), Rothschild
states that due to technical difficulties, experiments on

the electrical properties of frogs' eggs should not have

too much value placed upon them until they are Systemafif

cally repeated.

Very recently, Scheer, et al. (106), have confirmed

the lack of a resting potential in the eggs of two species

of sea urchin, Paracentrotus lividus and Acbacia lixula. They

alsgo ingerted a glass micropipette into the egg to.?erform
their measurements. Thelr electrodes had tlp dlameters under
5}1. These authors were able, however, o measure some
transient potentlals accompanylng fertilization. Although

1t is difficult to discern the character of the response from
the records published, the potentials could apparently have

the form of damped oscillations (Paracentrotus) or be irregu-

i

lar (ﬁrbacia). The size of the potentials was of The order

of 5 mv. or less and during the pulses the cyto pld%m became

B

positive with :

(\)

ct to the external mﬂdium, In Paracentrotus

e

espe

the oscilllations were very rapld, a single wave sSeemlng to
last 0.2 - 0.3 msec, They were few in number. In Arbacia
the waves were more numerous, as many as fifty having been
observed during one fertilization. Although Scheer, et al.
term tThese waves, action potentials, they point out that the

<t

tentlals differ from those of nerve and muscle in

several respects. The egg waves are not depolarizations in
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as much as there 18 no resting potential. These authors
also refer to an observation by Cole (107), that eggs
t no change in membrane resistance upon fertilization.

This is an important point in attempting to assig
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ism to the egg potentials. It is not obvious, however, that

Colet's experiments are really pertinent To this point. His

mpedance measurements took several minutes to complete and

- 3

would prdbably not have detected any transient changes 1n
membrane conductance., Furthermore, as will be considered be-
low, Cole's method wag probably not sensitive enough to de-
tect changes 1in impedance of the sort which accompany nerve
action potentials.

There are also some other types of obse?vatioms-which
are pertinent to a consideration of the way in which the
fertilization reaction and the block to polyspermy spread

over the 1

egeg. A spreading "cortical reaction' of some type
has long been recognized. For example, Just (1@8) re-
ported that the block To polyspermy spread over the egg pre-
ceding the elevation of the fertilization membfane. - Moser
(109) observed that a thin layer of cortical granules broke
down on fertllization and that granule breakdown proceeded
as a wave Irom the point of sperm entry. The point on the
egg surface opposite to that of sperm entry was the last

to ghow cortical-granule breakdown. Moger foumd that this

wave took about 10 sec. o pass around the entire surface of

the egg. In dark-field illumination, a bright 1ayer at the



egg surface was seen Lo disappear on fertilization. In 1849,
Rothschild and Swann (110) also observed a coriical change
cécurrinq on fertilization., They used dark-field 1llumi-
natlon but found, contrary to Moger, a wave of brightness

progressing around the egg surface from the sperm entry
polnt. About 20 sec. was required for the wave to spread
over the entlre egg. This reaction preceded fertilization
membrane elevation. The latter is, of course, also a reac-
tion to ferfilization and the lifting off of this membrane

also seems to start at the point of sperm entry. That these

comparatively slow reactions are not the primary block to

e}

polysp

)

rmy 1s indicated by some obsServations in the later
work of  Rothschild and Swann (111). For example, they

used high sperm concentrations, with which all eggs were

L™

m

estimated %o

1 ! Rl

have been fertlilized within 2 sec. after Iinseml-
natiorn; but in the succeeding several seconds only small
fractions of the eggs became polyspermic (less than 10%2).

It is also true, however, that much longer tTimes were nerces)--~
sary for the block to polyspermy to becomé entirely com=~
pleted. In fourteen experiments, an average of 63 sec.

elapsed after insemination before the number of polyspermlic

o

eggs ceased to increase. Rothschild and Swann consider the

possiblility of two different mechanisms: a rapld initial

process which completes the block. They also mention the

possibility that the block would spread rapidly to all parts
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of the egg, but would not be all-cr-nothing, and that it

would iIncrease in strength after 1t had spread.

Methods.

ylass microelectrodes of less than 1 p4tip dia melter
were used exceplt where otherwlise mentioned. The methods of
preparing the microelectrodes and manipulating them was

escribed in section 1IB with several eXcep-

Q-

the same as

tiong. TFor most experiments L-shaped microelectrodes were

:

sed. They were affixed to a rod, carried by the micro-

»

manipulator, in such a position that the pointed arm of the
"L was almost parallel and close to the bottom of the

vessel containing the eggs (in sea water). The other arm

of the "L" projected vertically through the surface of the
sea water and the lead to the cathode-follower was inserted
into 1t. This arrangement allowed entries to be made using
a horizontal motion which facilitated observation ag well
as holding of the egges. The latter were secured by the
following procedure., The end of a glass tube,:which was

carried by another micromanipulator, was drawn out to a fine

0]

capillary, the inner diameter of which was only slightly
+*

smaller than the dlameter of the eggs. The other end of

the tube was connected to a screw-operated hypodermic

syringe. With this arrangement 1t was possible to Just

suck an egg into the orifice of the capillary and keep 1t

Aoopueg from a Bechnique used by Mitchison and Swann
/ - | o
(112) (suggested by Prof

O
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there bv making occasional adjustments with the screw. This
1 [ et

procedure was important, in that 1t was not und possible
“o enter an egg without Pirst securing i1t; and this method
was the most satisfactory out of several that were attewmpted,

=

The recording procedure was similar to that described
in section IIB. The mlcroelectrode and Ag-AgCl bath elec-

trode led into a differential cathode-follower input stage.

The output of the latter was spllt, so that the twoc beawns
of the #322 Dumont oscilloscope reglstered the inpufb glgnal

T T

at different sensitivities, one folil

Q

owing d.c. %mplﬁxicaz;on

and the other after a.c. The sensitivity of d.c. recording
was 25 mv./in. deflection of the beam. The other beam dis-
played the a.c.-amplified signal at usually 50 tiumes that

most experiments the Jelly coats were removed from the eges
using acidified sea water. In later experiments, however,
it was found that the Jelly did not seem to imbede the entry
of the microelectrode if the egg was well secured; and the
acid sea water treatment was omitted. Two species of sSea

4

urehing were used: Strongylocentrotus purpuratus and

echinusg pictus, Most of the later experiments were par-

formed with £. purpuratug ezgs

WJowe




Consilderable difficulty 1n entering the

(D

oo
[eeTenly
first encountered, using a vertical descent of the mlcro-

electrode. The eggs tended to roll out from under it. The

> in the tip of a caplllary tube

3
3

method of securing Tthe e

(i
5

D

o

made paaﬂeTu entries easily performed. The egg was usually

"
i

htly distorted by both the securing and entering. pro-

¢

e

cesses, but the elevation of a membrane following fertiliza-

i

tion was not inhiblted. The inability to measure a resting

potential, reported by several previous authors, was con-
firmed. Possible reasons for this will be considered. The
transient potentials accompanying fertilization, reported 0y
Scheer, et al., were not observed; but only five successiul
cases of fertilization with a microelectrode apparently in-

were obtained. A large increase in resgistance

between the rescording electrodes was not observed following
the impaling of an egg. Hach of these polnts ié consldered
in a 1little more detall below.

Although an exact tally was not kept, @erhapa Torty

unfertilized were impaled without measurling any poten-

-

Terence between the electrodes. The maximum sensi-

Ctivity of d.c. recording that was available (25 mv;/in.}
provavly did not allow discrimination of steady potentials
of less than 1-2 mv. It was difficult to make entries with
the microelectrode and obgerve the csci loscope simultaneous

and in four of the irizls a second observer watched the
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scilloscope during The process. It was possible to push
an electrode into an egg and out the other side withouwn

detecting a potential. Because of the opaclty of the egg,

and observe localized movement of granules. Ferfiilwco
eggs were also entered. In these cases 1t was possible o
enter the fertilization membrane and to observe the elec-
trode tip in the space between membrane and egg. No poten-
tial was detected. The further traverse of the eléctrode
tip 1nto the fertilized egg, 1tselfl, likewlse resulted in
no measurement of a potential. The spherical shell formed
by the eruLllzaumon membrane was much stiffer than the

urface of the unfertilized egg and was more easily entered
by the microelectrode.

A regrettably small number of succesgful atbtempts to

2.

observe electrical changes during fertill zation were made.
in five such cases, however, nc potentials were observed,
although in each of them a f¢ ""11¢7ac¢ca memoy ane was
elevated. A drop of concentrated sperm suspension was
placed near the impaled egg to effect fertilization. The
time required for the sperm to reach the egg insured that
fertilization did not occur before attention could ve di-
rected to the oscilloscope. Observation of the latter was

or several minutes and then the egg was checked

for the vresgence of & fertilization membrane.  With the
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additional sensitivity provided by the condenser-coupled
preamplifier, transient potentials of less than 1 mv, could
have been debtected.

In the last two eXperiments performed, 1t was reallzed
that there was a simple method for estimating a certaih
maximum possible transverse reslstance of the egg Surface.
it is a methqd commonly employed for measuring the resistance
of microelectrodes. The indifferent electrode was removed
from the bath and a d.c. potential (50-100 mv.) was applied
between that electrode and the bath. Then a known resistor,
having a simllar resistance to the microelectrode (10-20
megohms ) was placed across the two input leads. The applied
potential is then divided between the microelectrode.ahd
the known resistance and the amount of attenuation of the
recorded d.c. potential then depends upon the felative
values of‘the two resistances. If the procedure is now
repeated with an egg impaled on the microelectrode, the
egg resistance will be in serles with the microelectrode
reslistance. Any apparent increase in the latter will then
be equal to the egg resistance. It was empirically deter-
mined, by putting known resistancesin series wilth the micro-
electrode, that the smallest increase in resistancé’which
bcould be readily detected was about 1 megohm. Ten unferti-
lized and six fertilized eggs were impaled and tested in this
way. In no case did the apparent micfoelectrode fesistance

increase after impaling an egg. Thilis means that under the
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conditions of the experiment the resistance of the entire

0]
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g surface must not have exceeded 1 megohm. The eggs used

(§3 purpuratus) were in the vicinity of 754ﬁ.in diameter.

4

The surface area of an egg was therefore about 1.8 x 10
cm?.and the apparent membrane resistance was less thaﬁ 180
ohm cm. (1.8 x 107t x 106). The microelectrodes used in
these two experiments were larger than in others, being

about 2)1 in external tip dilameter.

Discussion.

The major problem associated with these and other
similar experiments concerns the lack of a resting potential
in echinoderm eggs despite the presence of lon concentra-
tion gradients. The problem seems very complicated and
there are a number of possible explanations. One type of
explanation considers that a potential would actually exlst,
but would not be measured because of experimental difficul-
ties. Rothschild (303) has considered some of these pes -
sibllities and rejected them. TIor example, 1t migh? ke
that the microelectrode never actually eﬁters the_egg, but
merely invaginates the surface. He reports that he cculd
inject fluld from the micropipettes and see it diffuse
through the cytoplasm., In the present experiments <he
electrode could be pushed into one gide of the egg and

out the other. It seems likely that in some of these cases

the microelectrode entered the first side before leaving
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the opposlte one. Iurthermore, although the egg surface
dces Invagilnate upcn attemptihg to enter, only a partial
withdrawal of the electrode serves to restore the spherical
shape of the egg.

Another possibility is that the egg surface doesfnot
form a good seal aboﬁt the microelectrocde and that the mem-
brane is short-circuited. This is also a possible explana-
tion of the apparent low membrane resistance found in the
present experiments. Assuming the specific resistance
of sea water to be 25 ohm cm. (107), that the egg membrane

is infinitely resistive, and is C.1 p.in thickness, a

N

hole in the membrane with an area of 0.025‘p‘ would account

for the observed resistance (106 ohms)._ The assumption

that the resistivity of the membrane is infinite 1s probably
not valid. Cole (113) and Cole and Spencer (114) reported
xperiments which seemed to show that the echinocderm egg
membrane did have an infinite resistance. WOrking with
suspensions of eggs, and using an equation developed by
Maxwell, they found that themwn-conducting volume of the
suspension was equal %o the volume of the eggs. Cole (115)
revorted later, however, that the method was lnadequate.

A 2% error in the estimation of the volume of the eggs

would allow membrane resistances as low as 3 chm cm.g,

which 1s very low indeed. That the method was inadegquate

was also shown by the fact that, using an adaptation of 1it,
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the membrane resistance of the sguid gilant axon was found
to be not detectably different from infinity. The squid
axon is ﬁow known to have a membrane resistance of the
order of 100C ohm cm.g. The value of 0.1 F chosen above
for the thickness of the membrane is probably within an
order of magnitude of the correct value. The calculation
only shows that a small_hole can provide an apparently

low membrane resistance. Thus 1t does not seem unreason-
able that the low upper limit of apparent membrane resilstance,
found in the present experiments (180 ohm cm.g), 1s due to
both the conductivity of the membrane and an incouplete
seal around the electrode. Unfortunasely, this equivocal
answer does not help in determining the reason for the lack
of a resting potential. Rothschild (103) reported an upper
limit for the resistance of a sea-urchin egg membrane of

10 ohnm cm.g. This value, however, may also ve 1In error
hecause of an incomplete seal around the electrode. Gelfan's
(102) experiments, mentioned in the introduction, might
a;so seem to argue against an infinite membrane resistance.
He found potentials across The germrinal vesicle wmembrane,
which were of similar size whether the "indifferent’” elec-
trode was in the surrounding sea water or Iin the cytoplasm.
But in Tthis case, as well, the rossibllity of electrical
leaks about the microelectrcdes existed. Experiments on
the electrical properties of echinoderm eggs do not seen,

then, tTo provide an answer concerning the infinite resisti-
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vity of the membrane. Evidence from other sources, however,
is pertinent. Brooks (116) revorted in a Cold Spring Harbor

Symposium lecture that with the eggs of Arbacia, Patiria,

Pisagter, and Urechis...'any radioactive ions added to the
sea water in which the eggs lie appear quickly in the‘eggs,
.their.intracellular concentration reaching a maximum in
about 2 to 15 minutes." Additional data for the echinoderm
eggs was not given and a more extended treatment of these
results could not be found. Brooks does state, however,
that radioactive phosphate put in the external medium in
low concentrations, comes to equilibrium in 1 to 2 hours in
eggs of Arbacia and Asterias. And a graph is given showing

rapid ﬁptake of radiocactive sodium by eggs of Urechis caupo.

If these data can be accepted they argue against the imperme-
ability of the egg membrane as the reason for the lack of a
resting vpotential.

One might also think that no resting potential is
present because the potentials due to the various ion gradi-
ents add algebraically to zero. In order to predict‘what
potential should result from an assemblage of ions separated
by a membrane, it 1s necessary to know the concentrations of
~each ion on either side of the membrane, and the membrane
permeablilities to each. Since the permeabilities are un-
known, it is not possible to make such a prediction. It
seems unlikely, however, unless a special mechanism for
this purpose were present, that the situation, of all po-

tentials adding up to zero, would exist.
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Another possible explanation for no resting potential
is that the ilons within the egg are bound and not free to
7diffuse.l The rapid exchange of radioactive ions (116)
also makes this idea unlikely. Gelfan's experiments also

el

argue against 1t, for even 1f there were a hole in the mem-
brane, the cytoplasm would have to bhe conducting for the
germinal-veslcle potential to te neasured.

One is hard-pressed to decide among the above possible
explanations, and perhaps there are others. 0f those pre-
sented, the explanation based on a short-circulting ol
the membrane by an incomplete seal around the electirode
seems to sufller the least objections.

°

Concerning the inabillity to confirm the presence of
translent potentlials during fertilization, i1t chould be empha-
sized that the present experiments were few in number.
Scheer, et al., took a number of precautions to guard against
artifacts. They found differences in the charécter of the
potentials between the two specles of sea urchins used. It
might be, then, that the discrepancy is attributable to
interspecific differences. If this idea is correct, it
perhaps detracts from the significance of the potentials
as part of the mechanism of fertililization.

Little light has been shed upon the original suggesticn

4

(¢¢) that the fertilization reaction would be propagated
over %the egg surface by a wave of excitation resembling

a nerve or muscle actlion povential, It can be said, how-
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ever, of the waves discovered by Scheer, et al., that the
resemblance 1s obscure. The eggs showed no resting poten-
tial undef the conditions of measuring these waves, nor
did the form or lack of regularity of the latter suggest

action potentials.
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