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The motor nerve impulse arrives at the terminal point
of the motor nerve, the nerve-muscle junction or end-plate.
"Twitch" muscle fibres generally receive only one or two
end-plates.

The nerve impulse causes the release of a chemical trans-
mitter substance (in the case of vertebrate skeletal muscles,
acetylcholine) from the nerve ending. The transmitter sub-
stance is released iIn discrete quanta. The released trans-
mitter substance reacts with the post-junctional area of the
muscle fibre membrane, presumably combining with special
"receptor”™ sites. This reaction results In an iIncrease In
membrane permeability to more than one ion. A lowering of
the membrane potential in the end-plate region results; this
depolarization i1s termed the "end-plate potential.

IT the depolarization is large enough, the surrounding
non-junctional membrane is excited, and a regenerative muscle
spike 1s triggered. The muscle spike is propagated rapidly
along the length of the muscle fibre, causing the entire
muscle fibre membrane to undergo rapid depolarization.

A series of rapid events, about which little is known,
but which can be referred to as the "excitation-contraction
coupling'” process, iIs set In motion by the muscle spike. The
excitation-contraction coupling process translates the
electrical activity of the muscle fibre membrane (or, more
generally, the release of transmitter substance) iInto mechani-

cal activity of the muscle. As a result of the excitation-



contraction coupling process, the muscle changes from its
resting state to i1ts "active state” (Hill, 1938) 1.e. it
acquires the ability to contract and to do work.

Contraction of the muscle then occurs. Again, the actual
mechanism of contraction is as yet unknown, although a large
amount of biochemical knowledge has been accumulated. Older
theories of contraction were based on the chemical reaction
between the muscle proteins actin and myosin (Szent-Gyorgyi,
1951); more recent thinking has as its basis the "sliding-
filament” hypothesis (Hanson and Huxley, 1955)* The contractile
response of the muscle i1s influenced by the mechanical proper-
ties of the muscle and by iInteraction of the muscle with its
load.

Finally, breakdown of "active state" occurs; the muscle
relaxes and returns to iIts resting state. Relaxation 1is
generally considered to be a passive process, but 1t has
been suggested (e.g. Ramsey, 1944) that relaxation is active.

Although this generalized model provides a framework
for the consideration of the problems of muscular contraction
and 1ts control, and for comparison of frog "“twitch™ muscle
with other muscles, knowledge of many of the stages is very
incomplete. In particular, little is known about the ex-
citation-contraction coupling processes. It iIs thought that
excitation-contraction coupling probably occurs more rapidly
than can be accounted for by diffusion of a substance from

the surface of a muscle fibre to 1ts interior (Hill, 1949).



It has been argued (Bay et al, 1953) that the longitudinal
current flow associated with differential depolarization of
different parts of the muscle fibre is the factor which initiates
contraction. A variation of this hypothesis (Csapo and Suzuki,
1957; Sakai and Csapo, 1958) attributes excitation-contraction
coupling to the transport of an activating substance by
longitudinal current flow. However, this type of argument has
been shown to be iInconsistent with many experimental findings
(Sten-Knudsen, 1954; Watanabe, 1958; Buchtal and Sten-Knudsen,
1959; Sten-Knudsen, 1960; Close, 1962), and is not iIn general
acceptance.

Excitation-contraction coupling 1s more often explained
in terms of transverse, rather than longitudinal, transfer
of excitation. Very cogent experimental evidence for this
viewpoint stems from the phenomenon of contracture.* When a
frog muscle or muscle fibre is uniformly depolarized, for
instance by application of excess potassium, or certain drugs,
tension is developed (Kuffler, 1946; Sandow, 1955)* This tension

can be graded according to the extent of the depolarization,

*As defined by Sandow (1955) for vertebrate "twitch”
muscle, contracture is a "‘prolonged, reversible, non-propagated"
contraction, as distinct from rigor (an irreversible contraction)
and tetanus (propagated). This definition does not apply very
well to crustacean muscles, since here the element of propa-
gation 1s often not present in normal contractions. Therefore,
contracture would be better defined for these muscles as "a
Brolonged, reversible, non-propagated contraction not produced

y normal nervous activity."”



and only occurs when the muscle fibre has been depolarized

past a nthreshold” membrane potential (Hodgkin and Horowicz,
1960b) . In frog "twitch™ muscle fibres the threshold for

tension development is slightly greater than that for production
of spikes iIn the normal muscle* The threshold for tension
development can be lowered by substitution of nitrate, bromide,
1odide or thiocyanate for chloride (Hodgkin and Horowicz, 1960c) ;
these anions are also known to potentiate the twitch con-
tractions of the muscle.

Evidence of this type has led to the widely held view
that a primary step in the excitation-contraction coupling
process is the depolarization of the muscle fibre membrane
by the muscle spike rather than longitudinal current flow
(Kuffler, 1946; Katz, 1950; Sten-Knudsen, 1954; Sandow, 1955;
Hodgkin and Horowicz, 1960b). However, it has become clear
that other factors besides depolarization per se play a part
In excitation-contraction coupling. If calcium ions are re-
moved from the solution surrounding the muscle, depolarization
(by potassium) does not cause contraction (Frank, 1958, 1961).
This result has led to the conclusion that external calcium
ions act as a link In the excitation-contraction coupling
process. Other experiments support this view (e.g. Bianchi
and Shanes, 1959; Bianchi, 1962) . However, contraction iIn
frog muscle can occur In the absence of external calcium ions
under certain conditions (as In response to caffeine; Frank,

1962) . In such cases i1t has been postulated that an intra-



cellular supply of "bound calcium" is utilized during con-
traction. |

Further support for the role of calcium as a link in
excitation-contraction coupling is provided by work of Jenkinson
and Nicholls (1961), who found that depolarized denervated
skeletal muscle (of rat) contracts on application of
acetylcholine, and that an uptake of calcium accompanies this
contraction,

A recent development in the study of excitation-contrac-
tion‘coupling has been the foéussing'of attention on the
ultrastructure of muscle. It has been shown (Huxley and
Taylor, 1958) that locally applied depolarization is effective
in activating the contractile mechanism only when it is
applied at particular spots on the muscle fibre memhrane
(in frog muscle, these spots were located at the Z lines; in
crab and lizard mascles, the spots were located at the bounda-
ries between A and I bands). The location of the active
gspots in frog and lizard muscles corresponds to the location
of certain components of the sarcoplasmic reticulum (the
"triads" of Porter and Palade, 1957). Therefore, it appears
possiblé that part of the sarcoplasmic reticulum having contact
with the external solution may be concerned in the conduction
of excltation inwards from the surface of the fibre (Huxley
and Taylor, 1958).

'Although the information which has been gathered about

excitation-contraction coupling is fragmentary and cannot yet



be integrated into a satisfactory model, one point deserves
emphasis: 1t appears probabie that in frog "twitch" muscle
fibres depolarization of the rmscle fibre membrane.hormally
acts as an essential link in the coupling process. The frog
muscle spike thus has two functions: conduction of excitation
from the end-plate region(s) to distant parts of the muscle
fibre, and initiation of excitation-contraction coupling via
depolarization.

}uch less is known about the neuromuscular systems of the
decapod crustaceans than about that of the frog. However, it
is well established that the mechanisms of excitation and
contraction differ in many respects in the two groups (Hoyle,
1957; Wiersma, 1957, 1961).

Using the outline previously presented for frog muscle
as a frame of reference, a comparative scheme can be prepared
for crustacean muscles:

(a) The motor nerve impulse travels down the motor axon
to the nerve-muscle junctions.

In the leg muscles of the decapod crustaceans the motor
axons'split into many branches and innervete the muscle fibres
at many points along their lengths (multiferminal innervation).
The nerve-muscle junctions (described by Lavallard, 1960) are
located along the fine terminations of the motor axons and
can be found all over a given mscle fibre.

(b) The nerve impulse causes the release of ﬁransmitter

substance. The chemical nature of crustacean transmitter



substances is unknown, although it has been suggested by \
van der Kloot (1960} that a substituted derivative of nicotinamide
may be involved. As in frog miscle, the transmitter substance

is released in discrete quanta (Dudel and Orkand, 1960).
Facilitation at crustacean nerve-rmscle junctions can be

formally describved as an increase in the probability of

release of transmitter-substance quanta (Dudel and Kuffler,

1961) . | |

(¢) Reaction of the released transmitter agent with the
post-Junctional membrane ¢f the muscle fibre occurs.

(d) This reaction results in the appearance of an
electriéalnchange in membrane potential, which typically
takes the form of an "end-plate potential" (Fatt and Katz,
1953b) “junctional poténtial" (Hoyle, 1957) or "post-synaptic
potential® (Grundfest, et al., 1959).%

This electrical change occurs simultaneously in all parts
of the muscle fibre (Fatt and Katz, 1953b), reflecting the
distribution of the nerve endihgs.

(e} In some crustacean muscles, but not in all (Furshpan,
1955; Hoyle and Wiersma, 1958a) sufficient depolarization
gives rise to a muscle spike, which can be graded rather than
all-or-none. .

(£) When present, the mmuscle spike can appear simultane-

ously in all parts of the muscle fibre, so the fact that it

_ *Throughout the present study the latter term will be
used.



may be propagated (Fatt and Katz, 1953a) is apparently of
little functional significance (Hoyle and Wlersma, 1958a).

In crustacean muscle the distribution of nerve terminals
ensures uniform depolarization of the muscle fibre. In fibres
where spikes are not present, summation of successive post-
synaptic potentiais (pes.ps.) can result in depolarization
"plateaus.”

(&) Excitation-contraction coupling processes of an
unknown nature take place.

(n) The muscle can be assumed to0 pass into an "active
- state." Nothing is known about active state in crustacean
mscle.

(i) Contraction of the muscle. takes place., TVery little
is known about the spécifie blochemistry of contraction in
crustaceans, |

(J) The contractile response of the muscle is presum-
ably influenced by the muscle's mechanical properties and
by interaction with the load.= Ho work has been done on
problems of this type in crustaceans.

(k) Relaxation occurs.

Certain further differences between vertebrate and
crustacean neuromuscular systems deserve mention. Decapod
‘leg muscles receive from one to four motor axons (Wiersma,
1941, wiersma and Ripley, 1952; Wiersma, 1961, etc.) Two
miscles, the "stretcher™ and the "bender" are supplied by a

single motor axon and can thus be considered as a single motor
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unit. The pattern of distribution of excitatory axons to
decapod'leg muscles, as worked out by Wiersma and his
collaborators, is shown in Figure 1.

In muscles supplied by two motor axons {(closer, bender,
_extenéor), the mechanical and electrical events produced by
separate stimulatlion of the two axons often show marked
differenées. The speed of the contraction evoked by one of
these axons is usually much faster than that evoked by the
other, provided that the load on the muscle and the frequency
of stimulation are the same. The axons are therefore termed
"fast" and "slow" respectively. In many muscles, most of the
miscle fibrés are innervated by both axons (polyneuronal
innervation), but in some muscle it has been found that some
of the muscle fibres are innervated exclusively by either the
"fast" or the Mslow" axon (Hoyle and Wiersma, 1958a).
| "Fast" and "slow" neuromuscular systems have been found
also in certain frog muscles,* but here polyneuronal innerva-
tion is probably not present (see, however, Shamarina, 1962).
The "slow® (or "small-nerve™) motor axons innervate a group
of muscle fibres having membrane properties quite distinct -
from those of the mofe conmon "twitch" muscle fibres (Burke -
and Ginsborg, 1956a). The contractile properties and mor-
phological appearance of the "slow" muscle fibres are also

quite distinct (Kuffler and Vaughan Williams, 1953a,b;

*Also, more recently, in vertebrate extraocular muscles
(Hess, 1961).
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Xruger, 1952; Gray, 1958). Frog and crustacean "slow" and
nPagtt systems have littie in common at first glance. In
the ffog, di:ferences between‘the'twb systems have been ex-
plained by differences in the "slow™ and "fast" muscle fibres,
which react to the same transmitter substance,“acetylcholine.
In crustaceans, the same muscle fibres have been thought to
give both slow and fast contracfions, and it has been easier
to propose separate "slow" and "fast" transmitter substances
acting on the same muscle fibres than to account for the "slow"
and "fast" phenomena in terms of a single excitatory transmitter
substance.
| Even less is known about excitation-contraction coupling
in crustacean muscle than in frog muscle. The @bst logical
initial assumption to make is that depolarization of the sur-
face membrane initiates the excitation~contraction coupling
process, as it probably does in frog muscle. It has been
suggested (Fatt and Katz, 1953c) that the tension is controlled
by the mean level of'membrane depolarization produced by the
summated post-synaptic potentials. As depolarization increases
past a supposed "threshold"™ tension becomes greater, according
to this hypothesis. This hypothesis is slmilar to those pro-
posed for the frog "slow" system (Kuffler and Vaughan Williams,
1953a,b) and for certain smooth mscles (Bulbring, 1955).
However, the suggestipn of Fatt and'Katz has been under-
mined by observaﬁions made by Hoyle and Viersma (1958c) who
came to the conclusion that it was untenable for crustacean

miscles. The main basis of their criticism is the "paradox"



phenomenon in muscles -of Randallia, Blepharipoda, and Cambarus. -
Low freguency stimulation applied to the "fast™ axon of -

mscles in the "paradox state™ evokes comparatively large
electrical responses but no cbntraction, whereas the same
frequehcy of stimulation applied to the "slow" axon produces
much smaller electrical responses, but a pronounced mechanical
responée. This phenomenon was originally described by Wiersma
and van Harréveld (1938), who used external recording electrodes.
Since maintained slow depolarizations would not be recorded

by this method, it was possible that the total depolarization
produced by "slow" axon stimulation was greater than thet
produced by "fast" axon stimulation. Hoyle and Wiersma (1958c)
re~examined the phenomenon using intracellulér electrodes,

and found that in Randellia electrical events during the
"paradox" appeared to be similar in all the muscle fibres

which they exemined. Throughout the muscle, "fast" electrical
responses appeared to be larger than "slow" electrical re-
sponses, but contraction occurred only in response to "slow"
axon stimulation.

It is of interest that the paradox state did not become
apparent in either Randallia or Cambarus until the preparations
had aged and become partially fatigued. The phenomenon may
therefore be largely an artificially induced one.

Hoyle and Wiersma also used the paradox phenomenon as the
major proof of their contention that separate "fast" and "slow"
transmitter substances must be postulated to eiplain "fastn

and "slow" transmission in all crustacean muscles.
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However, the results of Hoyle and Wiersma (1958c) can
be severely criticised on the grounds that the number of
muscles studied by them was small, and that correlation of
electrical events recorded from single cells with mechanical
.events recorded from the whole muscle is risky.

Only two nerve-muscle preparations of Randallia, the
species in which the paradox state was most convincingly
apparent, were studied. This amount of investigation is almost
certainly not sufficient to determine whether or not all of the
muscle fibres in the muscle gave the same responses. In .
Carcinus (see this study, Results) certain specialized muscle
fibres were not discovered until over twenty muscles had been
" examined.

‘Furthermore, it is impossible to be absoclutely certaln
of correlation between electrical and mechanicai events unless
both are recorded from a gingle muscle fibre. The paradox
phenomenon cannot be regarded as definitely proven until it
has been demonstrated from a single intact, normally functioning
muscle fibre. The preparation of such a unit‘is a formidable
task in crustacean muscle. However, steps towards obtaining
such a preparation have been taken by Hoyle (personal communica-
tion) and his method has been used by the author in the present
study.

A more géneral reason for doubting the importance of
membrane depolarization per se in excitation-contraction coupling

in crustacean ruscles is the extremely small size of the
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electrical events (often less than a millivolt) associated
with many indirectly produced contractions. This problem has
become even more apparent since the demonstration by Orkand
(1962) and shortly afterwards, by the author (Atwood, 1962)%*
that certain crayfish muscles must be depolarized past a
threshold of 60 mV (from resting potentials of about 80 mV)
before tension is developed.

It rust be concluded, therefore, that at the present
time almost nothing is definitely known about excitation-con-
traction coupling in crustacean musecles. It is not even known
vhether indirectly produced depolarization of_the miscle fibre
membrane is an essential step in the normal excitation-con-
traction coupling process.

The object of the present study was to obtain more in-
- formation about excitation and contraction in crustacean
muscleS'ahd about the excitation-contraction coupling processes.
In particular, attention was paid to the related questions:
(1) Is depolarization of the muscle fibre surface membrane
an essentiaml 1ink in the excitation-contraction coupling
process? (2) Does "fast'" axon stimulation bring about tension
develoPQent by a different mechanism (transmitter substance or
coupling process) than "slow" axon stimulation?

Several different but interdependent.methﬁds of investiga~

tion were used to obtain information about the excitation and

*This study was complete and submitted for publication
before Orkand's paper appeared.
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contraction mechanisms in crustacean muscles. Briefly, these
were:

(é) Study of the electrical and mechanical events in
intact muscles. This type of study is inherently limited in
that electrical evenfs recorded from single nmuscle fibres by
microelectrodes cannot be correlated with the mechanical re-
sponses of those muscle fibres, but only with the contraction
of the whole muscle. Nevertheless, much valuable information
can be obtained by this method provided the nmuscle under
investigation is studied thoroughly. o

- (b} Study of the electrical properties of the rmscle
fibre membrene and correlation of these properties with "fast®
and "slow" electrical responses in the same muscle fibre.

(¢) sStudy of the membrane potentiai threshold at which
-contraction is initiated (1) by potassium depolarization (in
whole muscles and in single muscle fibres), and (2) by directly
applied electrical depolarization (in single mscle fibres).
The ultimate aim of this type of study was to compare directly
produced depolarization and indirectly produced depolarization
with respect to their ability to bring about mscular con-
traction.

(d) Stﬁdy of indirectly produced electrical and mechanical
responses in single isolated ruscle fibres with intact motor
axon innervation.

(e) Application of experimental solutions modified by

addition or substitution of various ions, with the purpose of
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observing the effects of artificial conditions on the excita-
tion~-contraction coupling processes. |

Throughout the investigation, muscles from several different
animals were used. This comparative approach was dictated
partly by the circumstance .that the study was begun at the
University of Glasgow and coumpleted at the University of Oregon.

The enimals used at Glasgow were the shore crab Carcinus maenas,

the small lobster or "crayfish" Nephrops norvegicus, and the

fresh-water crayfish Astacus pallipes. In Oregon the experi-

mental animals were the shore crab Pachygrapsus crassipes and

the large edible crab Cancer magister; lost of the work was
done on the three énimals uéed at Glasgow.

The choice of a'semi-comparative approach was also partly
delibérate, since it was considered advantageous to dompare
muscles from different'animals in order to judge better whieéh
mechanisms are specific and which are of general occurrence.
This use of the comparative approach to the problems of
crustacean muscles has previously been strongly advocated by

"Hoyle and Wiersma (1958a).
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Figure 1.

Distribution of excitatory axons to decapod leg muscles
(after Hoyle and Wiersma, 1958a). O, opener, (abductor of
the dactylopodite); C, closer (adductor of the dactylopodite);
S, stretcher, (extensor of the propodite); B, bender, (flexor
of the propodite); F, flexor (of the carpopodite); E, extensor
(of the carpopodite). The muscles are represented by rec-
tangles, and each axon by & single line. '



GENERAL METhODS

a) Recording and Stimulating Techniques

lLost of the electrical recording in this study was done
using intracellular glsss microelectrodes of the type invented
by Grakzm and Gerard (1S4€). They were machine-pulled and
filled with 3 i potassium chlorlde by heating under reduced
pressure, Cnly electrodes having resistances of 6 to 20 megohms
and tip potentials ( Adrisn , 195€) of lescs than & mV were used,

When in use, the recording microele¢trode was placed in a
holcer filled with saline agar., 4 chlorided silver wire was
led from fhe egar to the recording éystem. Fotentlal changes
were recorded between the unicroelectrode tip end chlorided
silver wire, embedded in szline ager, which made contact with
the beth. | |

The cethode follower stage used with tlie microelectrodes
was bullt from a design obtained from Dr, Greer of the Depart-
ment of Fhysiology, Glasgow. Two EF37& valves (Tungsram) were
used in this circuit, The screen potential of these valves |
could te varied to reduce grid current to a low value, Grid
current was checked frecuently by observing the potential
across 2 2CC megohm resistor switched between grid and earth.
The two sides of the output could be adjusted to_zero potential
with respect to ground. |

Esrly experiments were done using an AC=DC preamplifier



built after the design of Donaldson (195€) in connection with
e Cossor 1l04C¢ oscilloscope. In later experiments a Tektronix
5C2 oscilloscope was used.l The high gein of this instrument
made it possible to apply the output of the cathode follower
to the emplifier of the oscilloécope without an intermedilate
preamplifier.

The time constant of rise of a square pulse recorded
through a microelectrode with a resistance of 8 megohms was
about 65 microseconds., Thils value was not large enough to
seriously affect the recordings.

A celibretor of the type described bj Wood (1¢57) was
attached to one grid of the cathode follower for measurement
of merbrane potentials and other electricel phenomena,

Stimulation of nerves was done thrcugh‘platinum wire
electrodes using, in most cases, transistorized stimulators
built after a design by Greer (1S6C). These stimulators were
modified by the author so that they could be gaied by a second
siriler stimulator. Treins of pulses of various frquencies
and durztions could be obtailned. Since the transistorized
stimulatcrs can operate in isolation from earth, no further
stimulus isolation was necescary.

In stimulating motor axons, cere was taken to keep the
pulse duration short ( less than 0.4 msec) to avold repetitive
firing of the axons,

In many experiments e second microelectirode was lnserted
into a muscle fibre to pass hyperpolarizing or depélarizing

current, The circuit used to measure the current delivefed

18
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through the microelectrode was similar to that cescribed by
Fatt and Katz (1953a). Current was measured as the voltage
drop zcross a 15K ohm resistor connected between the prepera-
tion and earth, |

Electrodes used for passing current into single muscle
fibres were often filled with 2l potessium or sodium citrate
( Boistel 2nd Fatt, 1©5&) or sozked in thece solutions prior
to uSe'( Orkand, 1%62) to minimize difficulties encountered
wiille passing outward currents.,

A disadvantage of the transistorized'stimulators is that
they cannot give an output of more than about 19 volts ampli—
tude. When single muscle cells are stimulated by current
passed through microelectrodes, greater voltages are sometimes
necessary. A4 Grass SD5 stimulator was ucsed in most cases for
this type of stimulation; some experiments were done (at Cregon)
using a Tektronix pulse generator (Type 161).

liechanical recording was accomplished by means of an RCA
5734 transducer fitted with a suitable recording shaft, or (in
the case of large muscles) by means of a Grass FT03 strain
gauge, Some kymographic recording was also done, using
isotonic end auxotonic lever systems, In most cases, mechanlcal
recording was done so that the muscle contracted under lsometric
conditione., Thie minimized displacement of intracellular
microelectrodes,

b) Experimental Animals

At the University of Glasgow the three specles used

weres Carcinus maenas Fennant, thie shore crab; Nephrops
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norvegicus L,, small lobester; and Astacus pallipes Lereboullet,

thie fresh-water creyfish.

The firet two species were kept in aerated sea water st
en average temperature of 15° ¢, Provided the sea water was
changed regularly, survival was good, and both species could
be kept alive for at least two months, although in most cases
speclmens were used 1n experiments about one to two weeks
after they hed been received from the Marine Biologiczl
Leboratory at rnillport,

Freéh—water crayfish were kept in running Glasgow tap-
water at an averesge temperature of 12° ¢, They were observed
to surﬁive many ﬁonths.

At the University of Oregon two species were used: Cancer

magister Dana, and Fachygrapsus crassipes Randall. Speclmens

of Cancer were kept in tanks of azerated sea waler maintained
at a tewperature of stout 13° ¢, by refrigeration. Specimens

of Pachygrapsus were kept in aguarla ccntaining one inch of

sea water and objects on which the enimals could climb out of
thie weter, The aquaria were keprt in a cold room meintained
at 12° ¢,

¢) Dissections.

Wélking legs removed from experimentzal animals were dissect-
ed to expose tlhe mein leg nerve in the meropodite, Surrounding
muscles were removed, "Fast" and "slow" motor axons were
isolated from the main nerve as described by van Harreveld
end Wiersma (1937)., The muscle to be studled was then exposed

either by removing part of the overlying shell to which no
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muscle fibres were ettached, or by removing the antagonistic
muscle.

Ferfusion of the.muscle under investigation weas often
carried out, Closer muscles of chelate walking legs were
perfused through the index of tiie propodite, Other muscles
were perfused through the dactyl or by means of needles in-
serted through the shell near the muscle belng studied.

The normal saline used for the fresh-water crayfish was
van Harreveld's (1¢36) solution. For marine crustaceans, the
normal solutibn Lad the following composition (mlM per litre):

NaCl 450, KCl 10, CaCl, 17, kgCl, 10, NaHCC, 3; pH adjusted

3
to 7.2 to 7.6 by addition of drops of dilute KCl, When
experimental solutions having excess or foreign anions or

cetions were made up, equivalent sodium ( in the case of cations)
or chloride (in the‘case of anions) was removed to maintain e

constant osmotic pressure.

d) [Ikechiaznical Recording from Single luscle Fibres,

In many experiments attempts were mede to record electri-
cal and mechanical activity from the same muscle fibre, Re-
cording of thie nature has been done in frog muscle by Hodgkin
and hLorowicz (1960b),7and in crayfish muscle by Orkand (1962).

In the present study a relstively simple method was em-
ployed at the University of Glasgow to obtain mechanical
recordings from single Carcinus muscle fibres depolarize% by
a current-passing microelectrode, The tip of a finely tapered
shaft ettached to an RCA 5634 transducer was pressed against

the centrzl tendon of the muscle adjacent to the muscle fibre
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to te recorded from (Fig. 2a). In some cases fibres on the
opposite side of the tendon were removed, and cuts were made
.in the tendon on either side of the desired muscle fibre, but
not too close to it, This resulted in a piece of tendon hinged
on one side to the rest of the tendon, with several muscle
fibres atteched, including the one to be recorded from, &
small amount of tension was applied to stretch the muscle
fibres slightly beycnd thielr resting length. Neasurements of
tension could then be made when depolarizing current was applied
through a current-passing microelectrode inserted in the muscle
fibre, A second microelectrode wes used to record membrane
potenﬁial changes along the length of the zuscle fibre,

Visuel obeervation of the contraction of the muscle fibre
showed thet in some ceses.small contractions were not recorded
by the transducer, but that in other ceses the visually observ-
ed "threshold" corresponded with that measured by the transducer,
In general, therefore, the average “threshold" for contraction
measured by the transducer is probtably higher'than.the true
"threshold,"

This method, like thaet of Orkand (1¢62), cannot be used
to meesure tension of single nmuscle fibres 1n response to 1n-
direct stimuletion. Lowever, a method whkich can be used for
this purpose has recently been worked out by Frofessor Hoyle
at the University of Oregon, This metlod was used by the
author to mescsure tension in single nmuscle fibres of the

stretcher muscle of Cancer maglster,

The muscle fibre to be studied is isolated .from the
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underlying tendon by careful dissection around its incertion
on the tendon. When correétly performed, the oreration yields
an undsmaged muscle fibre, attached to the shkell at one end,
but free at the other, Care must be taken to leave a plece of
the tendon attached to £he free end of the muscle fibre, This
priece of tendon 1s gripped 1n a pair of fine srring-steel for-
ceps attached to the plate sheft of an RCA 5634 transducer,
(Usually this ster 1s performed while the muscle fibre is still
attached very slightly to the main tendon; after the forceps
heve been placed, the last 1link with the main tendon is cut),
The icolated muscle fibre can be pulled out to any desired
length, Recording and stimuleting electrodes can be inserted
(Fig., 2b). If the operation hes been carefully done, the
innervation of the muscle fibre remains largely intect, and
tension responcses to indirect stimulation can be measured in
the icsolated muscle fibrel( The main pert of the musele must,
of cdurée, be held firmly in place).

There i1s no doubt that peartizlly damaged muscle fibres
are often obtalned by this method, but some of the resulting
preparaetions appeared to be relatively intact,

At the Univeresity of COregon, bullding vibrations crected
serious Interference with mechanical recordings of the tension
of single muscle fibres, 4n attempt to minimize such inter-
ference was made by mounting the preparation and transducer
on shock abeorbers, Unfortunately tiis method did not complete-
ly eliminate "pick-up" in mechanical recordings.

e¢) Calculation of luscle Fibre piembrane froperties.

In studying the electrical properties of the muscle
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fibre membrane, use was made of the standard technique of
arelying hyperpolarizing sguare pulses to the membrane by means
of a current-passing microelectrode, and studying the ampli-
tude gnd time ccurse of the potential chiange along the length
of the muscle fibre with & second microeiectrode (Hodgkin and
Rushton, 1¢46; Fatt and hetz, 1¢51, 1¢53a).

In most ceses the current-passing electrode was placed
as close as possible to one end of the mu§cle fibre, In these
circumstances current spreads inronly onéfdirection from the
stﬁnﬁh&ihg electrode. M

In muscle fibres which were long compared with thelir
length constants, the potentlal declined exponentially with
dicstance from the stimulating electrode (Fig.60), In such
caces the equaiions worked out for a ccble cealed at one end

and extending to “infinity" could be applied ( Weidmann, 1852):

V= exo ( "%/ ) | (1)
v .
Tor "R (2)

X=fr /o, | (3)
R.= 77 2¢ ry | (&)
R.= o1l a r_ (S)
where x is tiie distance between the current-psssing and
reccrding electrodes;
V' i1s the potential recorded at x;
Vo is the potential recorded at the current-passing
electrode (x=o0) |
Io 1s the polarizing current;

X is the length constant of the muscle fibre;
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ry 1is resistance of the myoplasm per unit length;
rm is the membrane reslstance times unit length;
Ri is‘the specific resistance of the myoplacsm;
Rm 1s resistance per unit arez of the membrane;

e 1l1ls the radgus of the fibre,

In muscle fibres which were short compared with their
length’constants, the potentiai did not decline exponentially
with distance (Fig, 60), Cases of this sort required'use of
the equations worked out by Weldmann (1952; see also Crkand,
1062) for a "cable" of short length with infinite resistance
at both ends:

V=Vo cosh ( L-x/\) - (6
coeh ( L/ )\ ) )

¥ = 1y )\ coth (L/x) (7)

where L is the length of the fibre,
Ejuation (6) can be simplified by substitutions. If V/Vo=
n, A/L = 1/m, and x/L = 1 - u, equation (6) can be reduced to:

n = coshmau : (8)
cosh m

In this form the eguation still does not yleld a simple
general solution, but it cen be solved easily for particular
conditions., If the recording electrode is placed at the end
of the muscle fibre opposite to the stimulating electrode, u
becomes o, Letn ( uw=o0 ) ben_.

a

'n, =1/ coshm (9)

This equation can be solved for m:

m=loge (( 1/my + | (1/n2-1) )) (10)
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If the recording electrode 1s placed in the middle of the
muscle fibre, u = 1/2. Let n ( u = 1/2) be Ny, .

n, = cosh m/2 — _cosh m/2 (11)
cosh m 2 coshe m/2 - 1

Eguation (1l) can be solved for cosh m/2.

cosh m/2 = 1 4 Y (148 .2 ) (12)
ZF nb - !

Let cosh m/2 be B, Tken, solving for m:
exp ( m/2 ) « exp ( ~m/2 ) =2 B (13)

end m =2 log, (( B+ (82 - 1) )) (14)

In prectice use was mede of eguations (10) and (1l4) in
the following way. Ilieasurements of the potenﬁial at several
points along the length of a muscle fibre were plotted against
distance (x), - 4 curve was drawn through these polnts, and the
values of the potential at the end of the fibre opposite to the
current-passing electrode and at the mid-point of the muscle
fitre were found. The length constent could then be found
by mesns of equations (1C) and/or (14).

At the University of Oregon, use wes made of an IBM 1620
computer to calculate numericel values for the length constant.
A program for thie puryose, based on "Newton's method", was
written by Dr. G. Struble of the University of Oregon. This
program scved much time-consuming manuel calculation,

In muscle fibres with exponentiszl decay of potential,
velues for the membrane time constant could be calculzted by
finding the iimefof rise of the polarizing potential at the
stimulating electrode to &4% of its final value, or by plot-

ting the time of half-decay of the potential zgainst distance
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from the current-passing electrode ( Hodgklin and Rushton, 1¢46;
Fett and Katz, 1953a). In muscle fibres with short ratios of
length to length constant, it was necessary to calculate the
rise and fall of total meuwmbrane charge (Liodgkin and Rushton,
1¢46; Fatt end Katz, 1¢51: Weidmann; 1¢52). An example of

this type of plot is shown 1in Fig. 60 ; |

After the time constant hed been found, the membrene

capacitance could be calculsted.:
Cm = ¥ / Rm (15)
where Cm is the membrane capscitance per unit area;
T is the membrane time constant,

Frobably the biggest source of error in calculations of
menbrane constants was uncertainty in measurement of fibre
diemeter, Crustacean muscle fibres are often not circular in
cross—section. liowever, an acproximate idea of the fibre dla-
meter bould be obtalned by assunming for Carcinus muscle fibres
a velue of 55 ohm cm, for Ry ( c.f, Fett and Katz, 1953a., Shaw,
1955), and calculating fibre diameter from the following
equation ( Fatt and Katz, 1951).

diameter = Jﬁ4 Ry /W r

) (16)

By this means a rough check on the measured fibre diameter

could be made.
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(a) Dilagramatic illustration of the method of re-
cording tension from single muscle fibres in the Carcinus closer
muscle, R, electrical recording of membrane potential; S,
stimulator; T, treansducer for recording tension.

(b) Diasgramatic illustration of the method of re-
cording tension from single muscle fibres in the stretcher
muscle of Cancer, R, electricel recording of membrane poten-
tial; S, stimulator; T, transducer for recording tension; F,

steel forceps for gripping tendon attached to the 1solated
muscle fibre.



RESULTS

a) Artefacts

'~ Records of electrical and mechanical activity of crus-
tacean muscles are often distorted by various types of arte-
facts. Those most frequently encountered 1in the present
study will be dealt with briefly here.

Influence of nearby muscle fibres: It has been pointed

out by Easton (1959) that electrical events in muscle fibres
close to the one reéofded from can influence the electrical
records. In ﬁany crustacean muscles this problem is relatively
minor, because Individual excursions of membrane potential
are often small. However, if a microelectrode 1s introduced
into a quiescent muscle fibre close to a fibre responding

to motor axon stimulation, small hyperpolarizing potentials
can often be seen (Fig. 3a). In muscle fibres close to those
in which spikes are producéd, this effect can be quite‘pro-
nounced. In Fig. 3(d), the muscle>f1bre recorded from gave

a spike in résponse to the second stimulus delivered via the
"fact" axon, but not to the first stimulus. Howéver, spikes
in neérby muscle fibres produced a hyperpolarlizing potential
during the first electrical response, at the same relative
"time at which the‘spike occurred in response to the second

stimulus iIn the muscle fibre being recorded from. A
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measurement of spilke height in this fibre must be sugmented
by gbout 5mV to compensate for the hyperpolarizing potential.

Other records in which hyperpolarizing potentials caused
by voltage fields of nearby fibres were apparent are shown
- in Fig. 3 (b, ¢)..

Effects due to the influence of nearby fibres® are more
pronounced in circumstances in which the volume of solution
surrounding the muscle fibre is reduced, such as when re-
cordings are made from fibres deep in the muscle. -

When the recording electrode 1is at or near the surface
of a muscle fibre, a hyperpolérizing potential is also
recorded on occasion (see del Castillo and Katz, 1956). An
exsmple is shown in Fig. 4 (a). The electrode pulled out of
the fibre being examined to its surface, and a hyperpolarizing

potential was then recorded in response to nerve stimulation.

Pulling out difthe microelectrode: As has been pointed

out by Fatt and Katz (1953a), artefacts can be caused by
the recording electrode pulling out of the muscle flbre
(presumably due to mechanical activity of the muscle fibre).
This effect is shown in Fig. 4 (a8,b,g). In Fig. 4 (g) the

final membrane potential, after the electrode has re-entered

*No evidence for electrotonic connections between adjacent
muscle fibres was found in the muscles used in the present
study. It 1s unlikely that artefacts were attributable to
this cause. Reuben (1960) has described electrotonic connections
between lobster muscle fibres, but states that they have not
been found in Carclnus or Cancer muscles.
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the muscle fibre, 1s greater than 1t was initially; this may
indicate that at the start of the stimulation the electrode
was not firmly implanted in the muscle fibre, or it could
indicate a change in tip potential of the electrode due to
8 broken tip or to bending. In cases where this type of
, indication was present, it was often necessary to replace the
microelectrode. _
 Other artefacts which may also have been caused by pulling
out or bending (cf. Ogato, 1960) of the microelectrode during
contraction asre shown in Fig. 4. In Fié. 4 (e¢,d) records
were made from muscles giving brisk twitches. In Fig. 4 (4d)
the electrical response of the muscle fibre was minute, but
a subsequent much larger potential change with a time course
the same as that of the muscle twitch, was observed. In Fig. ¢
(c) the postsynaptic potential is followed by & marked hyper=-
poiarization, with a time course similar‘to that of the muscle
twitch.
Artefacts which were attrilbutable to simllar effects are
shown in Fig. 4 (e,f,h,1). |
 There was no sure remedy for this type of artefaét, which
was by far the most troublesome of those encountered., The
main precautions which could be taken were to ensure that
| récording conditions were as isometric as possible, and to

guard against partial denervation of the muscle. In muscles
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which were partially denervated, differential movements of
separate parts of the muscle greatly augmented the number of
artefacts obtained,

Transducer drift: In some cases mechanical records were

gffected by electrical drift in the R C A 5734 transducer
employed. Usually such drift was due to inadequate H T
batteries, but it is also possible that thermal drift due
to uneven heat dissipation of the transducer may have been
responsible on occaéion (see Talbot et al., 1951).

When the Grass FTO03 straln gauge was used, drift of
this nature was not & problem. If too light a spring was
used in the straln gauge, however, the response sometimes
showed an uneven return to base line. This could bq.
attributed to insufficiehtly isometric recording d&nditions,
and could be remedied by making the recordiné conditions more
peérly isometric.

.Uneven passage of current by the stimulating micro-

electrode: When a microelecffode was used to pass current
into & muscle fibre, it was frequently found that different
amounts 6f current were passed at different times during an
epplied pulse. This held true particularly for depolarizing
curfent, but was also seen on occasion for hyperpolarizing
current. In Fig. 5 (a), the potential change scross the
muscle fibre membrane is distorted by uneven passage of

current, which cen be seen in the lower trace. In Fig. 5§ (b),



the depolarizing potentlal change 1s uneven. Although current
was not monitored in thls record, the effect was also re=
flected 1n.an uneven tension recorded from the muscle fibre.

It was possible to reduce effects of thils nature by
soaking electrodes in citrate solutions prior to use (see
Methods), but even when this was done artefacts of this type
were still frequently observed. Much depended on the particular

electrode used in an experiment.
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Fig. 3. Artefacts i1n electrical recordings produced by
activity of adjacent muscle fibres. (@) Recording from a
muscle Tfibre iIn the opener muscle of Carcinus during stimula-
tion of the ""fastl axon of the closer muscle. (b,c) Responses
of muscle fibres In the closer muscle to double pulses (3 msec,
separation) delivered at 15 per sec. via the "fast” axon.

(d) Response of a muscle fibre to double pulses delivered
at 1 per sec. via the "fast” axon. Lower traces indicate
mechanical activity of the whole muscle. Voltage scale the
same for (b,c,d).

Fig. 5. Electrical artefacts, (a) Artefact caused by
irregular hyperpolarizing current passed by the polarizing
electrode; Carcinus closer muscle fTibre; lower trace, current,
(b) Uneven electrical and mechanical responses in a Cancer
stretcher muscle fibre, probably due to a faulty current”®
passing electrode; lower trace, tension of the muscle fibre.
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Fig* 4. Electrical artefacts, (@ Record from a fibre

a darcihus closer muscle during "‘fast™ axon stimulation at
10 per sec., showing electrode pulling out of the fibre, ()
Record from a fibre in a crayfish leg closer muscle during
"fast" axon stimulation at 1 per sec., showing electrode
pulling out. (c,d) Records from closer muscles of crayfish
legs during "fast" axon twitches, showing the influence of
mechanical events on electrical records. (e—1) Records from
Carcinus closer muscles showing various effects due to mechanical
activity of the muscle: (&) ™slow" axon stimulation, double
pulses of 3 m sec. separation delivered at 15 per sec; (P
"fast" axon stimulation at 10 per sec; (g) 'fast" axon stimu-

lation at 10 per sec: (h,i) "slow" axon stimulation at 10 per
sec. (Lower traces, tension of the muscle).
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b) Responses of Whole-Muscle Preparations to Indirect

Stimulation

The 1nitial step in the present study of excitation and
contraction in crustacean muscles was>to observe the electrical
responses of individual muscle fibres and the corresponding
mechanical responses of the whole muscle. Muscles from
several crustacean specles were examined for'comparative
purposes. The purpose of this method of investigation was
to obtaln as good a correlation as possible between the
electrical and mechanical events of the intact muscle during
stimulation of excitor axons.

In thils sectlion the material presented will be mainly
descriptive In nature. Concluslons regarding the relation
of excitatlion to contraction will be reserved until experiments
bearing on the excitatlon-contraction coupling process have
been presented.

1) Carcinus: Closer muscle

The closer muscles of walking legs 2, 3 and 4 of Carcinus
were studied thoroughly; observations were made on over 100
preparations. This thoroughness of study proved to be justified,
since Important features of the responses to indirect stimu-
latlion were not immediately apparent. |

The Carcinus closer muscle has been studied previously

by Fatt and Katz (1953b), but their observations were concerned



mainly with the problem of the distributed innervation of
crustacean muscle fibres, rather than with specific‘effects

of "fast" and "slow" motor axons. However, they observed

thaf the two mdtor axons supplying excitatory innervation

to the muscle produced "end-plate potentials" (postsynaptic
potentials) with very different decay rates in some of the
muscle flbres innervated by both axons. They did not determine
which axon was "fast" and which was "slow."

In the preéent étudy interest wés focﬁsed on the mechanism
by which the "fast" and "slow" axons produce different mechanical
responses in the ssme muscle. Can the different mechanical
responses be explained in terms of differences in the
electrical responses, or must one invoke (as do Hoyle and
Wiersma:1958¢) differences in the excitation-contraction
- coupling processes, perhaps brought about by different "fast"
and "slow" transmitter substances? This question can be |
finaily answered only by the studj of innervated single muscle
flibre preparations, but the study of whole-muscle preparations
can yield important preliminary information.

Electrical responses: Exploratlon of different muscle

fibres in the closer muscles of Carcinus with a recording
microelectrode during separate stimulation of "fast" and "slow"
motor axons revealed a great varlety of electrical fesponses.
These responses could, however, be grouped into three main

categories,
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In one type of muscle fibre, stimulation of the "slow"
axon, even at high frequencies of stimulation, produced very
‘small electrical responses, or, in most cases, none at all.

A single stimulus applied to the "fast"™ axon gave large
postsynaptic potentiels (p.s.ps.) in these fibres (Fig. 6a, b;
Fig. 72, ¢). These p.s.ps. were usually 8 to 20mV.in magni-
tude, but as the preparation became older the responses in
any glven muscle flbre became smaller. In some cases 8

small electrically excitable membrane response in the form

of a hump followiné the pesk of the p.s,p, could be observed
in respénse to a single stimulus (Fig. 7c¢, 4, e, f) but
usually the response was limited to & p.s.p.

At stlmulation frequencles of 3 to 10 per second the
PeS«PSe showed faci1itat1on, and graded electrically excitable
responses usually became evident, 1ncrea§ing in size with
successive stimuli (Fig. éc; Fig. 74, f).

Even larger reSponses (up to 70mV), could be obtained
when two closely spaced stimulil were given (Fig. 6d,-e).

The spikes thus obtained were followed by a pronounced "hump"
in some cases (Fig. 6d). Paired shocks did not always give ”
rise to pronounced active membrane responses of this nature

in these muscle fibres. Initially the response of Fig. 7 (a,b)
was &8 P.S.pP. of 1llmV. Two closely spaced stimuli eiicited‘ |
an additional response which was probably a very large p.s.p.
(Fig. 7b). This response did not have the initial rapid

repolarization observed in the electrically excitable responses
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of other muscle fibres of this type, but it is possible that
some degree of electrical excitability was involved (see p. )e

The muscle fibres described above were discovered only
by introducing the recording electrodes deep into the muscle
through the outer layers of muscle fibres. Because of their
1nacceséib111ty they were difficult to record from, but
they appeared to be present in all muscles where they were
looked for carefully. They were apparently localized in a
group of very large muscle fibres (300 to 800}\& in dlemeter,
10 to 20mm. long) which could most easily be approached by
removing the antagonistic (opener) muscle.
| For convenience these muscle fibres will be referred to
subsequently as Type A muscle fibres.

Responses of an entlrely different character were
recorded from a second type of muscle fibre (Figs. 8 to 12).
Single stimuli applied to the "slow" axon elicited peSeps.
of comparativeiy large size (2 to 10mV) and with very slow
decay rates. The "slow" p.s.p. shown in Fig. 9(a), for
exemple, had a time constant of decay of about 200 msec.

In other fibres of this type values of 200 to 30 msec. were
observed. Often "fast" p.s.ps. could not be found in these

- fibres (Figs. 8c,‘10b); but when present they were usually

' _very small (Fig. 9b) and showed the slow rate of decay typical
of the "slow" p.s.ps. in these fibres.  In Fig. 10 (d) an

exceptiénally large "fast" p.s.p. was observed, which was
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only slightly smaller than the "slow" p.s.p. in the same
muscle fibre (Fig. 10c¢). Both p.a.ps. had time cdnstants
of decay of about 110 msec. )

When repetitive stimulation was delivered to the "fast"
axon, the "fast" p.s.p. typlcally showed almost no facilitation,
and the total electrical response remained small (Fig. 9e).

In the msjority of the muscle filbres of this type, there was
no electrical response at all to "fast" axon stimulation,
even at high frequencles of stimulation (Fig. 8¢c).

Frequencies of stimulation as low as 4 per second appliled
to the "slow" axon produced depolarization "plateaus" 1in
many of these muscle fibres (Fig. 8b, Sc). ‘Some facilitation
of the response was salways evident during the first few
Impulses. As the frequency of stimulation was increased
above 10 per secoﬁd, the individual p.s.ps. became smaller,
and not larger as in other muscle fibres. Examples of this
behaviour are shown in Figs. 8, 9, 1ll. Depolarization
"plateaus™ tended to reach a maximum size at stimulation
_frequencies of about 30 per second and did not become much
larger at higher stimulation frequencies.A After an initlal
rising phase of depolafization, the "plateaus" often showed
a tendency to decline in magnitudé dﬁring a pfolonged
period of stimulaetion at a high frequency. An extreme example
is shown in Fig. 11 (j, k). After stimulation of this sort
1t was observed that the first p.s.p. in response to a

succeeding train of stimull was often smaller than 1t had
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been before prolonged stimulation. It 1s reasonable to infer,
therefore, that exhaustion of the transmitter substance plays
a part in the decline 1n‘magn1tudé of the depolarization
"plateau" during a train of stimuli. The fact that individual
ﬁ.s.ﬁs. become smaller in size as soon’as a substantial de-
polarization "plateau" is built up, cannot be explained in
this manner (see p. 85),

When two closely spaced shocks were applied to the "slow"
axon, surmation and facllitation of the electrical respohsas
occurred in these fibres (Fig. 12). No electrically excitable
membrane responses were observed.

The muscle fibres responding in the manner outlined
above were always f;und at the proximal end of the muscle
and never anywhere else. They were obserﬁed to be rather
small (80 to 150 M in dismeter). They will be refefrad to
as Type B muscle fibres. ” |

 The major part of the Carcinus closer muscle was made
up of muscle fibres which showed electrical responses inter=-
medlate between Types A and B. These muscle fibres will be
referred to subsequently as Type C.

There wes considersable veriation in "fast"™ and "slow"
PssS.ps. from fibre to fibre in this categbry. In mahy cases
the "fast" p.s.p. was larger than the "slow"-at low frequencies
of stimulétion,—but the reverse situation also occurred. In

Fig. 13, examples are given of "fast" and "slow" p.s.ps.
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recorded from different flbres in the same muscle during
stimulation of the motor axons with single shocks.  There is
no correlation in size between "fast" and "slow" p.s.ps. in
these muscle fibres; sometimes a large "fast" p.s.p. occurs
with a large "slow" P.SeDe (Fig. 13e, f), whereas in other
ceses a large "fast" p.s.p. occurs with a small "slow" p.s.p.
(Fig. 13, 1, j)e Sometimes the "slow" p.s.p. is larger than
the "fast" (Fig. 13g, h). In general, "slow" p.s.ps. were
less than 4mV, and usually O to 2mV, in Type C fibres. "Fast"
PeS.DS. aVeraged‘larger, but seldom exceeded 5mV. | |

It was estimated that about 95% of the Type C muscle
fibres gave responses to both "fast" and "glow" axon stimu-
lation. ,Occasionaily, muscle fibres were encountered which
did not show electrical responses during high frequency
stimulatioh of one of the two motor axons (Fig. 16, r,s).

When the frequency of stimulation applied to the "slow"
axon was greater than about 2 per sec., the electrical- "
~ response showed facilitation, usually quite marked (Figs. 14,
15, 16, 18, 19, 25). In most muscle fibres, depolarization
"plateaus" were built up at stimulation frequencies of 15
to 30 per sec. and~h1gher. Usually the size of the individual
"slow" p.s.ps. remained about the seme at stimulation fre-
éuencies greater than 50 per sec., but depolarization "plateaus"
continued to increase in size with increasing frequency of

stimulation up to 100 per sec., or even higher.
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In some cases "slow" p.s.ps. grew by facilitation to
very large sizes without giving rise to a depolarization
"plateau." In Fig. 15, an example of this behavior is shown
(a,d,fyh)e At similar freduencies of stimulation, other
muscle fibres (e.g. Fig. 18 a,b) showed depolarization
plateaus," even though individual p.s.ps. were several times
émaller. - It was observed that the larger p.s.ps.fin such
instances had more rapld rates of decay. For example, the
P.3.p. of Fig. 15 (f) was estimated to have a time constant
of decay of 13 msec. whereas the time constant of decay for
the p.s.p. of Fig. 18 (b) was about 25 msec. In general,
therefore, three factors contribute to the total extent of
indirectly produced depolarization 1ﬁ a muscle fibre: (1) the
size of the pe.s.p.; (2).the decay rate of the p.s.p.; (3) the
frequency of recurrence of the p.s.p. |

When the "fast" axon was stimulated at frequencies greater
than 2 or 3 pef sec;, the electfical responses of some Type C
muscle flbres showed marked facilitation, similar to that
observed for "slow" p.s.ps. More frequently, "fast" p.s.ps.
showed 1ittle or no facilitation. -

In Fig. 14, an example is glven of a "fast" electrical
response showing almost no facilitation, even at high
frequencies of stimulation (a,c,f). The total electrical
response remains very small. In the same fibre the "slow"

P.S.p. shows marked facilitation, and the total depoiariz;tion
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due to "slow" axon stimulstion 1s considerable at high fre-
quencies of stimulation.

Further examples of this type of behavior are given in
Fig. 16 (a to p). In these records, the "fast" response is
almost the same size at high frequencies of stimulation as
it is at low frequencies of stimulation, whereas the "slow"
responses from the same muscle fibres show marked facilitatlon.

An entlirely different type of behavior is shown in Fig. 16
(uyvyw). In this case the "fast" electrical response shows
marked facllitaetion with increasing frequency of stimulation.
Other examples of this type of behavior are shown in Fig. 17,
19 (f). Cases in which facilitastion was present, but not
marked, are shown in Figs. 19(a,c), 25(b,d).

It is apparent that "fast® electrical responses in Type C
musclelfibres can show a wide fange of behavior. The differences
of behavior within the observed range of "fast" electrical
responses are almost as great as the différences between
"fast" electrical responses as a whole, and "slow" electrical
fespohses as a whole. | |

In general, the "fast" electrical responses of Typg C
muscle fibres were smaller than "slow" eiectrical respoﬂses
at frequencies of stimulatlon gréater'than about 20 per sec.,
slthough at lower frequencies of stimulation the reverse
situation often occurred (Fig. 16). In some cases depolarization

"plateaus" were built up by stimulation of the "fast" axon at
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frequencies above 30 per sec. (Fig. 17); in many other
instances total depolarization remained minute (Fig. 14).

It was observed that in most of the muscle fibres recorded
froh,l"fast? and "slow" p.s.ps. had similar shapes when of
the same size (Figs. 16, 19). However, in soms muscle fibres
differences occurped. The "faét" pP.S.p. sometimes showed a
more rapid decay than the "slow" p.s.p. recorded from the
same muscle fibre; but the reverse sltuation was also'observed.'
These differences will be discussed later (p. 83).

When "fast" and "slow" axons were stimulated together,
the resulting electrical response was increased in size (Fig. 19).
The size of this response appeared to be approximately equal
to the algebraic sum of "fast".énd "slow? responses.

When double pulses 6f stimulation were applied to the
"slow" axon, the electrical response to the second shock
showed facilitation, and summed with the first (Figs. 20, 23).
Large depolarizations could be obtained by delivering double
shocks at high frequencies of stimulation. On no occasion
were electrlcally excitable membrane responses seen during
this type of stimulation.

In most cases the same result was obtained when double
puises of stimulation were applied to the "fast" axon (Figs.
21, 23). However, in a few fibres it was found that
electrically excitable membrane responses could be produced

by double pulses of stimulation applied to the "fast" axon
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(Fig. 22). In these particular muscle fibres responses to
"slow" axon stimulation were rather small.

The responses of Type C muscle fibres to indirect stimu-
1ation'indicate fhat, in general, these muscle fibres do not
show electrically excitable membrane responses even when
considerable depolarization §f the muscle fibre membrane has
been produced. A few exceptional fibres did glve electrically
excitable membrane responses when the "fast" axon was
stimulated with two closely applied shocks. These fibres
appeared to be similar to Type A flbres in many respects..

Mechanical responsess: The mechanlical responses of the

whole muscle were usually recorded simultsneously with the
electrical ‘responses of individusl muscle fibres.,

The slow contraction was detectable at frequenciles of
stimulation of 5§ to 10 per sec. Examples of slow con-
tractions at.tbese frqquencies of stimulation are shown in
Figs. 9, 11, 25. In most cases the contraction was a slowly
developing and smooth tetanus, but in a few instances small
"twitches™ could be seen in the record (e.g. Fig. 25, g).
The slow 6ontraction increased greatly in rate of development
and in magnitude at higher frequencies of stimulation (Figs. 9,
11, 18). AThe rate of decay of tenslon was rather slow; complete
return to the base line of zero tension always took several
(3 to 10) seconds.

A single stimulus applied to the "fast" axon usually



evoked a smallltwitch from the muscle (Figs. 9, 10, 24, 25).
This twitch often showed some facilitatlon when the frequency
of stimulation was greater than about 3 per sec. (e.g. Fig.
25, a,b,f)e. In other cases the twitch remained the same size
(Fig. 25,1) or showed irregular increases and decreasss in
magnitude (Figs. 9,e; 25,1).
As the frequency of Stimulation was increased sabove 10
to 15 per sec. the individual twitches became superimposed
on a tetanic contraction, which increased in size with
increasing frequency of stimulation (Figs. 17, 19). However,
even at high frequencies of stimulation individual twitches
could be seen in the mechanical response (Fig. 17, g). The
fast mechanical response showed a more rabid rate of
development and a much more rapld rate of decay than did the
slow mechanical response. Tension usually returned to the
base line within half a second. |
Occasionally single stimull applied to the "slow" axon
resulted in small "twitches" (Fig. 24,c) which were smaller
l‘and had slower rates of rise and fall than "fast" axon twitches
in the same muscle (Fig. 24,b). These slow twitches were
only found in recently moulted animals which had been kept
previously at a temperature of about 20°C. "Fast" axon twitches
recorded from these muscles ha@ slower ratesmof décay than
did fast twitches recorded from muscles of other animals
(Figs. 104, 248). The physiological state of the experimental

animal appaerently 1nfluences the excitabllity and responsiveness
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of the nerve-muscle preparation.

In most muscles, double pulses of stimulation applied
to the "slow" axon at frequencies of 5 to 15 per sec. gave
rise to small twitch responses of the muscle (Fig. 23). The
same type of stimulation applied to the "fast" axon produced
larger twitches (Figs. 21, 22, 23).

When both "fast" and "slow" axons were stimulated at the
same time, the resulting tension was equal to the algebrailc
sum of the tenslons developed by separate stimulation of the
motor axons (Fig. 19).

The amount of tension developed in responSe to stimulation
of the "slow" axon was typically conéiderably greater than
that de#elopéd in response to "fast" axon stimulation (Fig. 26),
except at low frequencies of stimulation (below 5 per second).v
At these low frequencies the "slow" response was usually not
detectable, whereas the "ragt" resﬁonse was a small twiltch,

In the experiment of Fig; 26, stimulation was applled to
the two motor axons in three-second bursts. Virtually all of
the "fast" tension was developed within a second, and most
of the "slow" tension appeared bj three seconds, except at
low freQuencies of stimulation. An interval of two minutes
was allowed betwsen qach period of stimulation; the muscle
was perfused continuously. As the'frequency of stimulation
was increased, "slow" tension increased in magnitude more
rapidly than "fast" tension. The latter levelled off at 30

per sec. stimulation, whereas the "slow" tension showed a
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continuous increase throughout. After the highest frequency
had been attalned, measurements were agailn made at 40 per

sec. stimulation. It was observed that the "slow" response
was reduced to 3/4 of its original size and the "fast"™ response
to sbout 1/3 of 1ts original size. Fatigue had taken place
during high frequency stimulation of both axons, and was more
marked in the case of the "fast" system. Similar observations
on the relative sensitivities to fatigue of the two systems

in other muscles have been made by Hoyle and Wiersma (1958a).
Perhaps the "levelling off" of "fast" tension at higher |
frequencles of stimulation can be partly attributed to the

onset of fatigue.

Mechanics of the closer muscle: Muscle tension was

recorded at the tip of the dactyl in the Csasrclnus closer muscle
(and in the othe: closer and opener muscles studied). Force
recorded.in this manner gives a relative measure of muscle
tension, but the real tenslion developed by the muscle can be
determined only by taking into account the geometry of the
muscle and moving skeletal parts.

In Fige 26A, a diagram to illustrate the mechanics of
the closer muscle is given. The recording system (r) measured
.n, the vertical component of the force at the tip of the
dactyl. The total force (F) exerted by the tendon as a result
of the activity of the muscle can be found:
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F = mL/a cos B (17)
(The meanings of the symbols are given in the caption
of Fig. 26A.)

Values for m and cos F can be found by direct messurement.
Values for L and a can also be found by direct measurement,
but the poséible error 1s considerable since a is small and
the pivot point of the dactyl on the propodite cannot be
definitely ascertained. The ratio L/ae can be determined
accurately by applying a known force to the tendon and messuring
the resulting force at the tip of the dactyl. Six such de-
terminations on different legs give an average value for L/a
of 18 (range, 14.5 to 22). With a value for (3 of 25° the
force exerted by the tendon as a result of muscular contraction
can be estlmated to be approximately 20 times the measured
value of n.

In order to find the tension developed by the muscle,
the force exerted by the tendon must be divided by the average
cosine of'theuahgles made by the muscle flbres with the tendon
(4). Observations made on the muscles showed that an
approximate average value for & of 30° could be used. The
tension developed by the muscle 1s therefore about 23 times
the measured value of n, but was observed to vary from 18n to
30n in individual musclés.

In order to compare tension from different muscles, a

measure of the slze of the muscle was necessary. The most

convenlent procedure was to measure the size of the propodite
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(length times width). This measurement was found to be
related to the cross-sectional area of the muscle 1ln the legs
used in these experiments (Fig. 26A). When the tension per
cross-sectional area of the muscle had to be found, use was
made of the graph of Fig. 26A and the measured propodite

size of the leg used in the experiment.

Calculated values for the tenslon developed by the closer
‘muscle during maximum stimulation of the motor axons ranged
from 2300 to 4200 gm/em® (five determinatioﬁs). These values
are similar to those found for other types of strlated muscle
(e.g.s; Hodgkin and Horowicz, 1960b).

Measurements of the tension of single "fast" axon twitches
ranged from 0.015 to 0.08 gm. at the tip of the dactyl (eight
measurements). Assuming that sall the tenslon during a fast
~twitch is attributable to Type A flbres, and using values
for + and @ of 10° and 25° respectively, it can be estimated
that the Type A fibres develop 0.32 to 2.0 gm. tension during
a twitch. Since the diasmeters of these fibres are large (up
to 800 M), it is evident that only a few Type A fibres could
develop all the tension observed during a fast twitch, even
if each flbre were only slightly activated. Also, the differences
in slze sometlmes observed between successlve feast twitches
(Flgs. 9, o3 25, 1) could easily be due to intermittent
éctivation of a single muscle fibre, or to occasional occurrence
of esdditional electrical activity in & Type A muscle flbre
(see Fig. 6, c)e



Fig. 6. Carcinus: Electrical responses of Type A muscle
fibres®! (A7) p.s.p- In response to a single stimulus applied
to the "fast” axon, () "Fast" p.s.ps. In another muscle fTibre
in response to stimuli at 3 per sec. (¢) Response of the same
muscle fibre to stimuli delivered at 8 per sec. (d) Response
of the same muscle fibre to pairs of shocks (2.5 msec, separa-

tion). (e) Response to similar stimulation in another muscle
fibre.



Fig* 7= Carcinus: Electrical responses of Type A muscle
fibres* (a,b) Responses of a Type A muscle fibre to a single
stimulus applied to the "fast” axon (@) and to a single stimulus
followed by a paired shock (b). (c,d) Responses of another
muscle fibre to stimulation of the "fast" axon at 1 per sec.

(© and 5 per sec. (). (e,F) Responses of another muscle
fibre to '"fast" axon stimulation at 2 per sec. (&) and 8 per
sec. (P)-



Fig. 8 Carcinus: Electrical responses of a Type B
muscle fibre. (@,e) *Slowl p.s.p. In response to a Single
stimullus; the time constant of decay 1is about 140 msec, (©)
Response to "fastll axon stimulation at 20 per second; no re-
sponse was observed. (b,d,f) Responses to "'slowX axon stim-
ulation at 4 per sec. (b), 8 ver sec. (@), and 16 per sec.
(T). me -

40 msec.

2 sec

Fig.9. Carcinus: Responses of a Type B muscle Fibre,
(@ "Slow” p.s.p- in response to a single stimulus. ()
"Fast” p.s.p. recorded from the same muscle fibre iIn respons
to a single stimulus. (c,d,f) Responses to *slow" axon stim
ulation at 4 per sec. (¢), 10 per sec. (d), and 20 per sec.
(). (e) Response to "fast” axon stimulation at 10 per sec.
Lower traces, mechanical activity of the whole muscle.



10 msec

Fig. 10. Carcinus: "Fast" and "slow'" responses of
Type B muscle fibres in response to single stimuli applied to
the respective axons. (@,c) "Slow* responses from two dif-
ferent muscle fibres. (b,d) "Fastl responses of same muscle
fibres. Lower traces, mechanical activity of the whole muscle.

20msec ~
20 mV
d —
10 msec

Fig. 12. Carcinus: Responses of two Type B muscle fibres
to paired shocks (3 msec, separation) applied to the “slow”
axon. (a,c) Responses to single shocks; (c,d) Corresponding

responses to double shocks. In (d) stimulation was repeated
at 5 per sec.
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Fig, 11* Carcinus: Responses of Type B muscle fibres to
repetetive stimulation of the "slow” ason at various frequencies.
In each horizontal row recordings were from the same muscle
fibre. When present, lower traces Indicate tension. Fre-
quencies of stimulation were: (@ 6 per sec.; () 15 per sec.;
(© 25 per sec.; () 3 per sec.; (e) 10 per sec.; () 20 per
sec.; (@ 6 per sec.; (h) 10 per sec.; () 25 per sec.; ()

10 per sec.; (K) 40 per sec.



Fig. 13* Carcinus: P.s.ps, of Type C muscle fibres in
response to single stimuli applied to "fast” and "slow' axons.
Paired records (a and b, c and d , etc.) are from the same
muscle fibre. All records are from the same muscle.



Fig. 14* Carcinus: Comparison of "fast™ and "'slow"
responses in a Type C muscle fibre. (a,c,f) "Fast" response
to stimulation at 10 per sec. (&), 50 per sec. (¢), and 90
per sec. (P). (b,d,e,g) "Slow" response to stimulation at
10 per sec. (b), 25 per sec. (d), 70 per sec. (e), and 90
per sec. (g)- Tension of the whole muscle iIs seen in the
lower parts of (c,e,f). The electrical base line appears

below the electrical response to indicate the total extent
of the depolarization.
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Fig. 16. Carcinus: Patterns of facilitation and shapes
of p.s.ps m Type C muscle fibres. Frequency of stimulation
was 5 per sec. I (a.e,iym,u) ard (¢,g.k,0); 15 perrsees. ¥
G, F,j,v) and (d,h,D); 30 per sec. In (n,s,w) and (p,t); 40
per sec. in (q,r). Examples were taken from several different
muscles. All of the records iIn a horizontal row are from the
same muscle fibre. In () and in (s) small hyperpolarizing
potentials indicate an influence of electrical responses of
nearby muscle fibres and as absence of response iIn the muscle
fibres recorded from.



Fig. 18. Carcinus: "Slow"™ responses in Type C muscle
fibres. (@.,b,c",d Records from a Type C fibre during stimula
tion of the "slow" axon at 15 per sec. (a,b) and 40 per sec.
(c,d). (e,P) Records from another fibre during stimulation of
the "'slow" axon at 40 per sec. (g,h,i1) Records from another
fibre during stimulation of the "slow" axon at 30 per sec.
Lower traces, mechanical activity of the whole muscle.
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Fi& 19. Carcinus: 'Fast” and "slow” responses of Type
C muscle fibres” (@,b) Records from a Type C muscle fibre
during stimulation of the "Fast” axon (& and of the ''slow”
axon (b) at 30 per sec, (c,d,e) Records from another muscle
fibre during stimulation of the "fast” axon (c), of the "slow
axon (d), and of both together (e), at 15 per sec. (f,g,h)
Similar records from another fibre during stimulation at a
frequency of 25 per sec. Lower traces, mechanical activity
of the whole muscle.



Fig.. 20. Carcinus: Responses of a Type C muscle fibre
to double pulses of stimulation (2.5 msec, separation) applied
to the excitor axons. (@,c) Responses to "‘fast™ axon stim-
ulation at a frequency of 10 per sec., using single pulses
(@ and double pulses (¢). (b,d,e) Responses to *sloww axon
stimulation at 10 per sec. (b; single pulses), 10 per sec.

(d; double pulses), and 20 per sec. (e; double pulses). The
electrode pulled out of the cell in (e).

Flg. 21. Carcinus: Responses of a Type C muscle fibre
to double pulses of stimulation applied to the "fast* axon*
(a,c) Responses to single-pulse stimulation of the ""fast"
axon at 10 per sec. (@), and 3C per sec, (c); (bfd,e) Response
to double-pulse stimulation (3 msec, separation) at frequencie

of 10 per sec. (€). Lower traces, mechanical response of the
shole muscle.



Fig. 22. Carcinus: Responses of Type C muscle fibres to
double pulses of stimulation applied to the "fast'" axon.
(@) Response of a Type C muscle fibre to stimulation of the
"fast axon at a frequency of 4 per sec. (b) Response of the
same muscle fibre to double pulses of stimulation (3 msec,
separation delivered at a frequency of 4 per sec. (©)
Response of another muscle fibre to stimulation of the "fast"
axon at a frequency of 30 per sec. (d,e,f) Responses of the
same muscle fibre to double pulses of stimulation (3 msec,
separation) delivered at frequencies of 10 per sec. (d) and
17 per sec. (e, early; T, later).
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Carcinus: Responses to single and double
stimuli. Ta,b) Responses of a Type C muscle fibre to stimula-
tion of the "fast" axon at a frequency of 15 per sec. (c,d)
Responses to the same frequency of stimulation, but using
double pulses (2.5 msec, separation). (e,f) Responses to
single, and (g,h) to double pulses of stimulation delivered
at 15 per sec. to the "slow" axon. All records from the
same muscle fibre.

Fest Slow
a
Pg-- ] O.g.
b 4 0 mssC. C
Fig.-24. Carcinus: "Fast"” and "slow" mechanical responses

(@ "Fast" twitch recorded from a typical preparation in re-
sponse to a single stimulus, (@) "Fast" and (¢) "'slow" twitches
recorded from an unusual preparation In response to single
stimuli delivered to the respective motor axons.



Fig. 25« Carcinuss "Fast'” and "slow" electrical (Type
0O and mechanical responses at low frequencies of stimulation.
In each horizontal row, electrical records are from the same .
muscle. Stimulation was given at a frequency of 6 per sec.
in all cases. In (g the "slow" mechanical response contains
minute twitches. Lower records In each case are mechanical
responses of the whole muscle.
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Fig. 26. Tension developed by a Carcinus muscle during
three-second burets of stimulation delivered to "'slow" and
"fast' motor axons at iIncreasing frequencies. Open circles,
"slow" tension; Tfilled circles, 'fast” tension. Tension

(in grams) was measured at the tip of the dactyl. The lowest
frequency used was 2 per sec.



ol
(=]
T

2
Muscle cross section (mm’)

o
T

100 Propodite area 200

Fig., 26 A, Uczper figure: Dicgroam to 1lluctrate the
rechenics of the L{rreinus closer muscle, d, cactyl; t, tendon
of the closer muscle; r, recording of isometric force developed
by the muscle; a, distance between tendon end plvot polnt of
dactyl on propodite; L, distance from pivot point to dactyl
tip; &, force at dactyl tip (at right angles to L); m, n,
horizentel and vertical components of g; f, force developed
by a2 single ruscle fibre of the closer muscle; « , angle
between muscle fibre and tendon; @ , angle between L and
the horizontal plane,

Lower figure: Relastion between size of propodite and
cross-sectional area of closer muscle, “Eropodite area®
is the product of the length and wicth of,_ the prorodite,
mezsured at their greatest extents, in zm?

e Crosg-sectionzl
areas of six different musclee of varying size were determxined,
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11) Carcinus: Opener and Stretcher Muscles

The opener and stretcher muscles are lnnervated by the
same single motor axon (Fig. l). In Carcinus a few preparations
of each muscle were examlned, but it was found difficult to
make satisfactory preparations of these muscles without
partially denervating them, so no intensive study of these
muscles was made.

Results were similar for the two muscles.,

Low frequencies of stimulation (1 to 5 per sec.) applied
to the motor axon produced small p.s.ps. in many of the muscle
fibres (Fig. 27, a). In other fibres no response was recorded
at‘thesé frequencies of stimulation, and although electrical
responses appeared in some of them at higher frequencies of
stimulation, many remained unresponsive. This result indicated
that some of the muscle fibres were denervated during exposure
of the muscle.,

Increase In the frequency of stimulation resulted in
facilitation of individual p.s.ps. &nd in the appearance of
depolarization "plateaus" at frequencies of stimulation of 15
to 30 per sec. (Fig. 27). In some cases the P.s.ps. had a
peculiar "rounded" appearance (Fig. 27, d). |

Tension in uﬁdissected preparations ﬁas observed to start
at frequencles of stimulation of 5 to 10 per sec., whereas

In preparations dissected for electrical recording very llttle



tension was evident until the frequency of stimulation was

20 to 40 per sec. This further indicates partial denervation
of the muscle during dissection. Tension developed slowly
and smoothly, and relaxed in about & second when stimulation
was stopped.

Electrical responses obtained throughout these muscles
were uniform when compared with the variation encountered in
the Carcinus closer muscle. The responses of the opener
nuscle fibres fesembled fairly closely the responses to "slow"

axon stimulation of Type O fibres in the closer muscle. Time
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constants of decay of the order of 14 to 20 msec. were observed

for p.s.ps. recorded from these muscles.



Fig. 27. Records from two Carcinus stretcher muscles,
(@ P.s.p. In response to stimulation of the motor axon at a
frequency of 3 per sec. (b) Electrical and mechanical responses
to stimulation of the motor axon at 35 per sec.; (¢) at 50
per sec.; (d) at 70 per sec. (e) Responses of another prepara-
tion during stimulation of the motor axon at 35 per sec. Tension

Is shown as a downward deflection in the lower traces of (b,c,
d,e).
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131) Nephrops: Closer Muscle

' The closer muscles of the walking legs of Nephrops havé
not been studied preéiously by electrophysiologicél methods.
In the present study attention was focused on the chelate
walking legs (legs 2 and 3), which could be readily perfused
through the index of the propodite. The muscles were small
(prepodites of these legs were usually about l.5 cm. long
and 0.4 cm. wide) and a thorough sampling of muscle fibres
from different parts of the muscle was possible. (This would
not have been possible wlth the large claw muscle, which was
not studied). Altogether about fifty different preparations

of this muséle were examlined.

Blectrical re§pohses: Exploration of muscle fibres with

a recording microelectrode revealed that electrical responses
were not uniform throughout the muscle, but could be correlated
with the part of the muscle recorded from. Muscle fibres

at the distal end of the muscle gave‘small electrical responses
to "fast" axon stimulation even at high frequencies (Fig. 28, a),
whereas the responses to "slow" axon stimulatidn, though small
at frequencies of stimulafion below 10 per sec., became in-
creasingly larger at higher frequencies (Fig. 28, b). In
fibres located in the proximal part of the muscle, the situation

was reversed. Single shocks applied to the "fast" axon pro-
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duced large p.s.ps. in these fibres (Fig. 28, c). The
responses to "slow" axon stimulation, on the other hand,
remained small even at high frequencies of stimulation (Fig.
28, d,e). Fibres in the central part of the muscle showed
responses intermedlate in nature between the proximal and
dlstal types.

The pysseps. recorded from proximal muscle fibres>1n
respohse to single shocks applied to the "fastﬁ axon varied
in size from one or two millivolts to sbout 25 millivolts
(Fig.'29); the usual size was about 12mV., No fibres were
found to give electrically exclitable membrane responses to
single indirect stimuli,

At frequencies of stimulation of 3 to 8 per sec.,
facilitatlon of the electrical response occurred (Figs. 30,
33)« This facllitation was much more evident in muscle fibres
of partially fatigues preparations (Figs. 33,d; 34,d) than
in muscle fibres of fresh preparations (e.g. Fig. 33,f). In
fatigued preparations the response usually started from a
smaller size initially, but could grow during repeated
stimulation to & size approaching that of the "fresh" responses
(Fig. 34). ' |

The "fast™ electrical response showed marked "homofacili-
tation" (Wiersma and van Harreveld, 1939). For several
seconds after a short burst of stimulation at a frequency of
'10 or 20 per sec., single stimuli produced & much larger
electrical response than was the case previous to this

stimulation (Fig. 31, e).
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In some muscle fibres electrically excltable membrane
responses were produced when frequencles of stimulation of
3 to 8 per sec. were applied to the "fast" axon (Filg. 30).
These responses were graded and prolonged, and often had a
rounded appearance. They usually appeared when the membrane
was depolarizéd by about 20mV (from an initial resting
potential of 65 to 75 mV). However, many muscle fibres showed
no responses of this sort, even at high frequencles of
stimulation and'large‘membrane depolarizations (Fig. 31).

When two closely spaced stimuli were dellivered to the
"fast" axon, some of the proximal muscle fibres showed
electrically excitable membrane responses of various sizes
(Pig. 32). 1In other flbres no such responses resulted from
this type of stimulation (Fig. 32, e,f).

Electrical responses to stimulation of the "slow" axon
at low frequencies were always very small. "Slow" p.s.ps.
recorded in proximai muscle fibres remained small‘even at
high frequencies of stimulation. In some fibres giving
large "fast" p.s.ps. there was no detectable response to "slow"
axon stimulation. Muscle fibres in the distal part of the
muscle showed p.s.ps. which, though small at low frequenciles
of stimulation, became much larger through facilitation as
the frequency was increased (Fige 35)« At stimulation fre=-
quencles of 30 per second and above ﬁany distal muscle fibres

showed depolarization "plateaus®™ (Figs. 35, 36, 37).



In some of these distal muscle fibres, electrically
excltable membrane responses were observed at stimulation
frequencies above 50 to 60 per sec. (Fig. 36). In others,
depolarization to the same extent in regponse to similar
stimulation frequencies produced no active responses of this
sort.

Mechanical responses: The mechanical response of the

muscle to & single shock applied to the "fast" axon was a
weak twitch (Fig. 29,a,b,c,e,h). Thé twitch shown in Fige
29(a) was exceptionally strong; the usual twitch was of the
size shown in Fig. 29 (b,e,h). Muscles from different
animals showed considerable variation 1ln the mechanlcal
responses to both "slow" and "fast" axon stimulation.

As the frequency of stimulation was Increased, the
mechanical response showed facilitation (Figs. 29c, 33), and
at frequencles of stimulation greater than about 8 per second,
tetanic contractions were bullt up. |

As the preparations aged, the mechanical responses
became smaller (Figs. 33,b,d,g; Fige. 34,b). The "twitch"
response often did not appear in such preparations‘until é
number of closely spaced "priming" stimuli had been given
(Fig. 33,d). | “ "

The "slow" mechanical response was usually recordable
only at ffequencies of stimulation above 30 per sec. (Flg. 35).

The response varied from preparation to preparation, but often




had & rapid initial rise (Fig. 35) followed by a longer period
of slow growth. Unlike the smooth "slow" response most
usually observed in Carcinus, and in many other crustacean
muscles (Wiersma, 1961), the "slow" response in Nephrops was
often seen to have small "bumps" or superimposed twitches
of ilrregular occurrence when the stimulation frequency was
higher than about 50 per sec. (Fig. 36). In preparations
showing this type of tension response it was possible to
record electrically excitable membrane responses from some
distal fibres at the same time (Fig. 36).

The relaxation rate of the "slow" mechanical response
was usually quite rapid, Tension typically retufned to the
base line withlin & second. This is in contrast to the much

slower relaxation of "slow" tension in Carcinus.
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Fig. 28, Responses from distal (a,b) and proximal (c,
d.,e) muscle fibres of a hephrops closer muscle. (@) Electrical
response from a distal muscle Tibre during stimulation of the
"fast'” axon at® 20 per sec. (b) Response of the same fibre to
stimulation of the "'slowX axon at 2C per sec. (C) Response
of a proximal muscle fibre to a single shock applied to the
"fast” axcn. (d,e) Responses of the same fibre to stimula-
tion of the "slow" axon at ICO per sec.

1 20
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Fig. 29. Nephrops; Responses to single shocks applied
to the Tast" axon. Electrical responses were recorded®from
proximal muscle fibres. Tension response of the whole muscle
iIs shown in the lower traces.



ffig. 30 Nephrops: Electrical responses of proximal
muscle fTibres to stimulation of the "fast" axon, (@) Response
of a proximal fibre to stimulation at 10 per sec., recorded
at 1 second intervals during stimulation. (b,c) Responses
of another fibre to stimulation at 3 per sec. (b) and 8 per
sec. (¢). (d,e,) Responses of another fibre during stimulation
at 1 per sec. (d), and 10 per sec. (e,f; T later than e during
stimulation). (g,h,i,J) Responses of another fibre to stimula-

tion at 1 per sec. (g), and at 1 second intervals after start
of stimulation at 10 per sec. (h,i1,]))-



10msec 2 sec

Fig. 31. Nephrops: Responses of proximal muscle fibres
to stimulation of the fast" axon. (a,b,c) Responses of a
proximal muscle fibre to stimulation at 1 per sec. (@, 10
per sec. (b), and 19 per sec, (c). (d) Responses of another
fibre to stimulation at 15 per sec. (lower trace, tension
of the whole muscle) (e) Response of another Tfibre during
stimulation at 1 per sec., before and after a burst of stimu-
lation at 1C per sec : note "homofacilitation.*

20 msec

10 msec

Fig. 52. Nephrops; Electrical responses of proximal
muscle fibres to double shocks applied to the 'fast" axon.
(a,b) Response of a proximal musclefibre to a single shock
(@ and to a double shock (3 msec, separation). (c,a)Re-
sponse of another fibre to a single shock (¢) and to double
shocks (3 msec, separation) at 1 per sec. (d). (e) Response
of another fibre to a double shock ( A msec, separation). (T,Q)
Response of another fibre to doubleshocks (2.5 msec, separa-
tion) delivered at 8 per sec. (9,40 secs, after startof sti-

mulation) .



Fig* 33. Nephrops; "Fast* mechanical (lower traces)
and electrical responses, (@) Responses during stimulation
at 5 per sec.; electrical response from a proximal muscle
fibre. (b) Responses of the same preparation after aging.
(©) Responses of another preparation during stimulation at
6 per sec., showing extreme facilitation of the mechanical re-
sponses. (d) Responses of another (aged) preparation during,
stimulation at £ per sec. (e,f) Responses of another prepara-
tion during stimulation at 4 per sec. (¢) and 7 per sec/

(). (@ Responses of the same preparation (after aging) to
stimulation at 12 per sec. All electrical responses are from
proximal fibres.

10 msec

Fig. 34. Nephrops: Fatigue of "fast" electrical responses
of proximal muscle fibres with aging of the preparation, (@)
Responses to a single shock in a fresh preparation. (b) Re-
sponses to a single shock In the same preparation and muscle
fibre after aging. (c¢) Response of another muscle fibre to
a single shock, (d) Response of the same muscle TfTibre after
aging, to stimulation at 6 per 8ec. (Lower traces in a and
b, tension of the v/hole muscle).
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Fig. 35. Nephrops: Records from a distal muscle fibre
during stimulation of the "slowl axon: (@ at 3 per sec.;

at 10 per sec.; (c,d) at 30 per sec.; (e,f) at 45 per sec
(g,h) at 70 per sec.; (i1j) at 90 per sec. Lower traces (c,e
f,1) slow tension of the whole muscle.
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Fig, 36. Nephrops: Responses of distal muscle fibres
during stimulation of the "'slow*” axon. (a,b) Responses to
stimulation at 60 per sec. (c,d) Responses of another fibre
in the same preparation to stimulation at 6C per sec. showing
electrically excitable membrane responses, () Similar re-
sponses from another muscle fibre. (F,g) Electrically excit-
able responses of another muscle fibre during stimulation at
55 per sec. soon after the start of stimulation (F), and 0.1
sec. later (g). Lower traces in (a,c,f,g), tension of"the whole
muscle, .

40msec

Fig* 57> Nephrops; Responses of distal muscle fibres
during slow* axon activity. (a,b,c) Activity of three muscle
fibres during stimulation at ICC per sec.; in (@), three stimuli
were delivered every 60 msec. Lower traces, tension of the
whole muscle.
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iv) Nephrops: Opener Muscle

A few preparations.of the opener muscle were sxamined.
In most respects the responses observed were similar to those
seen in the closer muscle during "slow" axon stimulation.

| Low frequencies of stimulation (2 fo 10 per sec.) pro=-

duced very small p.s.ps. in most of the muscle fibres examined
(Fig. 38a). As the frequenty of stimulation was increased,
marked facilitation occurred, and depolarization "pléteaus"
were buillt up at frequencies of stimulation of 20'to 40 per
sec. The size of these plateaus varied considerably from
fibre to fibre (Fig. 38, d, e, f).

In the response of Fig. 38 (d), the depolarization
"plateau"™ is less than that of Fig. 38(e), although the
size of the individual p.s.ps., and the total magnitude of
the depolarization, 1s greater in the former case. The
explaﬁation for thils type of variation is probably to be
found in the more rapid decay of the p.s.ps. of Fig. 38 (d).

(See pe. 40 ).



Fig. 33* Responses of muscle fibres iIn the opener
muscle of Nephrops. (a to d), Responses of a muscle fibre
to stimulation of the motor axon at 2 per sec. (@), 20 per

sec. (b), 40 per sec. (¢), 70 per sec. (d), (e,f) Responses
of other muscle fibres to stimulation at 70 per sec.
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v) Astacus: Closer of the Claw

The closer muscles of the claws of freshwater crayfish
have been studled more than any other crustacean nerve-muscle
preparation. They were used in the classical experiments of
Richet (1879), Biedermann (1887), Lucas (1917), and van
Harreveld and Wiersma (1936, 1937), and are now commonly used
in classroom experliments.

The mechanical responses of these muscles to "slow"
and "fast" axon simulation as they have been described in
the literature, are quite distinct. A single stimulus applied
to the "fast" axon gives rise to a powerful twitch contraction;
higher frequéncies of stimulation produce s tetanus which
attains its maximum value rapidly. Stimulation of the "slow"
axon gives rise to "completely smooth tetani" which rise very
slowly to a final level of tension (van Harreveld and
Wiersma, 1936).

The electrical responses of individual muscle fibres
have been studled by Furshpan (1955) and by Hoyle and Wiersma

(1958a) in the crayfish Cembarus clarkii. These investigators

found that "slow" electrical responses consisted of very
small pe.s.ps. which could, in some muscle fibres, produce
depolarization "plateaus." 'Fast" responses were found to
consist of p.s.ps. up to 20mV 1in magnitude; large spikes

were not observed.
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An interesting feature of this muscle is that it shows
a "paradox" phenomenon (Hoyle and Wiersma, 1958 ¢)., The
"fast" twitch response to a single stimulus declined and
vanished after repeated stimulation, although the p.s.ps. in
the muscle fibres examined remained large. Low frequencles
of stimulation applied to the Mslow" axon gave a contraction
in muscles in the "paradox" state, although recorded
electrical responses were generally smaller than those re-
sulting from "fast" axon stimulation. However, in some muscle
fibres a maintained depolarization was observed during "slow"
axon stimulation. Thils observation makes the “paradox“"
phenomenon in this muscle less convincing tbanvthat described
for Randallis,

A great disadvantage of working with the closer muscle
of the crayflsh claw 1s the muscle's large size. It is
impossible to sample the muscle fibres effectivelyrin this
muscle by microelectrode techniques. Also, it 1is difficult
to perfuse the muscle rapidly and effectively, and degenerative
changes may take place In the inner part of the muscle, though
not at the exposed surface.

These drawbacks were realized soon after work was begun
on this preparation. However, it was felt to be of interest
to attempt to throw some light on the "paradox" phenomenon
In thils preparation; therefore, many muscles were studied.

Sampling of muscle flbres was made as thoroughly as possible
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by exposing the muscle in two ways: by removing the antagon-
istic opener muscle, and by clipplng away part of the shell
on the opposite side of the muscle. Microelectrodes were
introduced as deeply as possible into the muscle on many
occasions.

"Past Responses: The electrical response of most of

the muscle fibres to a single shock applied to the "fast"

axon was 8 p.s.ps. which varied in size from 2 to about 20mV

in different muscle fibres (Fig. 39,v§,b,c,d). No fibres
glving spikes to single stimull were seen. ﬂowever, when
electrical responses of the muscle were recorded with external
electrodes, the response often had an irregular or notched
appearance (Fig. 39,f), indicating that some fibres in the
muscle wsre giving eléctrically excitable responses.

When two shocks were delivered to the nerve in quick
succession, the summated response often showed a small
additional electrically excitable response (Fig. 39,e). No
large spikes were encountered in the fibres examined. Hoyle
and Wiersma observed 20 to 30mV splkes 1n the closer of
Cambarus when similar stimulation was given, and 1t is quite
likély that many fibres in the closer of Astacus also give
spikes in response to this stimulation, for external recordings
showed additional humps and notches in the electrlcal response.

The mechanical response to a single stimulus was a

strong twitch contraction (Fig. 39 d,f). The contraction
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frequently showed notches and 6ther irregularities (Fig. 39,
d). When two closely spaced stimuli were delivered to the
"fast" axon, a much stronger twitch resulted, which was also
frequently characterized by humps and notches (Fig. 39,e).

When stimulation was delivered at a low frequency (up
to 10 per sec.), the mechanical response showed a rapid
decline in magnitude (Fig. 30). Within a few seconds, the
response could decline to half its original value, or even
less. |

Electrical responses recorded from fibres near the surface
of the muscle typically showed facilitation durlng this
type of stimulation (Fig. 40,b,c). However, when electrodes
were Introduced more deeply Into the muscle, the electrical
responsés often showed decline in magnitude along with the
mechanical response (Fig. 40,d). It is quite likely that this
latter behaviour 1s actually more typlcal of the muscle as
a whole, although the difficulty of recording from muscle
fibres other than those at the surface of the muscle may
give & superficlally different impression.

"Slow" responses: Single shocks tb the "slow" axon
produéed electrical responses in the form of very small PeSeDPSe
in many muscle fibres (Fig. 4l,a,c); 1in other fibres, no
visible response was recorded. When double shocks were applied
at low frequencies (one or two per sec.), the response showed

facilitation and gréw to a much larger size during successive
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stimuli (Fig. 41,b). The response shown in Fig. 41 (b)
showed an apparent secondary response.

As the frequency of stimulation applied to the "slow"
axon was Increased, facilitatlion of the electrical responses
occurred, and depolarization "plateaus" were built up (Fig.
41,d,e,f).

Some of the mﬁscle fibres of the crayfish claw showed
responses rather different from those shown in Fig. 41l. Single
shocks to the "slow" axon produced no visible responses in
these muscle fibres; At frequenciles of 5 to 15 per sec.,
depolarization "plateaus" could be seen in these muscle fibres
(Fig. 42), bdbut the "slow" PeS.pPs. were still extremely small
and 1n many cases not visible. At higher frequencies of
stimulation (20 to 80 per sec.), larger "plateaus" were built
up; however, 1nd1v1dua1 P.S.pPsS. were still very émall, usually
less than 0.5mV {Fig. 42,c). The depolarization at higher
frequenclies of stimulation had & more rapid rise and initial
decay than that at lower frequenclies of stimulation, but
was not much greater in magnitude (Fig. 42,b).

The mechanical response to "slow" axon stimulation at
frequencies of 5 per sec. and gréater'was a slowly rising
contraction (Fig. 4l,e,f). This contraction was not "perfectly
smooth," however: small'irregularities could be observed
during the rising phase (Fig. 41,e). When higher amplification

of tension was used, it was found that the "slow" contraction
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was in fact.made up of smell, slow "twitches" (Fig. 43,b,c).
These twitches had a slower rise and decay than "fast"
twitches of the same muscle (Fig. 43,a), and they were, of
course, much smaller. In most of the muscle examined, the
"slow" twitches could be seen even in response to single
shocks applied to the nerve (Fig. 43,d,e). At frequencies

of atimulation between 0.5 and 1 per sec., the "slow" twitches
showed marked facilitation (Fig. 43,d), although summation

did not occur until frequencies of about 1.5 per sec. were
employed. _

Two shocks applied closely together in time produced a
much larger "slow" twitch (Fig. 43,f).

"S1ow" twitches were also observed in Carcinus, but only
in a few animals. In the clew closer of Astacus they were
seen in almost every preparation in which they were looked for.
These animals were examined during late fall and early winter.
It 1s not known whether muscles from enimals examined during
épring and summer would show the same responses. Influences
of season, hormones, and thermal history may all médify

the responses of a given muscle.
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Fig* 39* "East" responses of the closer of the claw of
Astacusl (a,b,0) P.s.ps. iIn three different muscle fibres
responding to single shocks applied to the "fast” axon. (d,e)
Response to a single shock (d) and to a double shock, (&)

in the same muscle fibre, () Externally recorded response of

the whole muscle to a single shock. (Lower traces in d,e,T,
tension of the whole muscle.)
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to stimulation at 3 pe™ sec. (t,c) Electrical and mechanical
responses from other preparations during stimulation at

5 per sec. (b) and 8 per sec. (c). (d) Electrical and mech-
anical responses of another preparation during stimulation
at one per sec. (Lower traces in b,c,d, tension of the whole

muscle.).

2sec

Fig. 41. ~“Slov*® responses of the closer of the crayfish
claw. (a,b) Electrical response of a muscle fibre to stim-
ulation at 2 per sec,, with single shocks (@ and with double
shocks (b). (c,d,e) Responses of a muscle fibre from another
preparation to stimulation at 1 per sec. (¢), and 10 per sec.
(a,e). (P Responses of another preparation during stimula-
tion at 20 per sec. (Lower traces in e,f, tension of the whole
muscle).



gig. 42. Electrical responses of the closer of the cray-
fish claw, (@) Response of a muscle fibre to stimulation of
the "'slow” axon at 15 per sec. (b) Response of the same muscle
fibre to a single shock applied to the '"fast'" axon. (c,d,e)
Responses of the same muscle fibre to stimulation of the
"slow" axon at 40 per sec. (c,d) and 60 per sec* (e). (F,9)
Responses of another muscle fTibre during stimulation of the
"slow" axon at 15 per sec. () and 40 per sec. (@Q)- (h,i)
Similar responses from another muscle Tibre.
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?lg« 43* Mechanical responses of the closer inuscle of
the crayfish claw. (@) '"Fast" twitches In response to stimu
lation at 1.5 per sec. (b,c) "Slowl responses of the same
preparation iIn response to stimulation at 2.5 per sec. (d)
Response of another preparation during stimulation at 1 per
sec. (e) Response of another preparation to a single shock
applied to the "'slowl axon, (f) Responses of the same pre-

aration to double shocks (2.5 msec, separation) delivered to
the "'slow"™ axon at 2 per sec.
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vi) Astacus: Opener of the Claw

" Microelectrode techniques have been used to investigate
the electrical responses of crayfish claw opener muscles by
Hoyle and Wiersma (1958a) and Boistel and Fatt (1958), The
former‘authors reported uniform responses from all muscle
fibres. The responses were small (0.5mV) p.s.ps. at 12 per
sec, stimulation, and 1 to 4mV p.s.ps. at 30 per sec. stimu-
lation, at which frequency depolarization "plateaus" were
evident 1n some fibres. Contraction started st a stimulation
frequency of about 12 per sec.

In the present study similar results were found. Single
shocks to the excitor axon produced very small p.s.ps. (up
to 0.5mV) in some fibres, nothing in others (Fig. 44). Growth
of p.s.ps. occurred with increasing frequency of stimulation,
or during a train of stimull at frequencles greater than about
2 per sec. Depolarization "plateaus" were built up during
stimulation at frequencies of 15 to 20 per sec.

Contraction was observed to occur at frequencies of
excitétion of 3 to &5 per sec. At 15 per sec. the contraction
was quite strong (Fig. 44,d). The contraction of the opener
muscle relaxed more slowly than the ﬂslowﬁ contraction of
the closer muscle at similar frequenéies éf stimulation.
However, decay rates of the p.s.ps. in the opener muscle were

no slower than the decay rates of "slow" p.s.ps. in the closer.
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Fig. 44« Astacus: Responses of the opener muscle of
the claw. (@,b) Responses to stimulation of the excitor axon
at 2 per sec. () Response to stimulation of the excitor axon
at 10 per sec. (d) Responses to stimulation at 15 per sec.
(Lower trace, tension of the muscle).
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vii) Astacus: Walking Leg Closer

The disadvantages 1lnherent in the large size of the closer
muscle of the crayfish claw prompted the study of the much
smaller homologous muscles of the walking legs, which have
not previousl been investigated. The muscle of the first
walking leg was found to be the most convenlient to prepare,
and observations were confined to it. Perfuslon was effected
through the index of the propodite. Preparation 6f isolated
"fast" and "slow" axons was more difficult than for the claw
closef; offen one of'the axons 4l1d not functlon after 1lsolation.
However, numerous observations were made on both "fast" and
"slow" systems.

"Past" responses: Exploration of different fibres with

a recording microelectrode revealed a varlety of responses to
a single shock to the "fast" axon., In some fibres the response

was & small p.s.p. (Figs. 45,b, 46,b). In others, large

.8.ps. {(up to almost 20mV) were observed (Fig. 45,8,c3; Fig.
I%EE:_ZEZ#E), while in many fibres large spikes were recorded (Fig,
45,d,0,f)s The splking fibres were usually found deep in the
muscle, iIn the proximal half of it.

Usually a distinct "step" could be seen in the rising
phese of the spike, an ihdication of the height of the p.s.p.
(Fatt and Katz), 1951; del Castillo, Hoyle, and Machne, 1953).

A notch could often be seen on the falling phase of the spilke
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(Fig. 45,e). In many cases the falling phase‘df the spikse
was obscured by artefacts (Fig. 45,d).

Splke size varied from fibre to fibre. The spikes could
be as large as 100mV, but averaged 65mV. If a hyperpolarizing
effect of spikes from nearby fibres is assumed, the'spikes
may be larger by asbout 5 to 10mV, and in some cases overshoot
the zero base level of membrane potential. (Resting potentials
in these fibres sveraged 77mV.)

When two shocks were applied close together in time to
the "fast" axon, some of the non-spiking fibres gave rise
to large spikes (Fig. 46,f), whereas others gave only a
facilitated p.s.p. (Fig. 46,0). The latter sometimes showed
a small electrically excitable response.:

The mechanical response of the muscle to a single shock
applied to the "fast" axon was & brisk twitch. The size
of the responsevvaried greatly in different muscles (Fig. 45,
a,b,c,f; Fig. 46,a,b), but it was usually considerably more
powerful than the twitch of the larger Nephrops walking leg
closer.

When the "fast" axon was excited at frequencies of 2‘to
10 per sec., thse meéhanical response showed a small degree
of facillitation, as did the electricel responses of many of
the non-spiking fibres (Fig. 46,c,d). There was no rapid
decrease in magnitude of the mechanical response comparable

to that observed regularly in the crayfish claw.
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"Slow" responses: Electrical responses to "slow" axon
stimuiatioh were present in almost all the muscle fibres examined.,
A£ frequencies of stimulatlion below 10 per sec. the responses
were very small, often not vislble. As the frequency of
stimulation was increased, facilitation occurred, and depolar-
ization "plateaus" were built up in most fibres at frequencies
of stimulation greater than 20 per sec. (Fig. 47). |

The "slow" mechanical response was detectable at fre-
quencies of stimulation as low as 5 per sec. The response
was &8 smooth tetanus, without observable twitches. It was
quite poﬁerful at 20 per sec. (Fig. 47,c), although electrical
responses in the fibres examined were very small at this
frequency. Agaln, this situation apparently contrasts with
that in the Nephrops walking leg closer, in which the
mechanical response was usually not detectable at frequencies
of stimulation lower than 30 per sec., and in which the
electrical responses of some of the muscle fibres were very
much larger then those described here.

In general, the electrlical responses observed 1in the
closer muscle during "slow" axon stimulation were similar
to those seen in the more fully studied opener of the walking
leg, which is described below.



Fig, 45> Astacus; "Fast" responses iIn the walking leg
closer. Records from different preparations showing responses
to a single shock applied to the 'fast" axon, (Lower traces,
tension of the whole muscle,).

e f —
20msec 10 msec

Fig, 46, Astacus: "Fast" responses iN the walking leg
closer. (a,b) Responses of two preparations to single shocks
applied to the "fast” axon, (c,d) Responses of two preparations
to excitation at 2 per sec. (¢) and 6 per sec. (d). (e,P)
Responses of two fibres to excitation by a double shock
(B msec, separation between stimuli). Lower traces show
mechanical activity of the muscle.
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gig, 47* Astacus: "Slow” responses of the walking leg
closer. Records were made from a single muscle fibre during
excitation at 8 per sec. (@), 13 per sec. (b). 20 per sec.
(c,d), 40 per sec. (e, ), and 60 per sec. (g,h). Lower
traces i1n a,b,c,e,g, tension of the whole muscle. In (Q)
the mechanical limit of the transducer was reached.
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viii) Astacus: Walking Leg Opener

The use of the abductor muscle of the crayfish walking
leg (walking leg opener) by Dudel and Kuffler (1961) in the
study of cruétacean transmitter release at nerve endings,
suggested its use in the study of excitation and contraction.
The great advantage of the muscle 1s its small size. A
single drop of salline completely covers the muscle. There
is no need to perfuse it, because it 1s well exposed to thq
saline by removal of the antagonistic closer muscle.

A slngle excitor axon supplies the motor innervation of
this muscle. A bundle of nerve fibres contalning this axon
could readily be found in the walking leg nerve; however,
care was necessary to avoid including the inhibitor axon in
this bundle. The excitor axon glso supplies innervatlion to
the stretcher muscle. It was therefore necessary to cut the
tendon of the latter muscle in order to minimize artefacts
in the mechanical record caused by contraction of this
muscle. Mechanical activity was recorded isometlcally at
the tip of the dactyl, with the muscle stretched slightly
past resting length.

The musclé is made up of a flat sheet of muscle fibres
attached between the sides of the propodite and a central
tendon., The sheet is about 3 muscle fibres thick, and contains

an estimated total of 30 to 60 muscle fibres. A sampling of



responses of different muscle fibres in this muscle probably
gives a better indicatlon of events iIn the muscle as a whole
than in any of the other muscles studied, because the sample
can include a larger percentage of all the fibres.

Electricsal respdnses: At frequenciles of stimulation

below 5 per sec. electrical responses in all fibres examined
were less than 1mV. As the frequency of stimulation was
increased above this value, facilitatlion of the responses
occurred; at 15 per sec. total depolarizations of 2 to TmV
were observed (Fig. 48,a,e; Fig. 49,8,b). As the frequency
of excitation was increased still further, depolariiation
ﬁplateaus" were built up in most fibres (Figs. 49,50).

l ‘There was some variation emong different fibres of the
same muscle, and among different prepsrations. For example,
the electrical response of the fibre of Fig. 49 (e) was
larger than that of Fig. 49 (g), although the freqﬁency of
excitation was 30 pef sec. in the former case and 50 per sec.
in the latter case. Similarly, the response of Fig. 49(f)
is larger than that of Fig. 49 (g) although the frequency of
excitation was 50 per sec. in both cases. However, the
variation encountered was not nearly as great as that found
in Csrcinus and Nephrops closer muscles; all the fibres
appeared to have the same general properties, as judged by
responses to indirect stimulation.

A‘representation of the variation in depolarization in

68
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different muscle fibres at varlous frequencies of stimulation
1s given in Fig. 51.

Mechanical responses: The mechanical response of the .

muscle was detectable at fregquencies of stimulation of 5 to
10 per sec. It was a smooth slowly developing tetanus. As
the frequency of excitation was 1ncreaséd, the rate at which
the contraction developed, and its total magnitude, both
increased (Figs. 48, 49, 50). At frequencies of stimulation
of 70 per sec. and sbove the response occasionally had small
irregularities superimposed on it. These were not as con-
spicuous as those observed in connection with the "slow"
contraction of the Nephrops closer muscle, but may have been
‘an indicatlon of electrically excitable responses.
The contraction relaxed slightly more gradually than did
the "slow" contraction of the walking leg closer, although
no significant differences in the decay rates of the p.s.ps.
in the two muscles was noted. The rate of relaxation was
slower at low frequencles of excitation, although the total
relaxation time remained about the same at all frequencies
of stimulation. .
Mechanical responses varied from muscle to muscle. Part
of the variation was attributable to muscle size, but in some
cases muscles of the same size from different animals gave
different tension responses. The physioiogical state of
the animal may have played a pért in producing this variation.
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The variation of muscle tenslon with average observed
depolarization of the muscle fibres is shown in Fig. 52,
The curve rises steeply at first, then levels off, and finally
rlses very steeply as the frequency of stimulation 1s in-
creased above 50 per sec. However, there was considerable
varlation in tension in different muscles.

The most slgnificant generalizatlon which emerged
from observatlons on this muscle was that appreciable con=-
traction occurred at frequencles of stimulation of § to 20
per sec., when the electrical responses seen were small (2
to 7mV). This observation is in agreement with those of Hoyle

and Wiersma (1958a) on several other crustacean muscles.
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Fig. 48. Astacus: Responses of the walking leg opener.
(a to d) Responses of a preparation to stimulation of the motor

axon at a frequency of 15 per sec. (a,b) and 30 per sec.
(c,d). (e to h) Responses of another preparation to stimulation
of the motor axon at a frequency of 15 per sec. (e,f) and

22 per sec. (g,h). Lower traces in (a,c,e,g), mechanical
responses of the whole muscle.
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Fie;# 49. Astacus: Representative responses of the walking
leg opener# (@) Responses of a preparation during excitation
at 15 per sec. (b,c) Responses of another preparation during
excitation at 15 per sec. (b) and at 30 per sec. (¢).- (d,D)
Responses of another preparation during excitation at per sec.
(@ and 50 per sec. (). (e) Responses of another preparation
during excitation at 30 per sec. (g) Responses of another
fibre of the same preparation during excitation at 50 per sec.
Lower traces, mechanical activity of the whole muscle.



Fig. 50* Astacus: Representative responses of the walking
leg opener. Records in vertical columns were recorded from
the same preparation and muscle fibre. Frequencies of stimu-

lation were: (a,b,c) 30 per sec., (d) 60 per sec., (@ 75
per sec., (h) 100 per sec. Lower traces, mechanical activity

of the whole muscle.
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Fig..bl, Astacus,walking leg opener: Depolerizatlon of
muscle fibres at various frequencies of stimuletion, De-
polarization was mezsured from the base line (resting membrane
potential) to the tops of the p.s.ps. Sguares represent
average valuesgs from twenty muscle fibres in seven preparations,
Open and closed cirecles represent velues from two individual
muscle fibres close to the extreme limite of the obﬂervations.
The lowest frequency used was 5 per sec,
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Fig, 52, Aistacus: VWalking leg opener; Average tension
developed at various frequencies of stimulation (numbers by
points), plotted against average observed derolarization
(taken from Fig. 51). Circles represent average tension
measurexents from seven preparatlions, in which the muscles

were arproximately equal in size, Vertical lines indicate
the range of values encountered,




jx) Cancer:. Stretcher Muscle

- This muscle was used 1n the preparation of single muscle
fibres in later experiments, and it was of interest to obtain
an idea of electrical and mechanical responses of the whole
muscle. The muscle has not been studied previously.

The surface of the muscle was usually exposed by removing
parf of the overlying shell of the carpopodite near the
attachment of the'tendon of the stretcher muscle to the
propodite. A large number of muscle fibres could then be
sampled, a}though many muscle fibres remained inaccessible.
However, no outstanding differences were observed in muscle
fibre samples made in preparations in which the antagonistic
bender muscle was removed to expose the inner surface of the
stretcher muscle.

A single motor sxon innervates the stretcher muscle
(and also the opener). This axon could readily be isolated
from the walking leg nerve in the meropodite (although great
care was necessary to separate it from the closely associated
inhibitor axons). Mechanical recording was made under
isometric conditions at the distal end of the propodite, with
the muscle stretched slightly past resting length.

Electrical responses: Many of the muscle fibres examined

gave very smell (up to 0.5mV) responses to single shocks. 1In

others no response was detectable.

2!
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As the frequency of stimulatlon was increased, marked
facilitation occurred. Most of the muscle fibres showed
pPsS.ps. of 5 to 10mV when the frequency of stimulation was 20
per séc. (Fig. 53, d,e,f,g). Small depolarization "plateaus"
were built up in many of these fibres at this freduency (Fig.
53,d).

A smaller number of fibres, which were located only at
the outer edges of the muscle, gave very much larger responses
than those described above. Responses from two of these
"edge fibres" are shown in Fig. 53 (a,b,c) and in Fig. 54.

In these fibfes, exclitatlion at a frequency of 5 per sec. gave
PeS+DSe which, after facilitation, were 10 to 15mV in
magnitude. At slightly higher frequencies (5 to 10 per sec.)
the responses became still larger, and depolarization "platesus"
were built up (Fig. 53,b,c; Fig. 54,b). At stimulation
frequencies greaﬁer than 10 per sec. increasingly larger
"plateaus" were established (Fig. 54,d,e).

| The decay rates of the p.s.ps. observed were always slow.
Time constants of decay of 30 to 80 msec. were observed for
different muscle fibres. The slow decay rates of the p.s.ps.
may largely éccount for the establishment of depolarization
"plateaus” at iow frequencies of stimulation in many muscle
fibres.

The situation described fpf this muscle, in which some

muscle fibres give large electrical responses at low
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frequencies of excitation,;contrasts with that apparently
existing in the crayfish claw and walking leg openers. None
of the single - motor - axon innervated muscles described by
Hoyle and Wiersma (1958a) had responses of this nature.

Mechanical responses: Contraction occurred at frequencles

of excitation of about 4 per sec. As the frequency of excitation
was increased above 5 per sec., the rate of rise and magnitude

of the contraction increased markedly (Fig. 53,a,b,c). So

also did the rate of relaxation. The total time reqﬁired for

relaxation appeared to be slightly greater at lower frequencies

of excitation.o

The mechanical response waé always a smooth tetanus,
wlthout discernable twitches. However, the response was not
studied critically at frequencies of stimulation greater than

30 per sec.
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Fig. 53. Cancer, stretcher ranscle: Electrical and
mechanical responses, (@ to ¢) Responses from a muscle fibre
during stimulation at 5 per sec. (@), 7*5 per sec. (b), and
10 per sec. (c¢). (d,e) Responses from another muscle fTibre
during stimulation at 20 per sec. (f,g) Responses from two
other muscle fibres during stimulation at 20 per sec. Lower
traces in (a,b,c), tension of the whole muscle.
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Fig. 54. Cancer, stretcher muscle. Responses from a
single muscle fibre during stimulation at 5 per sec. (@),
10 per sec. (b,c), 15 per sec. (d), and 20 per sec. (e,f).
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x) Pachygrapsus: Closer Muscle

- The closer muscle of Pachygrapsus has been investigated by

Furshpan (1955) and by Hoyle and Wiersma (1958a) with the aid
of microelectrode techniques. The latter authors found that
different muscle fibres could give'vefy different electrical
fesponses to stimulation of the same motor axon. Three types

of muscle fibre were distinguished by them: (1) "fast" muscle

fibres responding only to the fast axon and giving very large,
relatively prolonged, junctionasl potentials;" and (3) "'generalf

muscle flbres innervated by both fast and slow axons, bﬁt

glving only small electrical responses to slow axon stimulation
end varylng responses to the fast axon, each with a similar

time course."¥

This deécription of the events in the Pachygrapsus closer

muscle coincides in many respects with that given for the
Carcinus closer muscle in the present study. In both muscles,
several distinct types of muscle fibre are present, as judged
by responses to Indirect stimulation. It was of interest,

in the light of findings made in Carcinus, to re-examine the
Pachygrapsus closer muscle 1in order to further assess simi-

larities and differences between thé muscles of the two specles.

Electrical responses: Electrical recording of "fast"

responses confirmed the description of Hoyle and Wiefsma (1958&).

#Parentheses indicate direct quotes from Hoyle and
Wiersma (1558a). ,
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Many fibres in the proximal part of the muscle gave large
P.S.Ps. in response to single stimulil applied to the "fast"
axon, and a number gave spikes (Fig. 55). Elsewhere in the
‘muscle, smaller and more slowly decaying "fast" p.s.ps. were
recorded.

In many muscle fibres showing only p.s.ps. in response
to a single shock, spikes could be elicited by applying
closely spaced shocks (Fig. 56,c,d).

It was observed that in spiking fibres, the spike dis-
appeared after a period of continued stimulation, leaving
an abortive electrically excitable response (Fig. 56,a,b).

Responses to "slow" axon stimulation were also similar
to those describad'by Hbyle and Wiersma. In fibres giving
large "fast" responses, the "slow" responses were usually
small or abéent (Fig. 55,d).‘ Howéver, other fibres showing
small, or no, "fast" responses showed very large "slow"
responses, even in fesponse to a single shock (Fig. 55;3).

Although many of the fibres showing large N"slow" ﬂ
responses showed very small "fast" responses, iﬁ other fibres
of this type quite a large "fast"‘response could be 6bserved;
sometimes the "fast" responée to a single shock: was larger
than the comparableh"slow" response (Fig. 57, 58). The
"fast" and "slow" responses in fibres of this type alwaysv
had similar decay rates. In Fig. 57, the "fast™ response
(Fig. 57,8) has a time constant of decay of about 50 msec.,
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as does the "slow" response (Fig. 57,c). Similar time constants
of decay were present in the "fast" and "slow" responses of
Fig. 58(a,b). |

Whereas "fast" responses in these fibres (if present)
showed 1ittle‘facilitation on repeated stimulation, the "slow"
responses usually grew to at least twice, sometimes several -
times, their initial size during a train of excitation (Figs.
57, 58). As the frequency of stimulation was increased to
10 per sec., depolarization "plateaus™ were built up. At
higher frequencies the "plateaus” were larger in size, but
the p.s.ps. were not. At frequencies above 30 per sec. the
PeS.ps. usually became smaller in size, as’ in Carclnus Type B
muscle fibres (Fig. 58,1).

It is apparent that muscle fibres corresponding in many
respects to Carclinus Type A and Type B muscle flbres are

present in the closer of Pachygrapsus. The M"general" muscle

fibres of Hoyle and VWiersme are also similar in many'respects
to the Typé C muscle fibres in Carcinus, except that the "slow"
responses of these fibres are usually small even at high 4 “
frequencies of stimulation.

Mechanical responses: The mechanical response of the

muscle to a single shock applied to the "fast" axon was a
brisk twitch of 1 to 5 gms. (measured isdmetrically at the tip
of the dactyl). This response became smaller with repeated

stimulation of the preparation, but as long as the frequency
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of applied stimulation was less than & per sec., the response
would remain for a long time.

The "slow" response was meaéurable st frequencies of
stimulation of 5 to 10 per sec. (Fig. 567, 58). The rates of
rise and decay of the response were extremely slow, although
both rates increased with increasing frequency of stimulation.
The strength of the response did not increase ﬁery rapidly
with increasing frequency of stimulation above 20 per sec.
(Fig. 59). This contrasts with the situstion in the Carcinus
closer.

There was & correlatlion between the curve reléting tension
to frequency of stimuletion and that relating depolarization
of the "Type B" fibres to frequency of stimulation (Fig. 59).
Both curves showed a levelling off of rate of increése in
magnitude with frequency of stimulation at frequencies of

stimulation above 20 per sec.
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Fig. 55. Pachygrapsus, closer muscle: Comparison of
"fast" and"slow'™ responses. (a,b,c,e,f) T“Representative
"fast' responses from several different muscle fibres to
stimulation of the "fast" axon with a single shock. (d)
"Slow" response (10 per sec. excitation) from the same muscle
fibre as 1n (¢). (@ "Slow" response (single shock excitation)
from a muscle fibre which had no *"fast” response to a single
shock, showing an extremely show decay rate. Lower traces In
() to (g), tension of the whole muscle.
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Fig. 56. Pachygrapsus, closer muscle, (& “Fast*’ response
to a single shock, (b) Response of the same muscle fTibre
after a period of stimulation, (c) "Fast" response of another
muscle fibre to a single shock, (d) Responses of the same
muscle Tibre to closely spaced shocks (3 msec.) delivered at
5 per sec. Lower traces in (a,b), tension of the whole muscle.

I0sec

Fig. 17. Pachygrapsus. closer muscle. Responses to "fast"
and slow" axon stimulation in a single muscle Tibre.
(a,b,c,a,f) Responses to stimulation of the "'slow" axon at
frequencies of 1 per sec. (@), 7 per sec. (c), 10 per sec.

(b)), 25 per sec. (@), A0 per sec. (F). (e) Response to a single
shock applied to the 'fast” axon. Lower traces, tension of
the whole muscle.
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Fig. 58. Responses from muscle fibres in the Pachygrapsus
closer® muscle, (@) 'Fast" response to a single shock. (b,c,d)
"Slow" responses of the same muscle fibre to stimulation at
1 per sec. (b), 10 per sec. (c), and 20 per sec. (d). (e to i)
Responses of another muscle fibre to stimulation of the "'slow"
axon with a single shock (e), at 10 per sec. (Ff,g), at D per
sec. (h), and at 40 per sec. (1). No '"fast" response to a
single shock was seen. Lower traces, mechanical activity of
the whole muscle.
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Fif’ 59. "Slow"™ tension in the closer of Pacyhgrapsus
{open circles), and depolarization in fibres giving large .
"glow" responses (filled circles), related to frequency of
stimlation. Depolarization was measured from the base line
to the tops of the p.s.ps. Tension measurements were averaged
from four preparations; electrical measurements were averaged
from six muscle fibres giving large "slow" responses. The
lowest frequency used was 1 per sec..



¢) The influence of muscle fibre membrane properties on

properties of indirectly produced electrical responses.

It 1s epparent from the survey of electrical responses
of crustacean muscles presented in the previous section, and

from the work of joyle and Wiersma (1S58a), that a great

variety of responses can be obtained from different muscles and

‘also from different fibres within a given muscle, This vari-
etion inclvdes such factors as decay rates of postsynaptic
potentials, excitability, patterns of facilitation, and rela-
tive magnitudes of "slow" and "fast" responses. The guestion
arises: Wwhat factors are responsible for this variastion?

Differences in the chemical nature of "“slow" and "fast"
transmitter substances have been invoked by Loyle and Wiersma
(1¢58 2, c) to explain differences betveen "slow" and “fast"
electrical responses. Thus, such points of difference as the
more repid decey of "fast" ps.ps. in scme muscle fibres, the
zore frequent production of spikes by "fast" axon stimulation,
the more rapid fatigue of “fast" responces, etc., are associ-
sted by them with specific properties of "fast" znd "slow"
trensmitter substances.

An alternstive hypotheeis is suggested by results re-
ported for certain frog skeletal muscles, in which "slow" and
"fest™ muscle‘fibres eare present. These fibres aré acted on
by the scme transmitter substence (acetylcholine)}, but differ-
ences in the membrane properties end patterns of imnervation
of the respconding muscle fibres give rise to very different

electrical responses (Euffler and Vaughan Williams, 1¢53a,b;



Burke and Ginsborg, 1S56a,b).

At first sight this situation has little in common with
that found in crustaceazn muscles, In the latter case, “fast"
end "slow"™ axons commonly innervate the same muscle fibres; in
the frog, tkhe two types of zmuscle fibre probably do not share
innervation, |

However, certezin observations made during the course of
the study on electriczl responses of different crustacean
muscles suggested that these muscles may have more features
in common with the frog muscles thian has previously been
thought, and that the nature of the responding muscle fibre
could be important in determining the type of response re-
corded from 1t,

(1) kany muscles (e.g., Carcinus, Nephrops, and Fachy-

grapsusg closers) possess fibres which respond primerily to
stimulation of only one of the two motor axons,

(2) In the great majority of muscle filbres examined,
"fest" and "slow" electrical responses were similar in ap-
peerance when equal in megnitude, This weas pzrticularly evi-
dent in the cases of Carcinus Type B muscle fibres and fachy-
grapsus "slow" muscle fibres. In both cases "fast" electrical
resgonses were often absent, but when present they showed the
same slow decéy rates éharacteristic of the “slow" p.s.vs,.

(3) It was apparent that in some muscles (such es the
% q;lfgesr “”“si%]ae)" llere“waa}ou%)%t(? }r,ax:gi 111 es., The variation

within the two groups was almost as great as differences be-

tween them. This situation can be more easily explained in

79



terms of differences in the responding muscle fibres than by
2 two-transmitter-substance hypothesis,

Further evidence bearing on the influence of the proper-
ties of the responding muscle on the electricel responses
to indirect stimulation wes obtained in the experiments de-
scribed below, in which the electricel properties of various
muscle fibres were determined by thie use of two intracellular
microelectrodes (see kethods).

Moegt of the experiments were performed on the closer
muscle of Carcinus, in which three types of muscle fibre had
been distinguished on the basis of responses to indirect
stimulation., ©Some additional information was obtalned from
other muscles,

(1) Carcinus: Closer iuscle

In the Carcinus‘closer muscle it wes possible to investi-
gate the electrical properties of Type 4, Type B and Tyre C
muscle fibres,

The first step in this study was measurement of the
membrane "cable constants" of the different muscle fibres,
- The methods employed for thils purpose have been described
pre#iously (see kethods). In Type & muscle fibres snd some

Type C muscle fibres, a hyperpolarizing potentlal applied at

one end of the fibre declined exponentially with distance along

the fibre from the stimulating electrode (Fig. €60, 1, c, d).
However, many Type C and Type B muscle fibres had length con-
gstants of ebout 2 mm. and were only about 4mm., long. In these

fibres the potential decline did not follow exponential laws

80



8l

(Fig., €0, i, a, b), and it wae necessary to employ the equations
given by Weldmann (1952; see Methods) for a "cable" of finite
length to compute the lenéth constants of these fibres.

In these latter fibres it was also necessary to plot
the rise and fall of total mémbrane charge to find the membrane
time constant. An example of tnis type of plot for a Type B
muscle fibre is given in Fig. 60 (ii). In this case the rise
of memﬁrane cherge approximetes an exponential curve with a
time constant of 60 msec,, and the fall of membrane chgrge has
a time constant of 57 msec,

Using the methods outlined above, values for the cable
consténts of some Type C and Type B muséle fibres were ob-
tained (Teble 1). It was not possible to obtain meaningful
values for'Type A muscle fibres because in those which were
examined it wes found that the calculated length constants
were often of the sazme order bf magnitucde as the fibre diameter.
In such ceses the sprezd of the potehtial would not be predic-
table from cable theory. Lowever, results from one Type A
fivre are included for comparison in Teble 1. |

The three types of muscle fibre differ in many respects,
The everage diameter of the Type C fibres 1isted is 0.21 mm
(renge, 0.15 mm to 0.26 mm), Type B fibres are considerably
sme.ller (aversge dizmeter, 0,105 mm, renge, C.CE to 0.12; even
smaller muscle fibres were seen) and Type A fibres were very
large (0.3 to O.Emm). In view of thece differences it is not
surprising that the “input resistances" (the ratio of voltage

to current at the stimulating electrode; ketz and Thesleff,



1957) of Type B fibres sre greater than those of Type C fibres,
which in turn exceed those of the Type & flbres., But the
values for the Type B‘fibres (average, 145 x lO3 ohms) are
considerably larger thsn those of Type C fibres (average, 29.8
x 103 ohms). The difference is greater than would be expec-
ted solely on the basis of the differences in diémeter.' In
fibres in which other factors are constant, input resistance
is inversely proportional to the 3/2 power of the fibre dia-
meter (Katz and Thesleff 1957). Hence, taking the average diae
- meters of Type C and Type B muscle fibres, one would expect
the average input resistance of Type B fibres to be sbout 3
times greazter than that of Type C fibres, whereas empirically
it is 5 tlimes greater. It 1is, of course, posslible that uncer-
tainties in the measurement of fibre diameter may have influ-
enced the result; but the fact that the calculated myoplas-
mic resistances agree reasonably well in the two types of
muscle flbre, and are comparable with the values obtained by
Shaw (1¢55) znd Fatt and Ketz (1¢53a), is evidence that errors
in measured fibre diameter are not importent in comparing the
two sets of resultse. It therefore appears that Type B muscle
fibres have surface membranes of higher specific reslstance
than Type C muscle fibres,

Tiils poesibility is confirmed by'calculations of the
specific membrane resistance (Rm), Type B muscle fibres have
membrane resistances outside the range of values for Type C
muscle fibree, This difference in specific membrane resistance
1s reflected alsc in the higher length constants of Type B
muscle fibres, and in their larger time constants,

It is interesting that although the time constents of
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Type B muscle fibres are larger than thosge of Type C muscle
fibres, the calculated meﬁbrane capacitances are generally
less, and it was found that the means of the two samples are
highly significantly different (t = 3.74). It is possible
that a result of this sort could be brought ebout by different
degrees'of folding of the membrane in the two types of fibre,
but 1t 1is also possible that a more fundamental difference

in membrane structures‘exists.

It is .of interest to compare the membrane time constants
with the time cbnstants of decay of "fast" and "slow" p.s.ps.
recorded in the same muscle fibre (Fig. 62, a to d; Fig. 63,

a to g: Figs, 64, 65). & number of such comparisons are
made in Table 2, . In general, there 1ls close agreement between
the time constant of decay of “slow" p.s.ps. and the membrane
time constant, This holds true also for "faest® p.e.ps. in
some cages, but in others the “fact" p.s.ps. decayed more rap-
idly than would be expected from the membrane time constant,
When some of these fibres were examlned along thelr length
with a recording microelectrode it was found that the "fast"
P.s.p. decayed more rapidly at one end of the fibre than at
the other (Fig. 63, f, g; Figs, 64, €65) and that its size was
greztest at the point of meximum rate of decay. In some in-
stances the decey of the “fzst" p.s.p. in some parts of the
muscle fibre was slower than that of the “slow®™ p.s.p. in the
same fibre (Fig. 65). 1t seemed likely in such cases that
part of the fibre was not innervated by the “fest" zxon., If
this was true, the resulte could be rezdily expleained, since

a potential change affecting only pert of the fibre would
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decay at its polnt of spplication more rapldly then one affect-
ing the whole fibre (Burke and Ginsborg, 1¢56a). Whether such
& situation is normal or inducéd accldentzlly during the exper-
iment could not be determined., 1In eny case no evidence was
found in this muscle for "lingering transmitter zction" (Hoyle
and VWieresma 1¢5&a). Instezd it appeared that the transmitter
action does not outlast the rising phase of the p.s.p. A4l-
toough éifferences in decey rates of "fast" and "slow" p.e.ps.
have been observed 1n thils muscle and in other crustacean
muscles (Fatt end EHetz, 1635b; Loyle and Viersma 1958a) n&
evidence wes found in the present study that such differences

- were not the result of incomplete innervation or of the influ-
ence of fielde produced by nearby muscle fitres, lore study

is nceded to clarify this point.,

Cteervations were made on the behavior of muscle fibres
sub jected to depolarizing pulsee applied throuch the stimulat-
ins wicrcelectrode, Typilcel responcses from Tyre C muscle fibres
are ckown in Fig. 65 (h to 1). 1In most czses 2 "hump" appears
during the initial phase of the response at depolarizations of
about ¢ mV (Fig. €3, i; Fig. €6, (1)) and a repolarization

follews., (Cccasionally, strong hyperpolerizing pulses gave

rise_to'the seme phenomenon,) When incressingly strong cur-
rents were applied, the response showed an increased rate of !
rice, anc smgll oscillations usually apveazred at depolariza- |

tions of 30 to 4C mV. (Fig. 63%; J, k, 1). The first of these
oscillations sometimes resembled a émall (5 to 1C mV) spike

(Fig. 63,1). The responses were similer to those described

for a crayfishi opener suscle (Fatt and Ginsborg 1958). There
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is apparently e tendency to produce electriczlly excitable
responses in Type C fibres but strong depolarization is nec-
essery to evoke them, end théy are 1nvariably small,

In Type B fibres, the résponse was limited to a slow
"hump" followed by repolarization (Fig. €2.f, g). Oscillations
were not observed, The total responce, including the “hump"
showed merked rectification even at small deroclarizations
(Fig, €6,11)., 'In =zddition, the time constants of rice and
fall of charge became much less than for hyperpolarizing
pulses, Thece changes indicete that the membrane resistance
is much lees éduring derolarization tien at the membrzne rest-
ing potential level, probebly due to an increaced potassium
conductance, as in other systeﬁs (Burke znd Ginsborg 1S56;
Jenerick, 165¢; VWerwen, lcCann end Grundfest 1€€1), The
lower meumbrene recistance during depolerization accounts in
part for the fact that the “slow" p.s.ps. become much smaller

s & depolerization “plateau® 1s Tuilt up (See p.37). In Type

™

C fitres, rectificztion often does not occur to any great ex-
tent until feirly large membrane depolerizetions are attained
(Fig., 66, (1)) and a2s a result the p.s.ps. show little atten-
uation due to decreased membrane resistance (c¢f., Dudel and
Kuffler, 1¢60).

Examination of the deeply buried Type & fibres by means
of two electfode teciinigues was not usually possible. Low-
ever, in tuose which were examined (Fig, €1), 1t wes found that
graded electrically exitelble membtrane responses could usually
be produced by depolarization (Fig. 61; a). Eveh the fibre

of Fig. 7 (a,b) and Fig. 61(c) showed a small cdegree of
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electrical excitability, for the voltage changes produced
by depolarizing current exceeded those produced by equal
hyperpolarizing currents (Fig. €6 (iil)),

It 1s evident from the data presented above that the
categories of muscle fibre established for the Qarcinus'closer
muscle on the basis of responses £o indirect stimulation are
associsted with significant differences in the membrane pro-
perties of thece fibres, Type & muscle fibres have electrically
excltable membranes, low membrane resistances and small time
constants; Type B muscle fibres have electrically lnexcitable
membranes, high membrane resistarnces and'large time constants;
and Type C muscle fibres have intermediate properties, IHow-
ever, to explain the electrical responses to nervous stimu-
lation it is also necescary to asgssume dlifferences in the den-
sity of “fast" axon innervation for the different muscle fibre
types because the size of the “fast" P.s.ps., unlike that of
the "slow" p.s.pe., is inversely relsted to the "input resis-.
tance™ of the muscle fibre, Tyre &4 muscle fibres must be
ascumed to possess a much denser "fast" axon innervetion than
Type C or Type B muscle fibres, If such an assumption 1s madé,
however, and if it is also assumed that "fast" and "slow" nerve
endings may differ in rate of transmittér substence relesse and
in facilitation,rmost of the varieties of indirect responses
of this muscle can be explained without postulating two ex-

citetory transmitter substances,
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Fig. 60. (1) Examples of the decay of applied hyper-
polarizing pulses along the length of the muscle fibre. (a)
Type B, (b,c)} Type C, (d) Type A muscle fibres. Total lengths
and length constants were: (a) 3.5 mm and 2.4 mm, (b) 4.3 mm
and 1.75 mm and O.4 mm. : .

(11} Rise and fall of total membrane charge (arbitrary
units) in a Type B muscle fibre. The solid lines are exponen-
tials with time constant 60 msec; the points were obhtained
experimentally. lNMembrane charge rises with a time constant
of 60 msec. and falls with a time constant of 57 msec.
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Fig. 61. Responses of Carcinus Type A muscle fibres to
direct stimulation. (@,c) Responses to hyperpolarization
(@ and to depolarization (¢) of the fibre of Fig. 7 (a,b).
(b.d) Responses to hyperpolarization (b) and depolarization
(d of another Type A fibre, (e€) Response to depolarization
of another Type A fibre. Note that Type A fibres have short
time constants and low Input resistances.



ffig. 62. Properties of Ter B muscle fibres, ga) Response
of a Type B muscle fibre to a hyperpolarizing pulse (elec-
trode separation, 0.2 mm) illustrating the large time con-
stant and high iInput resistance compared with Type C fibres.
() "Slow” p.s.p. from the same muscle fibre (time constant
of decay, 35 msec.; stimulation frequency, 2 per second).
(©) Response of another Type B muscle fibre to a hyperpola-
rizing pulse (electrode separation, 0.1 mm), () Single
"slow"™ p.s.p. from the same fibre (time constant of decay,
64 msec.), (e) Response of the same fibre to two stimuli
separated by 3 msec. (f,g) Responses of the same fibre to
depolarizing pulses.



Fig*® 63. Properties of Type C muscle fibres, (@) Response
of a Type C fibre to a hyperpolarizing pulse,; electrode
separation, 0.12 mm; estimated membrane time constant, 22 msec,
(®) "Slow™ and (c¢) "fast” p.s.ps. from the same muscle fTibre,
with time constants of decay of 22 and 21 msec, respectively
(stimulation frequency, 6 per second), (d) Hyperpolarizing
pulse In another fibre; electrode separation 0.09 mm; estimated
time constant, 10.5 msec, (e) "'slow p.s.p. (decay time constant
11 msec) and (F,g) '"fast" p.s.ps. recorded near opposite ends
of the fibre, vdth decay time constants of 6.5 and 15 msec.

(h, 1) Responses to hyperpolarizing and depolarizing stimuli
of a Type C fibre. ((,k,I) Other types of response to
depolarization in Type C muscle fibres.



Fast Slow

40 msec

gig. 64* A further example of "fast” and “slow” p.s.ps.
in a thpe C muscle fibre. (a,c) “Fast” p.s.ps. recorded at
0.5 mm. from the shell end of the fibre (@), and 3.0 mm from
the shell end (c); time constants of decay were approximately
10 msec, (@), and 16 msec. (c¢). (b,d) "Slow” p.s.ps. recorded
at the same places, with time constants of decay of 18 msec,
(M and 17 msec. (d). (¢) Membrane response during applica-
tion of a hyperpolarizing pulse; time constant, 21 msec;
electrode separation, 0.09 mm.



Fig. 65. A further example of "fast” and "'slow” p.s.ps.
in a Type C muscle fibre. (a,c,e) "Fast" p.s.ps. recorded
at 0.5 mm. from the shell (&), close to the tendon (e), and
about half-way between these two points (¢). In (@ the

in (¢) i1t was 27 msec.

time constant of decay was 18 msec.,
recorded at the same locations as

(b,d, ) "Slow" p.s.ps.
In (b) the time constant of decay was 22 msec., in

(a.c,e).
(M 1t was 18 msec, (g) Membrane response during application
of a hyperpolarizing pulse (electrode separation, 0.06 mm);

time constant was 19 msec.



o %

curramt % 10" %amps

+ 4 $
-5.33 -287 { 2.67
+-20

+ -40
mV

+-60

ti) -

b -

s 20+¢

current & 10 amps

—

-2.67 -1.33 L33

mvV

1-40

(i)

-8
cwrrent x 10 omps

133 133 267
$-20

mV

T -40

Fig. 66. Current - voltage relationships in (i) a Type
C muscle fibre (ii) a Type B muscle fibre and (iii) the Type
A muscle fibre of Fig. 7 (a,b). Closed circles represent the
final level of membrane potential, triangles represent the
height of the initial response to depolarization. Depolari-
zation is taken as negative.



Table 1, Membrane properties of muscle fibres in the gawg

closer muscle,

Fibre Diameter Input Length Ry* R ¥  Time C¥
Resis- Constant : Constant
(type)  (mm) tance (mm) (Lem) cem) msec /..F/cmg
x1030. .
1A 0.5 13,9 0.4 650 8845 4 45
2.,B 0.12 115 2445 51 1050 39 37
3.B 0.10 205 2,40 66,5 1550 60 39
4,8 0,105 114 2,65 54 1420 42 30
5.B 0.12 100 2,6 44 980 37 38
6.B 0.08 190 1,78 52 850 29 34
Mean 0.105 2459 2339 53 1170 4l .4 36
7. 0,19 40 1.4 8l 334 16 48
8.C 0.17 3645 1,6 53 317 20 63
9.C - 0,22 35 1.8 74 435 16 37
10,C 0625 19,8 1,15 84 179 11 61
11,C 0.16 375 1,95 39 367 20 54,5
12.C 0,175 38 1.5 61 313 18 575
13.C 0.25 21,7 1,75 61 298 20 67
14.C 0,23 19,5 1,7 47 246 16 65
15.C 0.215 21,4 2.0 39 287 15 52
16,C 0,25 17 1.1 76 147 10 68
17.C 0.26 20,8 1.45 76 245 10.5 43
18.C 0.15 46 1,23 66 217 8 37
Mean 0,210 = 29,8 1,55 63 282 15 54.5
*

R; - specific resistance of the myoplasm; Ry, =~ resistance of unit

area of the membranej C, - capacitance of unit area of the membrane.



Table 2. Comparison of membrane time constants with decay times of

fast and slow post-synaptic potentials.

FPibre Time Constant (msec) Decay of P,S,P. to 37%
Type Slow Fast

1. A 5* Te5
2. B 39 _ 32

3. B 60 64

4. B 39 37

5. 3B 42 | 36

6. B 34 32

7. C 16 15 17

8. C 21 21

9. C | 16 19

10. € 12 11 6 5%
11. C 18.5 16.5 8.5 **
12, C 17 22 24
13, C 21 22 21

14. C 22 22.5

15. C 20 17

* The time constants of Type A fibres are probably underestimated by

the direct method, due to the relatively large fibre diameters,

*%* leasured at the point of maxinmum size of the fast p.s.p. (Elsewhere

in the fibre the fast p.s.p. was smaller and decayed more slowly, indicating

limited fast axon innervation).
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(11) Nephrops: Closer luscle.

Kuscle flbres in several closer muscles of Nephrops
walking legs were examined in order to compare reéponses
from proximal fibres (giving large "fast"™ electrical respohses)
with those from distal muscle fibres (giving small "fast" re-

"slow" responses).

sponses but large
| When proximal muscle fibres were stimulated by depol-
arizing pulses applied through the current-passing microelec-
trode, several different types of response were observed. In
somerfibres large %Yspikes" were produced, often at a critical
depolarization level (Fig. €7a). In other cases smaller,
graded electrically excitable responses of various types were
produced (Fig. 67, b, ¢). It 1s apparent thet a considerable
renge in membrane excltabllity occurs in these muscle fibres,

No prolonged graded responses of the type scometimes pro-
duced by indirect stimulation (Fig. 30) were encountered in
directly stimulated fibres., Lowever, the fibres glving these
prolonged responses were almost always fairly deep in the
muscle; only fibres close to the surface of the muscle could
be examined by technigues of direct stimulation.

Responses of distsl muscle fibres to direct stimulation
were also varigd. In some relatively lnexcitable flbres the
responses were limited to smell oscillations (Fig. 67, d),
whereas in other fibres larger electricélly excitable responses
could be produced (Fig, 67, e). It thus appears that in both
proximel and distal parts of the muscle, fibres having the same

general properties of electrical excitébility can be found,
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In both groups, some fibres give rise to small graded electri-
cally excitable responges whlle others show larger responses,
often with a threshold.

No extensive measurement of membrane “cable constants™
was made in Nephrops muscle fibres, but the input resistances
and time constaents of those fibres which were examined could
be estimeted. In eight proximel muscle fibres, tne average
input resistznce was 2 x lO3 onns (fange, 12 x lO3 to 50 x 103
ohms) and the average time constant was 13 msec, (range, &4 to
17 msec.) 1In five distal muscle fibres the average}input

resistance wes 40 x lO3 ohms (range, 20 x lO3 to 62 x lO3

ohms)
and the azverzge time constant wes 20 msec. (range, 12 to 25
msec). Values for distal muscle fibres have a higher average
then those for proximael muscle fibres, but the range of values
is notbas wide as that found in Carcinus, and could be deter-
mined'largely by fibre dismeter as in frog muscles (Latz and
Thesleff, 1957), Compared with Cercinus muscle, Nephrops
muscles sre much more homogeneous with respect to the elec-
trical properties of the constituent muscle fibres, It was

observed also that "fast" and "slow"™ p.s.ps. had fairly uni-

form decay rates throughbut the muscle,



Fig. 67* Responses of Nephrops muscle fibres to direct
depolarization. (a,b, ¢) Responses of three proximal fibres.
(d,e) Responses of two distal fibres.
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(i11) Cancer: Stretcher luscle

Using the methods described for Carcinus, determinations
of the membrane constants of some fibres in the stretcher
muscle of Cancer were made, The data is given in Table 3.

The Cancer muscle fibres appeared from this sample to
be more homogenous than were the Carcinus muscle fibres., Three
fibres from the edge of a muscle, and four fibres from the
central region, were celected, Although the sample 1s not
large enough to fecrm a basis for firm statistical conclusions,
the data indicates that the "edge" fibres are smaller in dia-

reter, shorter in length, and have higher input resistances,

| in general, than do fibres remote from the edge. Lo signifi-
cent differences in any of the other membrane properties are
apparent in the two groups. It is possible, therefore, tﬁat

" the smaller sizes of the "edge" fibres may be partly respon-
sible for the larger electrical responses recorded during in-
direct stipulation, Smaller diazmeters mean larger input resis-
tances (Katz and Thesleff, 1¢57), and shorter lengths mean

less decay of applied potential over the length of the fibre.

Compared with Carcinus Type C muscle fibres, the Cancer
fibfes have higher internal resistances, higher membrane re-
sistances, and larger length and time constants., It is pos-~
sible that the larger diameters of the stretcher muscle fibres
may have introduced errors in determining membrane constants
(see Fatt and Katz, 1¢53a). It is zalso possibie that errors
in mezsurement of the fibre diameters played a part., However,
the fzct remains that Cancer muscle fibres have much larger

length and time ccnetants; therefore it is reasonable to
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expect that Rm is truly larger in Cancer fibres than in most
Carcinus fibres,

lembrane capacitances of Cancer fibres averzged less
than those of Carcinus Type C fibres, but in view of possible
errors (mentioned above), this difference may not be signifi-
cant.

The larger time constents of Cancer fibres whken compared
with Carcinus Type C fibres accounts for the slower decay rates
of p.s.ps. in the former fibres, In Table 4, comparisons of
membfane time constent and time constant of decay of p.s.r.
are mede. for Cancer fibres, As in Carcinus fibres, there is
reasonable agreemeﬁt between the two sets of values, and the
mezns of the two samples are about the same,

Exenples of p.s.ps. and hyperpolarizing pulsés recorded
from the same muscle fibre are given in Fig. €€ (a.to d), to
illustrate the approximate sgreement between decay rate of
p.s.p. and membrane time constant.

Almost all of the stretcher muscle fibres studied showed
“"rectificztion™ in response to strong hyperpclarizing currents.
The initial phase of the response was a pronounced "“hump" which
was succeeded by a gradual decline in magnitude of the hyper-
polarization to a steady level (Fig. €&, 4, e). The initlal
sharp rise to a "hump" may represent an initial phase of pot-
‘essium insctivation, which is greduslly reduced. A similar
explanation has been advanced by Reuben, Werman, and Grundfest
(1961) to explain the somewhat different "hyperpolarizing re-

sponses™ of lobster muscle fibres. On the other hand, the
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hyperpolarizing “rectification® may indicate a delayéd increase
in chloride conductance, Chloride "rectification" has been re-
ported for crayfish muscle fibres (Reuben, Girardier and Grund-
fest, 1¢62). Voltage-current curves for Cancer fibres (e.g.,
Fig. 6S) show that the initizl phaée of the hyperrolarization
at high currents swings above the line drzwn through points
obtained with lower currents., This obeservction indicates that
the first of the two mechanlsms mentloned ebove may operate in
Cancer fibres,

Responses to strong depolerizing currents in these muscle
fibres cbmmonly showed a "hump" followed by rectification (Fig.
68 f, g; Fig. 6S). Sometimes small oscillations could be seen
initially (Fig. €8, g). It is probable that responses to de-
polarization can be explained mainly in terms of delayed in-
crease in potassium conductance (Wermen, kcCann, and Grundfest,
1c61; see p. B85).

In some fibres and in certain circumstances, active re-
spdnses could be obtained, The fibre of Fig. 68 (h, i) had a
low resting potentiecl (55 xV) which mey have beén due to damage
or to potassium 1eakagé from neerby muscle fibres. When a strong
depolarizing'curreﬁt was peassed through the stimulating elec-
trode, a series of small spikes resulted (Fig., €8 h). A slight-
ly weaker current gave rise to smaller osclllations (Fig. 68 1).
Occasionally other fibres were encountered which gave eplke-
like responses (Fig. Q4)._ In general, however, fibres in the
Cancer stretcher muscle eppeared to be conparstively electri-

cally inexcitable,
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Fig. 68. Properties of muscle fibres iIn the stretcher
muscle of Cancer.

(a,c) P.s.ps. from two muscle fibres during
stimulation of the motor axon at 7 per sec.; decay time con-

stants were 40 msec, (@), and 45 msec. (c). (b,d) Responses
to hyperpolarizing pulses iIn the same two fibres; membrane
time constants were estimated to be 45msec, (b) and 52 msec,
(d). (e) Responses to hyperpolarizing stimulation iIn another
muscle fTibre. (f,g) Responses to depolarizing stimulation

in other muscle fibres. (h,1) Responses to depolarizing
stimulation of a partly depolarized muscle fTibre.
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Fig. 69. Voltage - current graph for a fibre of the
Cancer stretcher muscle. Open circles represent the initlal
Tesponse to the applied current; filled circles represent the
final steady potential level. Depolarization is taken as
negative. ' .



Table 3,

Membrane properties of muscle fibres in the Cancer

stretcher muscle,

Fibre Diameter Input Length Ry Ry Time Cn Length
Resis~ Constant A Constant
(rm) tance (mm) (@ em) (cm) msec m F/fem® mm
x1030
1% 0.157 115 2,16 103 1220 55 45 5.0
2% 0,230 88 1,95 187 1240 44 36 5.5
3% 0.275 100 2.2 265 1880 60 27 55
4 0,235 60 2.0 130 890 55 62 6.0
5 04250 72 2,5 140 1400 58 42 <6
6 0,304 73 2,0 200 1395 60 43 6.0
7 0.350 44,5 2.5 170 1220 40 33 6.5
Mean 0,262 79 2,19 174 1320 53 41

*Fibres located at the edge of the muscles:s the other fibres were

located in the central region of the muscle,



Table 4. Comparison of membrane time constants with decay times of

fast and slow postsynaptic potentials in the Cancer stretcher nuscle.

Fibre Time Constant Time constant of decay of p.s.p.
(msec) (msec)
a 40 38
b 44 40
c 65 50
d 45 50
e 45 35
z 45 45
g 45 22

Mean A7 45
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(1v) Pachyerapsus: Closer huscle

i Tew fibres in the Fachygrapsus closer muscle were ex-

amined by two-electrode techniques. Unfortunately the fibres
giving large “slow" responses, and also those giving rise to
spikes in response to single stimull applied to the “fast"
exon, were not accessible at the surface of the muscle, and
could not be studied by_these methods., kost of the fibres ex-
amined gave lzrge p.s.ps. (without spikes) in response to
single stimuli spplied to the "fast" axon, and very small
"slow" p.s.ps. These fibres were in the proximal part of the
muscle.‘ A few.fibres in the more distal region of the muscle,
giving smeller responses to “"fast" stimuli énd larger responses
to "slow" stimuli, were aléo‘exémined.

The proximal fibres were found to have short time con-
stants (varying from 2 msec. to & msec,, aversging 4 msec.),
énd very low input resistences (ranging from 5 x 10 ohms to
15 x 102 ohms, averaging 8 x 103 ohme; Fig. 70). These fibfes
were not large in absolute size (most were between 0,1 and
0.2 mm in diemeter), but they had short length constents (0.3
to 0.6 mm), therefore it is likely thet any attempt to measure
“"cable constants™ would be subject to serious errors.

Depolarization of these fibres did not give rise to
electricelly exciteble responses until the membrane potential
was lowered by about 30 mV (Fig. 76, ¢, 4, e). An electricelly
excitable membrane response then appeared; its size could be
varied by altering the strength of the stimulus, &t lower de-
polarizations a small initial “hump" wes sometimes seen (Fig.

71) before the spilke-like responcse appeered with increased

i3
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stimulus intensity.

The indirectly produced “fast" electrical responses in
these muscle fibres were large (1C to 25 mV) and repidly de~
caying p.s.ps. Time constants of decay were usually about 5
msec, Splkes were not seen in these fibres at low frequencles
of stimulation; the sriking flbres were usually located one or
two layers in from the surface of tlie muscle, It appears that
the fibres examined at the surface of the muscle by two-.
electrode techniques were probably much less eléctriéally ex-
" citzble than the deeper spiking fibres,

The distal muscle fibres which were examined proved to
have higher input resistances (20 x 102 to 40 x 102 ohms) and
larger time constants (10 to 20 msec.). Correspondingly, the
indirectly rroduced electrical responses showed slower decay
rates than those in the proximal part of the muscle, "Fast"
p.s.rs. were observed to have time constants of decay of & to
15 msec,

The observations on fachvgragsus muscle fibres, though

incomplete, indicete a pattern similar to that found in Car-
cinus, Fibres responding primarily to "fast" axon stimulation
have lower membrane resictances than those responding to both
"rast" and "slow" axon stimulation. Among the fibres respond-
ing primariiy to "fast" axon stimulation, some appear to have

membranes of less electrical excitability than others,
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Fig. 70. Properties of a proximal fibre in the Pachygrapsus
closer muscle, (@) "Fast" p.s.p. 1In response to a single sti-
mulus (lower trace, mechanical response of the muscle). (b)
Responses of the same muscle fibre to hyperpolarizing current,
showing the short time constant and low input resistance.

(c,d) Responses to depolarizing current; a spike of about 20
mV. arises with strong depolarization (a). (e) Response of
another proximal fibre to depolarization.

20

Current x |0"6A

Fir. 71. Voltage-current plot for a proximal muscle fibre
in the Pachygrapsus closer muscle. Open circles, initial
response; Tull circles, final potential level, hyperpolari-
zation iIs taken as positive.



(v) Other properties of crustacean muscle fibres.

Date on the resting potentials and szrcomere lengths of
fibres of some of the muscles studled are presented in Table 5.

Average resting potentials were obtained from samples of
3C muscle fibres 1n eazch case, Only fibres which appeared to
be normel and undemaged were used. The main point of interest
which emerges from thece messurements 1s that Carcinus Type B

1

fibres and Pachygrzvpsus “slow" fibres have lower average rest-

ing potentials than other fibres in the same muscle, These
differences were ctatistically significant., Lowever, a few
" Type B fibres were found wiich had relatively high resting pot-

"elow" fitres are similar to

entials (75 mV). The crustecezn
frog "elow" fibres with respect to their reletively low resting
potentials (Kuffler and Vanghen Williams, 16532).

Crayfish muscle fibres were found to have higher resting
potentials than did crab muscle fibres, The values measured

in these animals are similar to those obtained by Crkend (1%62)

in musclee of Orconectes virilis and Csutorus clerkii, The

values obtained by Hoyle and Wiersma (1¢58a) for the claw

opener of Carbtarus clarkii were much lower (average, €2 mV).

No ready explanatiocn for this wide variation is apparent, al-
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though it i1s possible that species-specific and sesconal factors

mey be important, as well as the condition of” individusl animals

(cee p. 115),

An examinétion of Carcinue muscle fibres in fixed material
(muscles fixed at slightly grezter then resting length) reveal-
ed differences in appearance of fibres from different parts of

the muscle; In those parts of the nuscle in wkilch Type C and
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Type B nuscle fibres had been loceted by microelectrode exami-
netion, the fixed muscle fibres had sarcomere lengths averaging
G.C r~(range, 6.0 to 11/~). In the part of the muscle in wiich
Tyre A muscle fibres had been found, most of the fixed muscle
fibres had shorter ssrcomere lengthé, averaging 4,7 ;4 (range,
4.2 to 5.5/~), although some fibres hLaving the largef sarconere
lengths characteristic of the rest of the muscle weré also found.
It seems likely, therefore, that Tyre 4 muscle fibres may have
=stfuctura1 differences, as well acs differences in membrane pro-
perties, further distingulishing them from Type B and Type C
muscle fitres,

| In the Carcinus stretclier muscle, the fibres examined did
not show as wide a renge in sarcomere length; values were res-
tricted to a comperatively narrow range, This may indicate
greater uniformity of muscle fibfe progertlies 1In the stretcher.

In the Nephrops closer muscle, however, it was observed

that proximel muscle fibres had shorter average sarcomere
lengths than distal fibres, In the proximal part of the muscle,
fibres having short sarcomere lengths (4.0 f—) were found in
Juxteposition with fibres having longer sarcomere lengths, This
was not the casce in the distal part of the muscle,

In thke Pabhygrapsus closer muscle, & wide range of fibre

sercomere lengths was found throughout the muscle, Flbres
having suhort sarcomere lengths were often found beslde those
heving long sarcomere lengtihs,

In general, it seems probable that morphologlcally

different types of muscle fibre can occur in the same muscle



in crustaceans znd that the‘morphological differences may be
correlated with therdifferences in membrane properties al-
ready described. Further corroborative werk on this point
would be desireble, employling technigues to mark the fibre
recorded from with microelectrodes so that the same fibre

could be examined to determine its anatomical characteristics.



Table 5. Data on resting potentials and sacromere lengths of crustacean

muscle fibres.

Huscle

Carcinus closer
Tvpe A fibres
Type B fibres
Type C fibreé

Carcinus stretcher

Nephrops closer

proximal fibres
distal fibres

Astacus
leg closer

leg opener

Cancer stretcher

Average
Resting
Potential
(nV) + S.E.

70+0.6
63+1.1
69+1.9
67+1.0

T2+1.2
69+0.9

80+1.0
79+1.0

67+1.7

Pachygrapsus closer

"fast" fibres

"glow" fibres

75+0.5
621;05

"intermediate” fibres

T1+1.2

Range

65-82

50-95.

64-80

63-74

66-85
65-80

65-87
65-90

63575

68-85
55-68

63=75

Average

Sarcomere
Length SM)*

4.7
9.0

6.0

4.8
6.4

6.4

* Values were obtained from 20 fibres in each case,

Range

4.3-5.5
6.0-11.0

5.0-6.6

400-703
5.1-7.7

4-9-8-3



97

d) DPotassium Contracture in Crustacesn Muscles

In what has been described thus far, attention has been
focused on the electrical events of the muscles studied and
on the way in which these events may be modified 1n differ-
ent muscle fibres by variations in membrane properties,

"slow" axons, etc.

density of innervation by "fast" and
Muscular contraction ié associated with the electrical events,
" and the nature of the relationship between the two activities
1s of iInterest. Do the electrical events bring aboﬁt con=-
traction by virtue of their depolarizing action on the muscle
fibre membrane, or does contraction result from some other
action not dependent on depolarization per se?

One step in attempting to answer this question is to
determine the membrane potential levels at which éontraction
is initisted by different methods of depolarizing the muscle
fibre, such as stimulation of the motor nerve, addition of
chemical agents to the muscle, application of depolarizing
current etc, The same result obtelined by different methods
would support the hypothesls that depolarization of the
muscle fibre surface membrane is an essential link in the
chain of events‘connecting transmitter substance release
with contrection, Different results obtelned by different
methods would indicate other possibilities, such as: (1)
the transmitter substsnce brings about contraction by a
method not dependent on membrane depolarization (Hoyle and

Wiersma, 1958 b, c; Hoyle, 1962); (2) different methods of
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producing depolarization affect the excitation-contraction -
coupling sequence in different ways, so that the threshold
of depolarization and/or the slope of the depolarization-
tension curve is‘altered, depending‘on,the method used to
produce depolarization.'

One method of producing depolarization is to add depolar-
izing chemicals, particulerly potassium,chloridé, to the
- muscle, This method of studying‘contraction has been emplbyed
very freauently in studies on frog muscle, but not at all in
studies on crustacean muscle until recently (Atwood, 1962;
Hoyle and Smyth,'1963). Apparently ﬁhe work described below,
which was done in 1961 and 1962, is the first study on
potassium contracture to be made on crustacean muscles,

In using high potassium solutions to produce contracture
of the whole muscle, it must be borne in mind that depolar-
1zation of fibres deep in the muscle may be less than those
at the surface (Frank, 1960b). This difficulty can be
minimized by: (1) use of a very small muscle, or (2) use of
a muscle with a very loose structure which can be rapidly
perfused with the depolarizing solution. In the present
study, use was made of the opener muscle of the crayfish
walking leg, a very small muscle, and of the Carcinus closer
muscle, which in many animals hed a very loose structure,.
However, it is likely thatleven in these muscles depolariza-
tion may not have been completely uniform; therefore the

measurements relating tension of the whole muscle to membrane
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"potential must be regarded as relative rather than absolute.

A further possible difficulty in the use of potassium
depolarization to study tenslion 1s that various types of
muscle fibre in the same muscle may behave differently. In
the Carcinus closer muscle, where several different types
of muscle fibre were distinguished, the problem of non-
uniform behaviour may be serious. However, most of the
‘muscle is made up of Type C muscle fibres, so it is probable.
that the behaviour of the muscle as a whole is determined
largely by their responses,

In the crayflish walking leg opener muscle, the muscle
fibres appeared to have similar characteristics, as judged
by their responses to indirect stimulation. On & priori
grounds the responses of these fibres to depolarization can
be assumed to be fairly uﬁiform. However, this assumption
can be confirmed only by work with single muscle flbres,

Although the use of potassium contracture of whole
muscles as a tool to study excitation-contraction coupling
1s evidently of limited value, it was felt that the technique
could be used advantageously in mapping out some of the
characteristics of the responses of crustacean mu;cles to

depolarization.

(1) Cercinus: Closer Muscle-

The responses of the Carcinus closer muscle to potassium
depolarization were studled by lnjecting experimental solu-

tions into the muscle through needles lnserted through the



100

shell near the muscle or into the dactyl. The solutions
were injected rapidly by means of a hypodermlc syringe to
insure speedy distribution of the solutions to various
parts of the muscle. Usually the injection rate was 50 to
80 cc. per minute. (The volume of the propodite containing
the muscle averaged 0.9cc.) |

In some experiments only the mechanicsl response of
the muscle was recorded; in other cases both electrical and
-mechsnicez]l meassurements were made, Electrical measurements
ususlly involved ssmpling the membrane potentlals of six to
ten exposed'muscle fivres kType C) in quick succession.

High potassium.solutions for use in these experiments
were made by substituting the desired amount of botassium
for an eqdivalent amount of sodium which was omitted'frqm
the solution,

The mechanical response. Prelimlnary experiments were

performed to ascertain the mechanical response to solutions
containing high potassium concentrations. In these experi-
ments recdrding of tension was made from the tip of the
~dactyl, using an isometric spring and a kymograph.

No contraction of the muscle was measured until po-
tassium concentrations of 30 to 4O mM were applied., At
potassium concentrations of 30 to 50 mM, a weak ¢ontractionv
of the ‘muscle was observed (Fig. 72, 831, b, d). This con-
traction lasted for periods of at least 10 mlnutes, pro--

vided perfusion was maintained., In many cases the contraction



slowly increased in magnitude during such prolonged per-
fusion. The contracture relaxed rapidly and completely
when a solution containing the normal 10 mM KCl was per-
fused into the muscle, If the same raised concentration
of KCl was applied soon after the first application, & con-
traction again occurred, and usually the second contraction
was slightly stronger than the first (Fig. 72, by, 2).
After further repetitions of the process, the contraction
"remsined constant in height (Fig. 72, b).

| As thé amount of KCl in the experimental solution was
Increased, the strength of the contraction and its rate of
rise to a final level also increased (Fig. 72 a, d). At
KCl concentrations of 150 m M the contraction was maximal;
ralsing the KCl concentration further did not give a
stronger contraction (Fig. 72, a 3, 6).

Prolonged perfusion with & solution containing a KC1l
concentration of greater than about 50 mM resulted in a
decline in magnitude of the response with time (Fig. 72,

a 7, cl, d 2), However, the tension remained above the
base level for’at'least 10 minutes. When high concentra-
tions of KC1l (sbove 150 mM) were used, perfusion with nor-
mel seline after a2 prolonged stay in the high KCl solution
failed to 1ower.the tension to base level (Fig. 72, a 8, 9).
When lower KCl concentrations (70 to 100 m M) were used, the
tenslon returned to base level with application of normal

saline after a prolonged exposure. However, subsequent

101



102

contractions evoked soon afterwards by application of the
same KCl solution were less powerful than before (Fig. 72,
¢ 1 to ly). This latter effect was even more marked whén
higher KCl concentrations were employed (Fig; 72 d, 2 to 4).
The observations indicate that potassium contracture in
crustacean muscles has much in common with the same process
in frog muscles, In both cases the response declines with
. time in high KC1l concentrations, suggesting exhaustion of
an aqtivating agent (Hodgkin and Horowicz, 1960a), or devel-
opment of an inhibition (see Discussion), However, the
tension response of crustacean muscles declihes more slowly.
In time course of relaxation, the contracture of crustacezn

"slow"

muscles 1s intermediate between frog "twitch" and
fibres (Kuffler and. Vaughan Williams, 1953b).

In many muscles the contractural resﬁonse was a smooth,
slowly rising tension which soon reached a plateau phase,
However, in some muscles the response (to 60 to 100 mM KC1)
was different in appearance, and consisted of a rapidly
rising initisl tension which decayed very soon after reach-
ing i1its peak to a lower platesau (Fig. 72, e, ). Successive
applicaetions of a given KC1l solution resulted in a decrease
in the 1nitisl rapld phase of tension and an increase in
height of the subsequent plateau (Fig. 72, f).

This observation suggests that two comppnents of the

contraectile response are present in these muscles: a

rapidly rising and declining initliel phase, and a slower



secondary phase. It is possible that the first phase
corresponds to activation of the excitable Type A flibres,
and that the secondary phase corresponds to activation of
Type B and Type C fibres, The motor nerves were found to
be silent during respconses of this type; therefore, the
activity i1s myogenic, Spikes were never observed 1n fibres
of this muscle during application of high KCl solutions,
.It 1s possible, therefore, that the two phases of the
'-contréctural'response represent activity of two types of
fibres with different time courses of response, as is the
cese in some frog muscles (Kuffler and Vaughan Williams,
1953b). It is also possible that all fibres have a similar
response characterized by o .rapid initiasl phase of tension.
The former alternative seems more likely in view of the
fact that the closer muscle'ié known to contain mﬁscle
fibres with different membrane properties end excitabilities.
In several muscles the tension developed by maximal
stimulation of the motor axons was compareéd with the
tension produced by perfusion of the muscle with a solution
containing a strong KC1l solution (150 to 250 mM). The
results showsed that activation éf:contraction by strong KC1
was as effective as stimulation of the motor nerves.* In
Fig, 72, g 1, stimulation of the "fast" axon produced a
contraction which rapidly declined with continued stimula-
tion, Stimulation of the "élow" axon (Fig. 72, g2) produced

*The observation is evidence that the perfusion of the

muscle Is effective, and that KCl solutions depolarize the
entire muscle,
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a stronger contraction which was maintained for & longer
time, but also declined rapidly. Subseguent stimulation

of the exons pave smaller end briefer contractions., Appli-
cation of = Strong KCl solution gave a contraction which was
more powerful and longer-lasting than the contractions pro-
duced by the motor axons (Flg. 72, g5).

In another muscle (Fig. 72, h) the contraction produced
" by simulteneous stimulation .of "fast" and "slow" axons was
similar in size gnd.duration to that produced by application
of a strohg KCl solutlon,

Values for the maximum tension developed per unit
cross-sectional area of the muscle were calculated, using
the information abput the mechanics of the muscle pfesented
previously (seé p. 4b). It was estimated that the Carcinus
¢loser muscle could develop a tension of 2300 to L4200 gm/cm2
with maximum activation (five determinations). These values
compare with 2500 to [ 000 gm/cm2 for single frog muscle
fibres activated by maximuh nerve stimulation, and 3000 to
Lhoo gm/cm2 for the same fibres glving maximum contracture

tension (Hodgkin and Horowicz, 1960b).

Effects of divalent cations. The work of Frank (1958,
1960) has shown that potassium contracture does not occur
In frog skeletal muscle unless external calclum ions, or
certain other divalent or multivalent cations, are avail-

able, In the case of an insect spiracular muscle,
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Hovle (1961) has found that potassium contracture occurs
in the absence of external calcium, and is inhibited by a
smell excess of magnesium ions. It is of interest to know
how crustacean muscle behaves when the external concentra-
tions of divelent cations are altered.

When a solution containing no calcium and high KC1 1is
perfused into a closer muscle, the normal contracture is
,abolished, provided that the muscle has previously been
perfused for about two minutes with a calcium=-free, low
KC1 solution (Fig. 73, a&). When normel saline is applied,
the muscle éan again give a KCl contracture (Fig. 73, ab).

If a solution containing no calcium and high KC1 is -
given without prior washing in calcium-free saline, the
contracture was often greater than that produced in normal
calcium (Fig. 73, bl, 2). However, ;fter a number of con-
tractures had'occurred in normal calcium or in low calcium,
the contrascture of the muscle in zero celcium without pridr
washing in calcium~free solution was much reduced (Fig. 73, b),

It was found that a short period of perfusion in
" caleium=-free solution, followed by return to normal saline,
did not reduce the strength of a subsequent KC1 contracture
below that of a contracture induced previous to the treate
ment with zero calcium (Fig. 73, d,e). However, after pro=-
longed perfusion with zero calcium, a marked reductiqn In
subsequent contracture strength in normal calcium was

produced (Fig. 73, e). If a high KCl solution containing



no calcium, or a small amount, was applied durlng a short
period of perfusion with celecium-free saline, a mearked
reduction in the strength of a subsequent contracture was
observed (Fig, 73, ¢,d). This reduction was much greater
then that produced by several intervenlng contractures in
a solution containing normal celciun,

The amount of calcium present in the solution influenced
the initial rate of rise of the contracture tension as well -
"as its strength. As the ampunt,of_calcium'in the solution
was increased, the response showed a slower rate of rise
and a slower relaxation (Fig. 7h,a). The size of the
response was lower at high calcium conecentrations, provided
the KCl concentrstion was the same,

At calcium concentrations of less than 10 mM, the size
of the contracture response raplidly became less with repeated
application of KCl (Fig. 7h,b). However, after a period of
perfusion in high calcium solution, the response increased
in size (Fig. 74, b8). At calcium concentrations greater
then 10 mM, the size of the contracture declined relatively
slowly with repeated application of high KCl (Fig. T4, b8,
9, 10).

It was found that the concentration of magnesium ions
in the saline had relatively little effect on the size of
the contracture., At high magnesium concentrations (above
35 mM), both size and rate of rise of the response were

reduced slightly, as in high calcium solutions,
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~ As has been reported by Prank (1961) for frog muscle,
the presence of strontium ions in calcium-free saline per-
mits the muscle to develop tension durlng spplication of
high KC1 (Fig. 75, a).* However, barium ions did not permit
tension development in calcium-free solutions (Fig. 75, b, c¢).
If a small amount of calcium was added to a barium saline,
contracture 1h'responsé to high KCl could occur (Fig. 75, b, ¢).
Frank (1962) also found that barium could not substitute for
calcium in frég muscle, '
The experiments with divalent cations indicate that
calcium (or a chemicallyvsimilar.cétion such as strontium)
is necessary for potassium contracture. Depletion of
calcium (by prolonged washing in calcium-free saline, for
exaemple) inhibits tension development during potassium
contracture,. Applicétion of high KCl during perfusion with
calcium-free saline apparently exhausts or inhibits some
step in the excitation-contraction coupling process, even
though no tension is developed by this treatment. Raising
the c2lcium concentration above normal decreases the exci-
tability of the muscle (presumably by making KCl less
effective as a depolarizing agent; see Werman and Grundfest,
1961). The reverse process, reduction of calcium, apparently
has the effect of increasing the depolarizing effectiveness

of KC1, Since the contractions in low calcium were initially

*Since this work was completed, i1t has been reported by
others (Zacharova et al.,, 1962) that strontium permits ten-
sion development in crayfish muscle fibres during direct
depolarization with intracellular electrodes.
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stronger then those in normal ssline when the muscle had
not been previously perfused with a "conditioning" low-
calcium, low-potassium solution.

Contractions in low-chloride solutions, Hodgkin and

Horowicz (1959) observed that alteration of the chloride
concentration of the solutipn surrounding & frog muscle
fibre produced & transient change in membrane potential,
With a lowering of chloride concentrafion, trensient depol-
‘arization was produced, which disappeared within a few
minutes,

No observatlions were made by these authors on contractiie
activity assoclated with depolarization. In the present
studv it was found that when a solution with over a third
of the sodium chloride replaced with osmotically equivalent
sodium sulphzate was perfused into the cell, a transient
contraction, lasting about 3 seconds, was produced, About
one minute after this transient depolarization had sub-
sided, a gradually developing, powerful contraction of the
mus cle occurred, which was slowly reversible with perfusion
of normal saline. This latter contraction was unlike the
usual potassium contracture in that the tension developed
could be maintained at a high level for a much longer time
than the tension of a potassium contracture,

Immediately after the termination of a sulphate-induced
contracture lasting S to 10 minutes, a normal-sized potassium

contracture could be produced,
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A solution containiﬁg a high sulphate concentration
undoubtedly reduces the concentration of ionized calcium
present in the perfusion medium (Hill and Howarth, 1957;
Hodgkin and Horowicz, 1959). This would tend to reduce the
tension obtalned during a potassium contracture. Iﬁ is
evident therefore, that the action of sulphate 1s quite
different from that of KCl.

A prolonged, slowly reversible contraction could be
produced by substituting sucrose for sodium chloride., It
has already been shown by Fatt and Katz (1953a) that
sucrose solutions depolarize crab muscles,

The sulphate and sucrose contractures were not investi-
gated further in the present study., The initial rapid
phase 1s probably due to the "chloride depolarization" of
Hodgkin and Horowicz. The later prolonged contractures
'probably are similar to those described in frog "slow"
fibres by Swift et al. (1960) end by van der Kloot (1961),
Further study of this phenomenon would be of interest,

Membrane potential and XCl., It has been shown that

Carcinus closer muscles develop contracture in solutions
conteining KC1l concentrations greater than about 30 mM,

It is of importance to determine the membrane potential at
which contractlon occurs in fibres of this muscle. This
value can only be found by approximation in whole muscle

preparations, but it was of value to have this approximation.



Measurements of membrane potential were confined to
Tvpe C muscle fibres, since they made up most of the muscle
and were the only fibres which could be easily impaled
without leborious searching. When a series of measurements
‘"was made on one muscle, the same muscle fibres were used
in 21l measurements. Solutions'were changed by rapid per-
fusion of the muscle (p. /00), | o

When the KCl concentration of the perfusion medium was
altered, the membrane potentials 6f‘the muscle fibres
rapidlg assumed a new vealue, but if the new solution was
maintained for any length of time, a further slow drift in
membrane potential occurred., The changes were much slower
than comperable ones-in frog muscle fibres (Hodgkin and
Horowicz, 1959, 1960a). It was found that sbout half an
hour was needed before a final sfeady value of membrane
potentisl wes resched at a new KCl concentration (cf. Werman
et e1,, 1961). Provided this length of time was allowed,
the plot of membrane poténtial_against external potassium
concentration had a slope spproximeting that which would
be expected from the Nernst eqﬁation (Table 6; Fig. 76).
The slope of the line in the example shown departs from
theoretical behaviour at KCl concentrations less than 20 mM

end greater than 70 mM. The former deviation may be due to

decreased potassium conductance at higher membrane potentisls’

(Hoyle, 1957; Girardier et al., 1961); the latter deviation

can probably be attributed to progressive loading of the
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muscle with KCl during prolonged soaking in Increasingly
greater KCl concentrations,

In the experiment quoted above, membrane potentlals
were measured as the KC1l concentration was progressively
increased, It is well known thatiwhen muscles soaked in
high KCl concentration, the membrasne potential does not
return immediately to its former level,'but approaches 1t
very slowly (Fatt and Katz, 1953a; Adrian, 1960; Hodgkin
" and Horowlez, 1959, 19602). In the closer muscle of
| Carcinus this.phenomenon was quité marked, One experiment
1llustrating this point is given in Table 7. It can be
seen that repsated application of a high KCl solution at
short intervels drives the membrane potential downwards.
This phenomenqn 1s an adequate explanation for the fact
that KC1 contractures increase in size during successive
applications of 30 to 50 mM KCl solutions,

Because of membrane hysterisis", almost all of the
measureﬁents'described below were made with progressive
increase in KCl concentration.

Hodgkin and Horowicz (1960 a) observed that frog muscle
fibres with large diameters repolarized more slowly than
fibres with small diameters when the external potassium
concentration was lowered, They aécounted for the asymmetry
between "on" and "off" effects of potassium by posfulating
a specisl region of'the muscle flbre in which potassium ions
are retained for a short time, This suggestion has recently

been further elsborated by Adrian end Freygesng (1962, a, b).
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There is electron microscope evidence for the exlstence

of & 1arge extracellular space within Carcinus muscle
fibres (Peachey, 1959). If the hypothesis of the Cambridge
workers 1is correcf, and applicable at least in part to crabdb
muscles, the large dlameters of the Carcinus muscle fibres
together with their extensive extracellular spaces may
account for the slowness of the electrical responses to-
changes in external potassium 1on concentration.

It would have beeh of Interest to perform experiments
with solutions of constant [K] - [C1] product (Hodgkin and
Horowicz, 1959) on crab muscle., However, a satisfactory
impermesnt enion which could be substituted for chloride
was not readily,available%, so experiments were limited
to observations of the effect of changing external potassium
at constant chloride concentration.

It has been- shown (Fig. 76) that the slope of the
membrane potentisl-Ko relation is similar to that predicted
by the Nernst equation, provided sufficient time 1s allowed
in each KC1 solution used. When membrane potentials are
measured very soon after application of a new KC1l solution,
the slope of the graph is much less than that expected on
the basis of the Nernst equation (Fig. 77, 78). Care must
be tsken, therefore, to distinguish between "immediste" and
"delayed" effects of KC1 application, The "immediate™ KC1

effect wes of more interest in connection with potassium

*Boistel and Fatt (1958) have used pyroglutamate and
acetylglycine,
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contracture, becsuse contracture tenslon typically reaches
its maximum value within half a minute of perfusion of the
muscle with a high KCl1l solution.

A number of muscles were perfused for short periods
with salines of gradually increasing KCl concentration, in
order to find the KCl concentrastion and corresponding mem-
brane potentiael at which the muscle develops tension. A%
.each KCl1l concentration, membrane potential measurements
from 5 to 10 fibres were obtained within two minutes; then.
the next KCl concentration was applied.

Typical results of such experiments are snown in
Figs, 77 end 78, 1In Fig, 77, two muscles were examined,
Membrene potentisls from one muscle, averaged slightly less
than those from the other muscle, but in both cases tension
appeared when the average membrane potential was less than
about 55 mV, and increased greatly in magnitude when the
membrane potential was lowered still further, No tension
was developed when average membrane potentials were 55 to
60 mV in magnitude,

Experiments done on other muscles (e.g., Fig. 78) led
to the same result: that tension i1s developed when the
average membrene potential is lower than 55 mV., Results
from fifteen muscles gave an average "threshold" membrane
potentisl for tension development of 55,3 3-0.7 mV (renge,

58 to 53,5 mV),
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It 1s possible that this value is too high, because:

(1) The fibres with lower than zverage membrane potentials
may give rise to all of the observed tension in the'
"threshold" region; (2) Type B fibres have lower average mem-
brane potentisls than Type C fibres at normal KCl concen-
trations and may give rise to tension in the "threshold"
region atalower membrane potentlals thén those observed in
. Type C muscle fibres. The rapid rise in tension with small
incremehts of depolarization suggests, however, that Type C
fibres, which make up most of the muscle, are probably

activéted as the membrane potential is lowered past 55 mV.
| It is also possible that the varioﬁs types of muscle
fibre have different "threshold" membrane potentials,
Such 8 possibility could only be explored by 1solation of
single muscle flbres. |

Inhibition of contractufe. It was observed that

stimulstion of the inhibitor axon could produce complete
or‘partial'relaxation of KC1 contracture.* The phenomenon

i1s 1llustrated in Fig. 79. Relaxation of tension was rapid -
end complete when the Inhibitor axon was stimuleted at high
frequencies, but gradual and 1incomplete at low frequencles.
After cessation of stimulation, the tension gradually
approached 1ts original level. Rapid perfusion with fresh
KCl solution speeded the return of tension to a level usually

somewhat less than the driginal (Fig. 79a)

*It was necessary to keep the KCl concentration below
S0 mM to avoid blocking nerve conduction,
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During stimulation of the inhibitor exon, hyperpolari-
zation of the membrsanes of muscle fibres examined with
intracelluler electrodes wes observed (Fig. 79b). This
phenomenon hes previously been thoroughly studied bj Bolstel
'and Fatt (1958) and by Hoyle and Wiersms (1958b), It is
probable that this membrane hyperpolarizastion i1s mainly
responsible for relaxation of tension. However, studies
.on innérvated single muscle fibres would be necessary to
determine this point more precisely.

Effect of thermsl history of the animal on potassium

chloride contracture, It was found that the muscles of

animals kept for a short period in the cold showed differ-
ent responses to high KCl solutions than muscles of animals
meintained at a higher temperature,

The discovery was originaily accidental. A change in
- Glasgow weather during the Fall of 1961 gave rise to a
sudden cold spell, Animsls kept in an uhheated aquarium
room were exposed to & lower tempereture than they had
experiencéd nreviously, When muscles of these animals were
perfused with solutlons containing raised KCl concentrations,
they were found to develop tenslon at lower KCl concentra=
tlions than did muscles from the same animals béfore exposure
to cold, An example is shown in Fig. 80,

The shift in the tension-potassium curve in fhese
muscles was accompanied by a shift in the membrane potential-

potassium curve. Membrane potentials at a given KC1l



concentration were lower in animals exposed to cold (Fig. 80).

A series of observations was made on muscles of two
groups of animals, One group was kept at 150 C. for two
weeks, and the other at 5° ¢, for two weeks. Muscles from
each group were perfused with solutions of increasing KC1l
concentration, and measurements were made of "immediate”
membrane potential and fension responses, Muscles of the
same glze were chosen to allow valid comparlison of the
'sizes of- the tenslon responﬁes. Only muscles of loose
structure which could be easily perfused, were used,

The results are summarized in Fig. 81. Both tension
and membrane potential plots show the shifts of Fig, 80.
These shifts were significant., All of the values for
tension development in the muscles from cold-acclimated
animals fell above the range of values for the control
groupvat 410 and 70 mM KC1l. The average membrane potentials
for cold-scclimated muscles were all lower than the means
for muscles of the control group at 40 and 70 mM KC1.

In both groups of muscles the "threshold" membrane
potentisl for tension development was about 55 mV, It
appears, therefore, that the shift in the tension-KCl curve
1s dependent on the shift of the membrane potential-KCl
curve,

What causes the latter shift?

An hypothesis which comes readily to mind is that

muscles from cold-acclimated animals contaln less potassium.
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This would produce the observed result: that depolarization
is greater at a given KCl concentration in muscles from
cold—acclimafed énimals. Also, it 1s known that muscles of
certain animals iose potassium ions and gein éodium ions
when exposed to cold (Hashish, 1958; Ellassen and Leivestad,
1961). | |

A test of this hypothesis was made by determining the
potassium contents of muscles from enimals kept at 1S° C.
end at 5° C, for two weeks., The musclé used for analysis
was the extensor of the claw, The musdlés were rapidly |
dissected, washed for 30 seconds in isosmotic sucrosé
solution (Sﬁaw, 1955), blotted, and oven-dried to constant
welght to determine water content. The dried muscles were
ground in 5% trichloracetic acid (cf. Robertson, 19601})
and then‘extracted in this solution for two days. The
potassium contents of the extracts were determined by means
of an Eel flame photometer.%

‘The rééults of these analyses are given in Table 8.
It wes found that results for paired muscles from the same
aniﬁal were similar, Therefore, the method employved was
probably adequate for compasrative measurements, although
ﬁerhaps not for absolute measurements,
N The difference between the means of muscles from the

two groups was significant at the 5% level (t = 1.95).

*The author 1s indebted to Dr. G. Leaf of the Biochemistry

Department, University of Glasgow, for permission to use this
instrument.
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Therefore, the conclusion can be drawn that muscles from
cold-acciimated animals have less potassium,

Potassium loss in cooled muscles would be expected
frbm the lowering of resting potential wlth 1ow§red temper-
ature which is known to océur in this muscle (Fatt and
Katz, 1953a), A lowered resting potential would result in’
a loss of potassium by the muscle., Less efficlent extrusion

of sodium probably aléo plays a ﬁart.‘

If muscles of animals.exposed to cold lose potassium,
the blood of these animals should geln potassium, A test
of this hdtion‘was made by determining blood potassium
concentrétibns of animals exposed to varlous temperature
conditions. Potassium determinations were made on 0,2 ml.
samples of cell-free serum, About 0.5 ml., of blood was
drawn for each analysis and centrifuged to separate the
cells from the serum, |

The animals to be tested were all males taken from the
same‘shipment of crabs,” Prior to the experimént, nine
aﬁimals ﬁere kept at 17° C. for two weeks and nine animals
were keptrat 50 C. for two weeks. Blood samples were drawn
from all animals at the end of this period., Then five of
the enimals that had been kept at 17° C. were transferred
to 5° ¢, (Group II, Table 9); the remaining four were kept
at 17° c. (Group I, Table 9). Five of the animals kept at
5° ¢. were transferred to 17° C. (Group IV, Table 9); the
others were left at 50 Ce (Group III, Table 9)oA

*The animals were not fed, because it is known that
food intake causes increase in blood potassium levels
(Robertson, 19604),
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The results (Table 9, Fig. 82) show: (1) that the
animals kept for two weeks at 17° C. have higher blood
potassiumllevels than those kept at 5% ¢, for two weeks
(at the start of the experiment); (2) that the animals
transferred from 17° C. to 5° C. showed a transient in-
'cfease in blood’potassium, followed by a drop in blood
potassiuﬁ to the level of the cold-acclimated group;

(3) that the animals transferred from 5° C. to 17° C.
showed a gradual increase in blood potassium to the level
of the animéls_kept at 17° C.; (L) that the two control
groups (i and III) showed fluctuations in méasured blood
potassiﬁm levels, but no maintained increase or decrease
(although a slight increase may have been present in
Group. III).

The sudden increase in blood potassium in Group II
enimels probably reflects a loss of potassium from the
muscles 1mmédiately following transfer to the loﬁer temper-
ature, It is more difficult to account for the very rapild
subseguent fall in blood potassium levels, Possible explan-
ations are: (1) interaction with regulation of other blood
fons; (2) active excretion of potassium; (3) uptake of
potassium by other types of cell.

Whatever the mechanisms wanich control blood potassium
levels ih thése unfed animalé, it 1s evident that the blood

potassiuﬁ levels move in the same direction as those of thé



muscles. This factor may-act to maintaln & constant muscle
membrane potential in animals at different temperatures,
sand may be of value in enabling. the animal to adapt its
activity to the new environmental conditions. (cf. Hoyle,
1954).

The observations on muscle and blood potassium changes
_are of 1nterest in the present study because they indicate
how one source of variation in measurements of muscle
resting potentials can originate. Other factors such as

season, stage in the moulting cycle, etc., are probably

important as well,

120



Fig. 72. Responses of Carcinus closer muscles to potassium
depolarlzation. Each letter iIndicates a different preparation.
The numbers i1ndicate application of experimental solutions as
described below. Breaks in the base line indicate time gaps.
Contraction is downwards. Horizontal calibrations, 5 min_;
vertical calibration, 30 gm.

a) 1. Application of 50 nM KC1 solution, followed by-

return to normal saline (relaxation).
2. Application and withdrawal of 100 mM KC1.

Application and withdrawal of 180 mM KC1.

5 Application and withdrawal of 70 mM KC1.
Application and removal of 250 mM KC1.
Application of 250 mM. KC1; continued perfusion.
Application of normal (10 mM KCl1l) saline.
Disconnection of the muscle from the recoding
lever after 5 mins.

CONOAW

b) 1. 2. 3* 4. Application and removal of 40 mM KC1;
(4 was done 10 mins. after Q).
o 1 Applicationof 70 mM KC1, and removal after 5 mins.
2 Applicationand removal of 40 mM KC1.
3. Applicationand removal of 70mM KC1.
4. Applicationand removal of 40 mM KC1.
d 1 Successive application of 30 mM, 35 mM, 45 mM,
and 50 mM KC1, followed by return to normal saline.
2. Perfusion for 1 min. with 200 mM KC1.
3# Perfusion with 200 MM KC1 after 10 min.; return

to normal saline.
4* Perfusion with 200 mM KC1 after 10 min.

e) 1,2. Responses of a preparation to brief application
of 90 mM KC1.

) 1 to 5 Responses of a preparation to successive
brief applications of 90 mM KC1.

1. Stimulation of the "fast” axon at 150 per sec.
for one min.

2. Stimulation of the "'slow” axon at 150 per sec.
for three min.

3. Stimulation of the "fast” axon at 150 per sec.
for one min.

4. Stimulation of the "slow” axon at 150 per sec.
for one min.

5. Application of 180 nM KOI -

h) 1. Stimulation of the "fast” and "slow” axons at
180 per sec. for two min.
2. Application of 180 mwm. KOI.






Fig. 73. Potassium contracture in Carcinus closer muscles
as 1nfluenced by calcium 1on concentration. Horizontal
calibration, 5 min.; vertical calibration,*30 gm.

Letters and numbers as in Fig. 72.

a 1,2. Application and removal of 60 niM. KCI solution;
normal Ca (15 mM).

: 3 Application of solution containing O Ca, 10 mM
KCI.
4 Application of solution containing O Ca, 60 mM
KCI.
KCLL) 5 Application of normal saline (15 ral Ca, 10 mM
) 6 Application and removal of 60 nM KCI.
b) 1. Application and removal of 80 mM KCI.
2. Application of 0 Ca, 80 mM KCI and removal with
normal saline.
3. Application of 0 Ca, 10 mM KCI.
if. Application of O Ca. 100 mM KCI, followed by

return to O Ca, 10 mM KCI after i1 minute.

5. Application of normal saline.
6. Application of 15 mM Ca, 80 mM KCI. and removal
with normal saline.
7. Application and removal of 0 Ca, 80 mid KCI.
8. Application and removal of 15 mM Ca, 80 mM KCI.
© 1. Application and removal of 15 mM Ca, 80 mM KCI.

2. " 7 " * 10 mM Ca, 80 mM KCI.

3o Application of 2 mM Ca, 10 mM KCI.

if. Application of 2 mM Ca, 80 mid KCI, and removal
with 2 mM Ca, 10 mid KCI.

5. Application of normal saline.

6,7. Application and removal of 15 nM Ca, 80 mM KCI.

d 1. Application and removal of a solution containing

15 nM Ca, 80 MI KCI.

2. Application of 0O mM Ca, 10 nMKCI.

3. Return to normal saline,

if. As iIn 1.

5. As iIn 2.

6. As iIn 3*

7. As iIn 1.

8. As iIn 2.

9. Application of O Ca, 80 mM KCI, and removal with
O Ca, 10 mid KCl after \ min.

10. Return to normal saline.

11. Application and removal of 15 nM Ca, 80 mM KCI

after 3 min. 1n normal saline.



e) 1. Application and removal of 15 mM Ca, 80 mM KC1.
2. Application of 0 Ca, 10 mM KC1*
3* Return to normal saline*
4* As iIn X*
5* As in 2*
6# As In 3*
7* Application of 15 mM Ca, 80 mM KCI after 3 min* in normal saline.



Pig. 74* Potassium contracture in Carcinus closer muscles
as influenced by calcium 1on concentration. Calibrations,
letters and numbers as in Pig. 73* In a), breaks in the base
line indicate time gaps of 2 min.

a) 1. Application and removal of 15 m/l1 Ca, 70 mM KC1.

2. t t 60 mM Ca, 70 mM KC1.
3. u t tt " 15 1 Ca, 70 mM KOI .
4. "t tt t " 20 mM Ca, 70 mM KC1.
5. u t tt ” 30 mM Ca, 70 mM KC1.
6. ft tt t " 60 mlCa, 70 mM KC1.
70 tt tt tt » 15 mM Ca, 70 mM KC1.
8. t it tt " 5mM Ca, 70 mM KC1.

b) 1. Application and removal of 15 mM Ca, 80 mil KC1.
2 to 5. " i « 8 mM Ca, 80 mM KC1.
6. Application of 60 mM Ca, 10 mM KC1.
7. Application of 10 mM Ca, 80 mM KC1; removal with
normal saline.

8 to 10. Application and removal of 15 mM Ca, 80 mM
KC1.



_ Fig. 75. Experiments dealing with effects of divalent
cations on the potassium contracture of Carcinus closer muscles.
Calibrations, letters, and numbers as iIn Fig. "3e

a 1,2. Application and removal of 15 mM Ca, 70 mid KCI.
3. Application of 0Ca, 17 nMSr, 10mM KCI.
4. Application of 0Ca, 17 mdSr, 70mM KCI, and
removal with O Ca, 17 mM Sr, 10 mM KCI.
5. Return to normal saline.

6. As iIn 1.
7. As 1In 3*
8 As iIn 4.

9. Application of 0Ca, 10 mMKCI.

10. Application of 0Ca, 70 mMKCIl, and removal
with normal saline after J minute.

11. As i1n 1.

b) 1. Application and removalof 15 mM Ca, 70 mM KCI.
2. Application of 0 Ca, 17mM Ba, 10 mM KCI.
3. Application of 0 Ca, 17/mM Ba, 70 mMKCI, and
}r;(e:rlnoval after 1 min. with 0 Ca, 17 mM Ba, 10 nM
4. Return to normal saline.
5. Application and removalof 15 mM Ca, 70 mid KCI.
6. Application of 5 mid Ca,17 mM Ba, 10 Mi KCI.
7. Application and removal of 5mM Ca, 17 mM Ba,
70 mM KCI.
8. Return to normal saline.
9. Application and removal of 15 mM Ca, 70 mM KCI.
© 1. Application of0 Ca, 17Mi Ba,10midKCI.
2. Application of2 mMCa,17mM Ba, 70mM KCI,

and removalwith 0 Ca, 17 mM Ba, 10mM KCI.
Application of 5mM Ca, 17 mMBa,70 mMKCI,
and removal as In 2.
Application of normal saline.
Application and removal of 15 mid Ca, 70 mid KCI.
Application of5 mMCa,17mM Ba, 10 mid KCI.
Application of5 mMCa,17 mid Ba, 70 mid KCI,
and removal with normal saline.

Application and removal of 15 mM Ca, 70 mM KCI.
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- Fig, 76. liembrane potential (R¥, millivolts inside nega-
tive) and external potassium ion concentration (Ko, mi, log
ccale) in muscle fibres of two Cercinus closer nuscles, Open
circles, Luscle 3 of Table €; filled circles, iuscle 2 of
Table 6. The stralght lines show the theoretical behaviour
of a muecle containing 14C md kK (lower line) and 160 ml K
(upper line), as predicted by the Nernst egustion.

L A A
1o 20\ o 40 60 80 100

Fig., 77, ™Immediate" membrane potential and tension
responses of two different Carclnug closer nmuscles during
perfusion with solutions of increzsing XCl concentrations,
Cpen circles, sverage membrane potentisls of & fibres from one
muscle; open trianglec, correcponding tension of the whole
muscle, Filled symbols are corresgeonéing responses of a mus-
cle frcm a different animael (circles, average membrane poten-
tiels of 7 fibres). E£o0lid line indicates the theoretical
membrane potentisl of a muscle containing 160 mii KCl., (R.P.
and Lo as 1in Fig, 76; T, tension of the whole muscle in grams,
mezsured at tke tip of the dactyl),



Fig. 76, Average "immediate* membrane potentials of thirty
fibres from three muscles of one animal (Carcinus). Vertical
lines show the variation encountered. Lower line shows the
theoretical membrane potential of a muscle containing 160
ml. KC1. The arrows show the average membrane potential at
which tension was developed by the muscle. (RP and Ko as in
Fig. 76).

20mV

49

Fig. 79* Effects on contracture tension of stimulation
of the 1nhibitor axon (Carcinus closer muscle), (@ Stimu-
lation of the inhibitor axon at 60 per sec. (indicated by
white bar above oscilloscope trace) caused complete relaxation
of contracture in 40 mM RC1. At the arrow, rapid perfusion
of KC1 was given. (b) Stimulation of the inhibitor axon at
30 per sec. caused membrane hyperpolarization (top trace)
and partial relaxation of contracture iIn 40 mM KOl (bottom
trace). Membrane potential of the muscle fibre at the start
of the experiment was 48 mv.
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. Fig. 80. MImmediate" membrane potential and tension
responces from two closer nuscles from the same animal (Carcinus)
before (open symbols) and three days after (filled symbols
exposure of the animel to a lowered environmental temperature,
Circlecs rerresent membrane potentisls (average values from
ten muscle fibres in ezch cace); triangles represent tension
of the whole muscle, (R.F., Ko, T, ané solid line as in Fig. 77.)
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Fig, €1, Comperison of Yymmediate"™ menxbrene potential
and tencion resronsec of muscles from specimens of Cercinus
acclimated to 16° C, for two weeks ( open symbols) znd to
50€ C., for two weeks (filled symbols), 1In eacn case two
muccles frcm ezch of three animals were uced, and membrane
potentizle from ceven fibres in each muscle were measured at
each LCl concentrztion., All enimals were the seme size. (R.FP.,
Ko, end T =s in Fig. 77). '
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Fif' 82. Blood potassium levels as a function of time
and environmental temperature in Carcinus. Mean values from

Table 9 are plotted against time.  Filled triangles, Group I;

filled circles, Group II; open triangles, Group III, open
circles, Group IV.

R



Table 6, Membrane potentials of fibres of muscles soaked in normal

saline and in salines of different potassium concentrations.

Muscle 1% Muscle 2% . Muscle 3%
Time Ko M.l  Time Ko  M,P,2 Time Ko  M,p,3
(min) (mM) (MV) (min) (M)  (aV) (min) (=)  (mV)
o} 10 0 10 0 10
40 10 71.5 35 10 73 40 10 71
47 10 . 45 20 48 25
100 10 69¢5 7% 20 60 80 25 57
110 10 80 30 90 40
150 10 68 130 30 48,5 130 40 41
158 10 138 50 137 70
190 10 66.5 180 50 36,5 155 70 29
168 100

220 100 24

Ko, external potassium ion concentration; M,P,, average membrane
potentials time taken from initial perfusion of the muscle.

%A1l muscles were from the same animal,

1, Average values for B8 muscle fibres,

2, Average values for 10 muscle fibres.
3¢ Average values for 10 muscle fibres,



Table 7. Membrans potentials of fibres from a musele perfused

alternately for 5 min. periods with high and low KCl solutions|

Potassium Chloride Concentration Membrane Potential

(m?i) - (m¥)

1. - 8 73.5

2. 35 58.5

3. 8 ' 70

4. 35 52

5. 8 63

6. 35 50.5

* gverage values for 10 nuscle fibres.



Table 8., Potassium concentrations of Carcinus claw extensor muscles

from animals kept at 15° C. and at 50 cC.

Animal

15° ¢, group

1.
2

e

4.

C., Group

exte.

ext.

ext,

~ext,

ext.
ext.
ext.
ext.
ex%t.
ext.
ext,

ext.

Muscle

To
Te
Te

T.

claw
claw
claw

claw

claw
claw
claw
claw

claw

claw

claw

claw

Mean

lean

Potassium (mM per Kg. water)

154
151
142
153
150 + 2.7 (S.E.)

132
132
148
146
149
151
129
124
139 + 3.7 (S.E.)




Table 9 Blood potassium concentrations of specimens of

Carcinus exposed to different temperature conditions,

T davs
o % 1 2 3 5 8 9 10
Group I
l. 10,3 9.8 10,0 9.4
24 9,9 8.9 9.8 9.4
3. 8.9 9,0 9.4 8.9
4. 805 7.8 9.2 8.8
mean 904 809 906 902
Group II
1, 9,6 10,5 8,2 8.6 8.7
2e 9.0 6.8 7.4 8,1 75
3. 9.5 10,7 7.1 7.8 8,1 9,0
4, 9.8 10,8 8.0 8.1 8.2 8.4
Se 10,0 10,4 8.2 746 8.0
mean 9.6 10,6 7.7 8.0 8,0 8.3
Group ITI
l. 7.8 8,0 8.5 _ 8.2
2e 7.5 75 8,6 8.5
3. 7.1 (dead)
4, 7.9 8.0 8.1 8.0
mean 75 7.8 8.4 8.2
Group IV
1, 8.0 8.1 8.6 8.8 10,0
2¢ 7.8 8.0 8.8 9.1 9.5
3. 73 8.6 10,0 9.6
4, 75 T2 9,1 9.6
Se 8.0 T7 8,1 9.9
mean Te7 79 8.7 9.0 9.7
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11) Astacus: Walking Leg Opener

The very small walking leg opener muscle of Astacus
has many advantages as a preparation for the study of
membrane depolarization by chemical agents, and the rela-
tion of thls depolarization to tension developed by the
muscle, These advantages include: (1) the small size of
the mﬁscle. A single drop of saline 1S'suff1cient to
' bathe it, It was estimated that the muscle contained
from 30 to 50 muscle flbres in a flat sheet gbout 3 fibres
thick, (2) The relstive uniformity of its constituent
fibres apparent from the study of indirectly produced
electrical responses,

In the preparations used in these exXperiments, tension
was recorded from the tip of the dactyl., A fine tube
attached to a syringe was used to apply solutions to thé
exposed surface of the muscle. Membrane potentials from
representative muscle fibres were recorded during appli-
cation of solutions. Artefacts resulting from displacement
of the electrode from the muscle fibre were frequent, but
g large number of experiments were performed, and many
successful recordings were obtained,

When solutions containing excess KCl were added to an
opener muscle preparation, fibres examined in all perts of
the muscle showed prompt depolarization which could be
reversed by returning the muscle to normal (5 mM KCl)

saline, Provided the period of KCl depolarization was
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kept short, and adequate resting time (5 minutes) was
allowed between successive depolerizations, KC1l solutions
could be applied many times to the same preparation with
similer resalts (Fig. 83, a, b,), When fibres in different
parts of the muscle were recorded from, depolarization was
found to be similar in 211 of them (Fig. 83 ¢, d, e). It
was sometimes seen to be several mlillivolts less in fibres
deep 1in the muscle, but the total varliation was not great.
In six fibres of one muscle, responses to application of

KCl averaged 1k 1.0.7 mV (S.E.), with extreme values of

17 mV and 12 mV, In five different preparations, in each

of which three fibres were recorded from, the average depolar-
ization response to application of 13 mM KCl was 15 mV, with
a range of average values in different muscles of 13 mV to
16,5 mV, All animals were males from the same shipment, of
about the same size, and kept under the ssme conditions.

The recordings were made in December,

It was observed that KC1l contracture occurred pnly
when the membrane potentials'of the fibres recorded from
were lowered psst an average "threshold" value of 60 mV
{range, 62 to 57 mV in 10 prepvarations), 1In Fig. 83,
none of the flbres recorded from showed depolarizatlions of
sufflclient magnitude to lower the membrene potential past
60 mV, and in all cases the muscle developed no tension.
When KCl concentrations of 15 mM to 18 mM or greater were

applied, membrane potentials were lowered past 60 mV, and
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a reversible contracture was produced (Figs. 84, 85, 86).
The contracture increased in size as more concentrated
solutions of KCl were added (Fig. 86). When KCl concen-
trations of more than [0 mM were used, the contracture
showed a rapid decline after reaching a peak value

(Fig. 86,:d, f). After sich treatment, successive con-
tractures were smaller in magnitude.

Fig, 87 summarizes results from six comparable pre-
parations, Tension starts at an average membrane potential
of 60 mV, i,e., when depolarization is about 15 to 22 mV
in magnitude in fibres with resting potentials of 75 to 82
mV, Orkend (1962) found a "threshold" membrane potential
of 60 mV in a different crayfish muscle when he depolarized
single fibres with a microelectrode,

When Fig, 87 is compared with Fig. 52, it can be seen
that tengion is produced by motor nerve stimulation &t much
lower levels of depolarization than in the case of KCl
application. The significance of this result will be

considered in the Discussion,



Fig. S3* Potassium chloride depolarization of muscle
fibres 1In the opener muscle of the Astacus walking legs (a,b)
Records made from tne same muscle fibre during, successive
applications of 13 mM MCI and removal with 5 mM KCI (c,d,e)
Records made from three different muscle fibres in the same
muscle during successive applications of 13 mM KCI and re-
moval with 5 mM KCI. [Initial resting potentials were;,(a),
78 mwv; (M), 75 mv; (¢ 80 mvV; () 76 mV; (e), 76 mV. Arte-

facts appear in (d) and (e). Lower traces, tension of the
whole muscle.

0.2g |

I0sec

Fig. 84. Records of potassium chloride depolarization
and tension development in two different preparations (a and
b). In (@, solutions containing 10 mM, 13 mM, and 22 mM KCI
were added successively; tension (lower traces) appeared when
the latter solution was added, and disappeared when 5 mM KCI
was re-aaaed. In (b), solutions containing 10 mM, 15 mM, and
20 mM KCI were added; tension appeared when the latter solu-
tion was added, and disappeared with re-addition of 5 mM KCI.
Initial resting potentials were: (@), 78 mv; (b), 78 mV.



Fig. 85. Records of potassium cilloride depolarization
and tension development In two opener muscles of Astacus
walking legs, (@@ Addition of 10 mM KCI and removal with
5mM KCI. () Addition and removal of 22 mil KCl in the same
preparation. Initial resting potential in (@, 80 mV. (c,d,e)
Records from another preparation during addition and removal
of 10 mM KCI' (c), 18 mil KCI (d), and 23 mM KCI (e). Initial
resting potential in (c¢), 77 mV. Serious artefacts appear

in (© and in (e) In the membrane potential recordings. Lower
traces, tension of the whole muscle.



Fig. £6. Records of depolarization and tension from three
preparations during application and removal of high KC1
solutions. (a,b) Records from a preparation during applica-
tion and removal of 23 mM KC1 (s) and 35 mM KC1 (b).

Initial resting potential in (@, £ mV. (c,d) Records from
anotherpreparation during application and removal of 35 mK
RC1 (©) and 50 mK RC1 (d). [Initial resting potential in (©),
80 mV. (e,f) Records from another preparation during appli-
cation and removal of 25 mM KC1 (e) and 50 mM KC1 (¥).

Initial resting potential in (e), 78 mV. Artefacts occur in
all of these figures iIn the membrane potential recordings
(upper traces).

10

0.5

.

o o

T0 60 50 40 30
membrane potential (mV)

Fig.- £7. Membrane potential and tension iIn opener muscles
of Astacus walking legs. Points were obtained from six
preparations in which the muscles were of the same size and
in which the average initial resting potentials were similar.
In each preparation measurements from only one fibre were
used for membrane potential determinations.
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111 ) Nephrops: Closer Muscle

An estimate of the membrane potentlial level at which
tension 1s produced in the NéphrOES'closer muscle was
obtained by perfusing solutions containing excess potassium
ions into the mﬁscle, end measuring membrane potentials
of muscle fibres at threshold tension. The walking leg
closer muscles are small, and 1t was observed that muscle
‘ fibres in all parts of the muscle, even sevefal 1ayers down,
were rapidly depolarized by solutlions containing excess
potassium lons.

The avefage value of the membrsne potential threshold
for 5 muscles -was found to be 58 !fl.l mV(S.E, )--close to,
but slightly higher than that esﬁimated for Carcinus muscle,
end slightly less then that determined for Astacus musqle.
This determinstion by KC1l depolarization of the whole muscle
must be regarded as a first approximation and ﬁot exact.
Nevertheless, 1t provides an initisl basis for consideration
of the tension-producing mechanisms in this muscle (see

Discussion).
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e). Activation of single muscle fibres
It is clear from the difficulties encountered in attempté to inter-

~ pret the results of experiments on potassium contracture of whole muscles
that mors exact knowledge about the relationship between depolarization
and contraction in crustacean muscles is dependent on the study of these
processes in single muscle fibre preparations.

The study of Orkand (1962) on activation of single crayfish‘muscle
fibres by means of an internal current-passing microelectrode represents
the first successful attempt to record simultaneously the electrical and
mechanical activity of single crustacean muscle fibres. Previbusly, the
only attempts to observe the mechanical activity of‘individual crustacean
muscle fibres had employed visual observation (van Harreveld, 1939)--3
far from sétisfactory'method.

Orkandts technique of stimulating individuval muscle fibres with
internal miéroelectrodes was employed in the present study to determine
the "threshold®” membrahe poﬁential for contraction of single muscle
fibres in crab muscles. In addition, use was made of a néw technique for
isolating single muscle fibres developed by Hoyle (see Methods, and Hoyle
and Smyth, 1963). By meanslof this technique, studies on the contraction
of single isolated muscle fibres responding to stimulation of the iotor
nerve and to potassium depolarization were made in the stretcher muscle
of Cancer. _

The techniques used in isolating single muscle fibres for tension
measurements have been described previously (see Methods). Further
comment is necessary to explain the means used to determine the "thresholdm

depolarization with current-passing internal microelectrodes.
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In an isolated muscle fibre preparation, a transducer is connected
to one end to record tension (Fig. 89, F); the other end of the fibre
is attached to the shell. The curreht-passing microelectrode (Fig. 89,
S) is inserted into the muscle fibre at one end. The recording electrode
(R) is inserted close to the stimulating electrode.

When depolarizing current is passed through the stimulating elec-
trode, the fibre membrane is depolarized to the greatest extent in the
region of the stimulating electrode. Depolarization decreases with
distance from the stimulating electrode at a rate dependent on the length
constant of the muscle fibre and on its length. In the fibres studied by
Orkand, the lengths were short compared with the length constan;s; and
depolarization varied little over the entire fibre. 1In the crab fibres
>studied here, the fibres were longer, and depolarization usually declined
considerably along the length of the fibre. But provided the ™depolari-
zation profile® was determined in the fibre being studied, ahd provided
the distance between R and S was measured, it was possible to determine
the depolarization at S by a measurement at R.

Typically the length constant of a fibre determined by depolarizing
pulses was iess than that determined by hyperpolarizing pulses (Fig. 90).
Therefore it was best to use depolarizing pulses to determine the spread
of potential along a fibre.

| - In the fibres examined in these experiments, it was found that
tension could be observed as the depolarization was increased above a
"threshold™ value. The exact value of the "threshold" could not be
determined exactly, because it was not known how great a length of the

muscle fibre had to be depolarized past the M™threshold®" in the region of
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the stimulating electrode, to cause development of measurable tension.
However, by finding the depolarization‘at‘the stimulating electrode at
which contraction could just be detected, and subtracting a small amount
(about 0.5 mV) from this value, an estimate of the "threshold" could be
obtéined. (Fig.'89).

As the depolarization is increased above threshold, the strength
" of the contraction in the region df the stimulating electrode can be
assumed to increase (cf. Huxley and Taylor, 1958); and at the same time
the length of fibre activated becomes larger (Fig. 89). Comparison of
tensions at different depolarization levels should take these two factors

into account.

i) Carcimus: Closer Muscle

The method used to record tension from single Carcinus muscle fibres
activated by depolarizing current delivered through an intracellular
electrode has been described (see Methods). It was possible to examine
Type C muscle fibres only; Type A and Type B muscle fibres were too
inaccessible.

Measurements from some Type C fibres are shown in Figures 91, 92.
In Fig. 91 (a, b) a muscle fibre with a resting potential of 66 mV was
studied. The length constant of this muscle fibre was determined to be
1.6 mm, and potential decay along the fibre was exponential; the recording
electrode was inserted 0.815 mm from the stimulating electrode., In |
response to a depolarizing pulse of 200 mseces duration and 10 mV magni-
tude at the recording electrode, a slight amount_of'tension was developed
(Fig. 91a)s A subsequent pulse of 7.5 mV (at the recording eleéfrode)
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produced almost no tension (Fig. 91b). Depolarizations of less than 7 mV
(at the recording electrode) produced no tension. The threshold depolar-
izaiion for tension development was takeh to be 7.0 mV at the recording
electrode which, with a length constant of 1.6 mm, corresponds to a
depolarization of 12.0 mV at the stimulating electrode. Therefore the
membrane potential of this muscle fibre had to be lowered to 54.0 mV at
the stimulating electrode before tension was developed.

Fifteen deteminaﬁions of the "threshold" for tension develomment
in Type C muscle fibres gave values ranging from 57 to 42 mV (average,
50 : 1.1 mV). The apparently higher threshold for single-fibre
measurements compared with whole muscle measurements using potassium
depolarization may reflect a failure to measure very low tension in single
muscle fibres. - In some cases contraction of the muscle"fibre coﬁld be
observed visua.lly when no tension was recorded. It is also possible
that fibres not examined (particularly Type B muscle fibres) have lower
thresholds than the Type C fibres examined. 4nother factor to be con-
sidered is that a minimum length of ‘muscle fibre near the simulating
electrode probably has to be depolarized past the threshold before |
measurable tension can be develop_ed.

4ds an approximation, therefore, the value of 55 mV 'fouﬁd by potassium
depolarization can be assumed to be a reasonable estimate for the thres-
hold value for Type C muscle fibres. However, there may be considerable
wgcatter™ about this mean.

When the depolarization is increased above threshold level the
tension developed by the rmscle fibre increases greatly (Fig. 91, c,
d; e) as it does in frog (Hodgkin and Horowicz, 1960b) and crayfish



(Orkand; 1962) muscle fibres. In common with crayfish muscle fibres,
~ the tension developed‘by the crab muscle fibres is dependent on the
length of time the depolarizaiion is maintained above the threshold
level. Total tension ig therefore related to the préduct of time and
depolarization above threshold, |

In some muscle fibres the rates of development and decay'oftension
were slower than in others having similar length and time constants, even
in response to the same type of depolarization. An example is given in
Fig. 91 (f,g). This raises the possibility that in the different types
of muscle fibre already described there may be a wide range of contraction
speeds.

When a large depolarization of the muscle fibre membrane was evoked
and repeated at a frequency of about 1l per sec. or greater, it was observed
that the mechanical responses of many muscle fibres became larger with
successive Stimuli, even though the membrane potential and depolarization
did not change (Fig. 92. a;b,c). This observation may indicate a rather
long-lasting "active state™ in these muscle fibres.

In some muscle fibres, repeated stimulation caused a marked lowering
of the resting potential. The tension developed by a given amount of
depolarization then became greater than it had been before the lowering
of tha membrane potential. The responses shown in Fig. 92 (d,e,f) were
obtained from the same fibre as in Fig. 91 (c,d,e); but after the membrane
potential had fallen from 65 mV to 56 mV. It can be seen that more tension
is developed in response to a given magnitude of depolarization after
the fall in membrane potential. In addition; the rate of decline in
tension is slower in the latter case, This phenomenon is evidence that

129
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the absolute level of the membrane potential determines the amount of
depolarization that is necessary to cause conti'action; or, in other
words, that the "threshold™ remains fixed (ef. Orkand, 1962).
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Fig. 89, Diagram to illustrate activation of a single
Carcinus muscle fibre with intracellular electrodes. Current
I1s passed through the stimulating electrode (S); the resulting
depolarization is recorded by a second electrode (R). Tension
is recorded by a transducer (¥) at one end of the fibre.

In this example the fibre has a length constant of 1l.47
mm and a length of 5 mm. The resting potential of the fibre
was 67 mV. Depolarization along the surface of the muscle fibre
during successive increasing current pulses is shown by broken
lines (a to e). No contraction was measured in response to
the first two pulses {(a and b). A very small contraction
resulted from the third pulse (c), and stronger contractions
resulted from stronger pulses (d,e). The "threshold" was
between (b) and (c¢). The depolarizations measured at the
recording electrode were: 5.8 mV (¢) and 5.0 oV (b). The
calculated values for depolarization at the stimulating electrode
were: 1l.5 mV (c¢) and 10.0 mV (b). The threshold depolari-
zation was estimated to be 10.5 mV, giving a "threshold"
membrane potential of 56.5 mvV.

-Hypothetical M"activation" in response to the depolariza-
tion of (e) is depicted in the lowest figure. Activation is
assumed to occur only when depolarization exceeds the "threshold"
and to be related to the degree of depolarization at each point
on the fibre. :
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Fig. 90. Decay of hyperpolarizing pulses (filled circles)
and depolarizing pulses (open circles) along a Carcinus muscle
fibre. Length constants were l.66 mm for depolarizing pulses
and 1.95. mm for hyperpolarizing pulses,



Fig. 91* Tension and electrical recordings from single
Type G muscle fibres of Carcinus in response to direct electri-
cal depolarization (a,b). Responses of a fibre having a
length constant of 1.0 mm to pulses of 200 msec, duration.
Resting potential, 66 mY; electrode separation, 0.815 mm.
(Tension, upper traces).

(c,d,e) Responses of another muscle fibre to 16 msec,
pulses of iIncreasing intensity (tension, lower traces).
Resting potential, 65 mY; electrode separation, 0.3 mm. (F,Q)
Differences iIn contraction speed in two Type C muscle fTibres.
In (H) length constant was 1.5 mm, electrode separation 0.9
mm., resting potential 70 mY. 1In (g) length constant was 1.3
mm., electrode separation 1.2 mm., resting potential 68 mY.



Fig. 52. (a,b,c) Responses of a Carcinus Type C muscle
fibre to three stimult iIn a train delivered at 1 per sec. Res-
ponses to the first, seventh, and twelfth stimuli” in the train are
shown. Electrode separation, C.05 mm. (d,e,f) Responses of
the fibre shown in Fig. 51 (c,a,e) after lowering of the mem-
brane potential by repeated stimulation. Tension, lower traces.



i1i) Cancer: Stretcher Muscle

The method for fecording tension in isolated fibres of the stretcher
muscle has been described (see Methods). The tensién measurements made
using this method undoubtedly yleld more accurate "threshold" values,
since the damping effect of other muscle fibres is minimal;

Only readily accessible fibres could be examined by this géthod,
i.e. fibres in the "central® part of the muscle (see p. 72). 4s in
Carciﬁus, other fibres not examined may have different characteristics.

Ten determinations of the ™hreshold™ for tension development gave
an average value of 56.5 to.8 mV (S.E.) at the stimulating electrode.
Values rangeq from 59 mV to 54.5 mV. The behaviour of fibres in this
part of the muscle appeared to be fairly uniform with respect to the
"t hreshold® level.

4s in Carcinus fibres, the tension increased with increasing depo-~

larization (Figs. 93, 94, 96). In scme fibres there was a marked increase

in tension with time during a maintained depolarization (Fig. 93). In
other fibres the tension reached a maximum value rapidly (Fig. 96).

In a few fibres rapid "spikes™ occurred during depolarization, and

- the tension showed a rapid~rise and fall (Fig. 94). In these fibres,

tension could be produced without "spikes™ as well.
As in Carcinus fibres, repeated stimulation sometimes brought about
a fall in membrane potential, and when this occurred; the amount of
tension producéd by a given degree of depolarization increased (Fig. 95).
A dépdction of the relation between depolarization and tension is
shown in Fig 97. A measure of the activating effect of a depolarizing
pulse was obtained by computing the amount of depolarization above
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threshold level at each point on the muscle fibre surface., The measure
of activation, in units of mV.mm, was plotted against tension for four
fivres (Fig. 97). The differences in the slopes of the lines for dif-
ferent fibres can perhaps be attributed to small differences in cross-
sectional area, rate of‘tension development, physiological condition, etc.
In several fibres potassium contracture was induced after measure-
ments of responses to direct electrical depolarization had been made, in
" an effort to find out whether the two methods of producing depolarization
were equivalent. Solutions containing high potassium were perfused
‘rapidly into a "chamber® built around the muscle fibre with soft wax. By
this means a fairly rapid depolarization of the mﬁscle fibre could be
produced. It could be reversed by addition of normal saline (Fige. 96).
If it is assumed that the depolarization pioduced by high pdtassium
is distributed over the entire surface of the mustle fibre, and if it is
aiso agssumed that the pbtassium depolarization is equivalent to the
directly produced electrical‘depolarization, then a given magnitude of
potassium depolarization should produce a greater degree of tension than
the same magnitude of electrical depolarization. The reason for this is
that activation by current passed through a microelectrode is confined
to a much smaller part of the muscle fibre (see Fig. 89). The inactive
parts of the muscle fibre are stretéhed by the shortening of the active
parts. Since the inactive muscle has a‘lower elastic modulus than the
active muscle, the tenéion developed by shortening of the active muscle
cammot all be measured by the transducer, The fraction that is measured

will depend, among other things, on the relative lengths of active and
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inactive muscle fibre and on the values of the elastic moduli of active
and inactive muscle,

In a uniformly depolarized muscle fibre, the degree of activation,
amount of shortening, and elastic modulus are the same élong the length
of the fibre, Therefore the tension developed by a given amount of depol-
arization can be more completely measured by the transducer,

The results from five muscle fibres* showed that the temsion devel-
oped by potassium depolarization was slightly greater than that developed
by the same amount of electrical depolarization (Fig. 98). It also
appeared that a similar thresho;d existed for potassium depolarization
and for direct electrical depolarizatioﬁ, provided that the threshold
for potassium contracture was estimated from an ihitial application of
high potassium solution., With subsequent applications of high KCl1,
the Mthreshold™ appeared to increase (Fig. 96).

Examples taken from these fesults are given in Figs. 96 and 98,

In Fig. 96, results of two successive applications of a high potassium
solution are shown (c; d,e).' Tension is not developed until a "threshold"
is passed.s In this case, the "threshold® for potassium contracture was
about 58 mV during the first application of potassium. When a second
application of potassium solution was made, the Mthreshold" was apparently
increased to about 53 mV. The threshold for electrical depolarization
was previously estimated to be 56 mV in this fibre (Fig. 96; a)e

In Fig. 98, a plot of depolarization against tension is given for
another fibre activated by direct electrical depolarization and by

#A11 of the fibres used developed maximum tension within 0.8 sec.
in response to direct stimulation.
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potassium depolarization. The potassium depolarization produced more
tension for a given degree of depolarization than did electrical depolar-
jzation measured at the stimulating electrode. However, the difference
was not very great, and it is difficult to predict the degree of differ~
ence in magnitude of contraction for the two types of depolarization
(i.e., local depolarization and uniformly distributed depolarization)
on a priori grounds. Furthermore, it could not be asceftained whether
or not the potassium depolarization was uniform along the length of the
muscle fibre. Therefore, all of the results on potassium contracture
in single muscle fibres must be regarded with extreme reservation; more
and better experiments are obviously needed.

The provisional conclusions which can be suggested are: (1) The
thresholds for direct electrical depolarization and for potassium depolar-
ization are initially about the same; (2) Repeated potassium depolarization
may raise the threshold for subsequent potassium dépolarizations in these
muscle fibres.

Tgnsion measurements were made from five single muscle fibres which
were prepared with motor innervation still functional. Examples of these
measurements are shown in Figs. 99; 100.

It was found that these fibres showed no contraction uniess total
depolarizations of 10 to 20 mV were built up by stimulﬁtion of ths motor
nerve, In the Mcentre™ fibres studied, stimulation at-a rate of 30 per
second or greater was necessary to produce this amount of depolarization
and a resulting contraction (Fig. 99).

In one fibre a series of twitches occurred when the motor nerve

was stimulated at a high frequency (Fig. 100). These twitch-like



mechanié@l responses were accampanied by rapid excursions in the membrane
potential of 5 to 10 mV. It is possible that these excursions were
larger in another part of the muscle fibra, although in the muscle fibres
studied the electrical events due to herve stimulation were observed to
be fairly uniform in all parts of the muscle fibre.

The results of the studies on these single-fibre preparations indi-
cate that a depolarization M"threshold™ exists for indirectly produced
contraction in Cancer stretcher muscle fibres. This ®threshold™ appeared
to be about the same as those for potassium contracture and contraction
produced by direct electrical depolarization. Some uncertainty arose in
determining the exact threshold, because the electrical response of the
membrane during nervous excitation is;not a steady depolarization but a
rapidly fluctuating one. However; the threshold was estimated by compar-
ing records of responses to different frequencies of stimulation of the
motor nerve and finding the total depolarization just sufficient to pro-
duce a contraction. The threshold depolarization was estimated to lie
between the contraction-producing total depolarization and the largest
total depolarization which did not produce a contraction. In five fibres,
estimates of the membrane potential *threshold® lay between 61.5 mV and
S4 mV,.

It would have been of interest to obtain records of ail three types
of contraction and depolarization in the samemiscle fibres, but this will
be attempted in future studies.

135



i Fir. S3. Responses of a single Cancer muscle fibre to
direct electrical depolarization (tension, upper traces).
Electrode separation, 0.7 mm; length constant, 1.9 mm; rest-

ing potential, 6? mV. This fibre showed a slow rate of ten-
sion development.



Fig. 94. Responses of a Cancer muscle fibre to direct
electrical deploarizstion. mlectroce separation, 0.5 mm;
length constant, 2.1 mm; resting potential, 66 mV (a,b);
63.5 mV (c¢). Tension, lower traces.

0.05g

0.2sec

Fig. 95. Responses of a Cancer muscle fTibre before (a,b)
and after Xc,d) lowering of the membrane potential by repeated
stimulation. Electrode separation, 0.35 mm; resting potential,
65 mv (a,b™ 57 mv (c,d). Tension, lower traces.
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Fig. 56. Activation of a single Cancer muscle fTibre by
direct electrical depolarization (a,b) and by application of
a high potassium solution (c,d,e). In (a,b), electrode sepa-
ration was 0.62 mm, length constant 1.85 nn, resting potential
67 mV (in a). In (c), excess KCI was applied, then removed
with normal saline. The i1nitial resting potential was 65 mv.
In (d a fresh appliestion was made, and In (€) the excess
KCl was removed with normal saline (end of trace). The initial
resting potential in (d) was 63 mV. Tension, lower traces Iin
(a,b); upper traces iIn (c,a,e); 1Increasing tension iIs Indi-
cated as a downward deflection.
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, Flg, ©7, Activation (depclcrizstion above threshold
integrated with respect to length) and resulting tension in
four eingle Cancer muscle fibres, In &ll ccses tension was
meesured a2t the end of a 0,5 sgec, pulse of etimulation.
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Fig, ¢€. Comparlson of zctivstion of a single Cancer
nmuscle fibre by direct electriczl derolsrization (filled cir-
clee) nd by high ZCl solutions (open circles), The data were
obtsined from & fibre which responded to cirect electrical
stipulation in & menncr siriler to thet erown in Fig.C6. Folnts
for potessium zctivaticn were obtained frem & single applica-
tion of KC ,



4 sec

Fig. 99. Responses of a single Cancer muscle fibre to
stimulation*of the motor nerve at 20 per sec. (&), 30 per sec.
(), 40 per sec, (c¢), and 50 per sec. (d). Tension, lower traces.

20 |
J —

0.05g |

4 sec

Fig. 100. Responses of a single Cancer muscle fibre to
stimulation of the motor nerve at 50 per sec. (@), 60 per sec
(b), and 70 per sec. (c¢). Tension, lower traces.
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iii) Pachygrapsus: Closer Muscle

The muscle fibres in the Pachygrapsus closer muscle were too small
for effective single-fibre isolation. However, a few observations were
made on the Mthreshold” for contraction in response to direct electrical
depolarization. For this purpose; recording and stimulating electrodes
were placed close together in the muscle fibre, and the contraction of
the muscle fibre was observed by eye. The amount of depolarization
- necessary to produce a visible contraction of the muscle fibre was
determined.

Two examples of these determinations are shown in Fig. 101. Both
muscle fibres were of the non-spiking type giving large p.s.ps. in response
to single "fast™ nerve impulses. It is evident from the figure that
depolarizations of 15 to 20 mV are necessary to produce contractions in
these fibres., Resting potentials in tﬁe fibres studied ranged from 80
to 69 mV, and "threshold" membrane potentials from 59 mV to 52 mV
(five fibres).

Unfortunately it was not possible to find "slow' fibres or spiking

fibres sufficiently exposed to permit comparative observations on thres-
hold levels.



100 msec

e Flp« 101. Estimation of the threshold for contraction of
Pachyprapsus muscle fibres by direct electrical depolarization.
Records (a, c, e, g were from one fibre, (b, d, f, h) from
another. Contraction was visible In (e, f, g, h) and not in
(@, b, c, d). Electrodes were placed close together. Resting
potentials were: (@ 69 mvVv. and (b) 71 mv.
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f) ZEffects of protassium ions on neuromuscular trensmission

in crustacean muscles,

Investigetions of the mechanisms involved in the ini-
tiztion of muscular contraction by nerve impulses have often
employed as a tool the alteration of the external ionic en-
vironment of tihe muscle, This method has often yielded val-
uable results. The experiments described in this section deal
with the effects of altering the'potassium ion concentration
of the perfusion saline on indirectly produced electrical and-

- mechanicel responses of seversl crustacean muscles,

The experiments were suggested by a paper by Waterman
(1941), in wnich it wes found that raising the potessium ion
concentration of the perfusion solution increased the “"fast"
mechanical response of the crayfish claw, and simultaneously
decreased the “slow" mechanical resgonse, Waterman concluded
thet this result showead differences in tlie neuromuscular trans-
mission mechanisms of the "fzst" and "slow" systeus,

S8ince Weterman's paper, no furthér wofk nas apneared
relating to the phenomenon wiiich he described, However, Wlersma
and Zawadzki (194€) investigated the effects of ions (including
potessium) on the effectiveness of peripheral inhibition and
found no changes in the freguency of stimulatign of the inhi-
bitory axonlrequired to procduce a given degree of inhibition,

The aim of the present study was to explore the effects
of potassium ions on “fest" and "slow®™ systems of crustzcean
muscles in an attempt to throw some light on the‘phenomenon

described by Waterman, and to obtain more information about
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the relation of indirectly produced electrical activity to

muscular contraction.

1) Nevhrops: Closer Juscle

The Nepnrops closer muscle proved to be‘a.good preparation
for studies involving alteration of the lons in the perfusing
fluid., The muscle was small and could be répidiy'pérfused
with the experimental saline, Intracellular electrodes
could be left 1n place during perfusion, and changes 1in
resting potential and in responses to stimulation of the
motor axons could be observed in the same flbre over a period
of time, A disadvantege of this method was that reliable
data could be obtained on one or two fibres only during an.
experinent. It was necessary to make observetions on many
preparations to build up a picture of changes in the electri- -
cal events of the muscle as a whole,

When the normal solution, containing 8 mM KCl, was
replaced by a solution containing more than 20 mi¥ KCl, con-
tracture of the muscle-resulted, often accompenied by super-~
‘imposed, regulafly occurring twitclies. It was not determined
whether these were due to spontaneous firing of one of the
motor axons or to myogeénic activity, but the former alternative
seemed more likely because of the rnythmic nature of the con-
treactions,

If the e;perimental gsaline contzined less than the amount
of KC1 reﬁuired for contracture, it was found that the mechan-
ical response of the muscle to single or repetitive stimulil

applied to the “fast" axon was considerably augmented (Fig.
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102, a, b; Fig. 103, £, g). In older preperations in which
the twitch resconse to a single stimulus hsd disappeared due
to fotigue, an increase in the potecssium ion concentration of
the perfusion saline had the effect of restoring the twitch.
These effects.of increcsed potassium aprecred very rarialy.

If the high-potassium saline was perfused into the muscle for
a rrolonged period, the mechaniczl resvonse greduslly diminished
in size. . (Of course, even in normal saline the mechanical
resvonse of this muscle becomes smaller with time and with
repected stimulation; see p. 5% ).

| The electrical responses showed merked changes during
perfusion with solutiéns conteining rzised KCl concentrations.,
In most fibres the gize of the p.s.p. became progressively
smaller as the resting potential was lowered (Fig. 102, a to
d). However, in some fibres an electrically excitable res-
ronse was produced in resised KCl solution (Fig. 102, e, f).
The total electriczl resgonse to & single stimulus was lerger
in high-potassium solution in such fibres;

In many fibres in which the reSponse to a single stim-
ulus was smaller in raised KCl solution, it wes found that
repetitive stimulation gave rise to-largerAelectrically excit-
atle responses then were seen in the seme fibres before trect-
ment with high-KCl seline (Fig, 102, ¢, d; Fig. 103), The
total amount of depolarization recguired to produce active
membrane responses wes often very small indeed in raiéedPKGl
solutions (Fig. 102, 4).

Unlike Waterman's crayfish muscle, the closer muscle
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of Nevhrops developed more tension in response to “slow™ axon
stimulation when perfucsed with solutions containing raised
KCl concentrations than when perfused with normal saline
(Fig., 1C4). The electrical activity of muscle fibres giving
large “"slow" responses wzs often increased in raised KC1,
Spikes were more frecuently observed, and tliese splkes arose
at levels of depolerizetion whieh did not vroduce syikes in
norrzl szline, Total depolarization>due to nervous activity
was therefore grecter in raised KC1,

| 'lThis situation was not permanent, After 2 prolonged

(2C to 40 nin,) stey in high LCl, "slow" electrical and mech-
anicel activity declined. The mechanicél cctivity declined

relatively more repidly.



10 msec

Fig. 102. Effects of potassium ions on 'fast'” responses
in Kephrops. (@) Responses to a single shock in normal”saline
(a; resting potential, 72mv) and after perfusion with 17 mMm
KCI (b; resting potential, 6C mV). The electrical response
is smaller in (b), but the mechanical response (lower trace)
iIs larger. (¢) Responses to a single shock iIn another
preparation during perfusion with 20 mM KCI; initial resting
potential, 75 niV. (@) Responses of the same fibre to stimu-
lation of.the ™fastl axon at 8 per sec., after perfusion with
20 mM KCI. (e,F) Response of another preparation to stimulation
of the "fast” .axon at 2 per sec. iIn normal saline (e; resting
potential, 75 m and after perfusion with 20 miM KCI (F;

resting potential, 60 mV).
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10 msec

Fig. 10A. effects of potassium ion on "slow” responses
in Nephrops. (@, b) Responses during stimulation at 90 per
sec. In normal saline (a: resting potential, 70 mV) and in 15
hCl (b: resting potential, 64 mV). hechanical response
(lower trace) is larger in (b). (c, a) Responses of another
preparation to stimulation at 45 per sec. in normal saline
(c: resting potential, 70 mV) ana iIn 15 KOl (a: resting
potential, 65 mV). (e,f) Responses of another preparation
to stimulation at 60 per sec. in normal saline (e: resting
potential, 72 mV) and in 15 mM KC1 (Ff: resting potential, 64

mv) .
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i1) Crayfish muscles

The various muscles of the crayfish studied previously were subjected to
treatment with solutions containing KC1 concentrations intermediate between
that of normal saline (5 mM) and that necessary to cause contracture (about
18 to 21 mM), The electrical and mechanical reSponées to indirect stimulation
were observed before and during treatment. -

The "fast” responses of the walking leg closer muscle were studied in a
number of preparations. In most cases the twitch response to a single stimulus
was considerably augmented in raised KC1 (Fig. 105, a to d); in a few cases
the effect was rather slight (Fige. 105, e, f). After about 10 to 20 minutes
‘the mechanical response gradually declined.

In those fibres giving simple p.s.pse. the size of the electrical response
was reduced in high KC1 as the resting potential was lowered (Fig, 105, a to d),

In spiking fibres the total electrical response was reduced as the
resting potential was lowered (Fig. 105, e, fj Fige 106). Initially the peSepe
remained about the same size and the spike typically reached the same final
level, near zero membrane potential or slightly overshooting, However, as
time went on the peS.pe and spike both became greatly reduced, and eventually
the spike disappeared (Fig, 106). This latter behaviour is reminiscent of
that described by Hoyle (1953) for spiking fibres of an insect muscle
treated with high potassium,

In the closer muscle of the crayfish claw, the mechanical response to
a single stimulus applied to the "fast" axon was always greatly augmented
by adding solutions containing raised KC1 concentrations (Fige 107),

Both the strength and the duration of the respopse were increased,

No definitive intracellular records of the potassium
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effect were obtained for this muscle, Lowever, interesting
results were obtained with externel electrodes, The electrical
activity of the muscle appesred to be more prolonged after treat-
ment with high potessium, end to show humps and other lrregul-
arities not pregsent in normal saline., Two shocks applied close-
ly together (2.0 to 3.0 msec,) elicited greatly increased elec-
tricel and mechonical getivity. It eppeered probeble thet
trestment with high potsesium fecilitaeted the apresrance of
electrically excitable resgonses to & single nerve lmpulse, as

in Nephrovs. |

In 2 number of muscles the "slow" mechanical response
was considerably suguented by reised potaséium (Fig. 107).
nuowever, in one other case the reverce situation was found:
raising the potasssium concentration depressed tre “slow™
response slightly. The magnitude and direction of the potas-
sium effect arrezared to be.a function of the particuler ani-
mal selected for the experiment. DLefinitive intracellular
records of the potessium effect on the "slow" systeﬁ were not
cttzined for this muscle,

When the opener muscle of the walking leg was treated

with raised potessium, the mechanicesl response of the muscle
was usually slightly increzced at first (Fig. 108, a to d).
The relaxation time of the contrection was often increased
(Fig. 108 d). After a prolonged stsy in high KCl solution,
the rescvonse became much smaller than in normal ssline (Fig.'
108 ),

Blectrical recordings from individual muscle fibres

showed that as the resting potential was lowered in raised




potassiunm solutioﬁs, the size of the electrical response was
at first only slightly smeller then in normal saline (Fig.
1Cc8, a to 4d).

It is of interest to ncte in this connection that
Boistel and Fatt (1¢5&) observed that in a crzyfish claw
opener muscle the exciltatory p.s.ps. begin to decrezse in
size only when thLe meumbrene potential is lowered about 10
mV below the resting potential, When the mewmbrane potential
is increased above the resting potential level, the p.s.ps.
aleo decline in size, due to a fall in membrane resistance
with hyperrolarization., The crayfish muscle is apparently
unigue in this respect and does not behave in the same way
es crab muscle (Fatt and Ratz, 1¢53c¢). Crayfish muscle hes
been found toc have a comparatively low potassium conductance
(Girardier et al,, 1¢61),

After a prolonged stay in KCl concentrations slightly

less than that reguired for contracture, the electrical res-

vonses became much reduced (Fig. 108, e, f), end in some fib-

res no resronses could be recorded after gbout 20 min, in
KCl concentrations slightly lees than that reguired to pro-
duce contracture,

A number of preperations of the opener muscle of the

claw were studlied during application of ralsed KCl concentra-
tions., In most czses it waes found that the mechanical response

wes less than in normal saline when the freguency of stimula-

tion was below 20 per sec,, but that the mechanical response
was considerably augmented when the frequency of stimulation

wes crester than 20 per sec. (Fig., 109)., Unfortunately no
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good electrical récordings were obtained for thils muscle, but
those which were cobteined provided an indication that the effect
of raised KC1l on the size of the electrical response was re-
lated to its effect on the size of the mechenical response.

At lower frequencies of stimulation the electrical resgonses
appeared to be considersbly smaller in high KCl, but &g the
frequency of stimulation was increzced the elecirical recponses

beceme similar in size to thosé in normal saline (Fig, 10¢),
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Fig. 1C5. Effects of potassium ion on "fast¥ responses
ol the Astacus walking leg. (a, b) Responses to a single
shock during perfusion with normal saline (a: r.p.- 75 mV) and
with 12 mM KCI (b: r.p. 62 mV) . (c, d) Responses of another
preparation to the same stimulation during perfusion with
normal saline (c: r.p., 76 mV) and with 15 mM KCI (d: r.p-,
6C mv; slight contracture observed). (e, T) Responses of
another preparation to the same stimulation during perfusion
with normal saline (e: r.p., 78 mV) and with 12 mM K (F: r.p.,

65 mV).

Fig. 106. Progressive effects of potassium ion on the
"efastll electrical response of a spiking fibre in a preparation
of the Astacus walking leg. Stimulation was given at 1/sec.
In (& the resting potential was 80 mV. (b) to (e) show
successive stages during perfusion with 14 mM KCI over a
15 minute period. In (e) the resting potential was 6C mV.

The mechanical response was slightly smaller in (e) than iIn

@ .-



Fig.. 107. Effects of potassium ion on "fast” and "slow"
responses of the closer muscle of the crayfish claw, (@, b)
"Fastl responses to a single shock during perfusion with
normal saline (& and with 17 mM KCI () . A slight contrac-
ture was observed in (b). Electrical recording was done with
external electrodes. (c, d) Responses of another preparation
to the same stimulation during perfusion with normal saline
(©) and with 15 mM KCI (d). (e, ) Mechanical response to
stimulation of the "slow” axon at 12 per sec. during perfusion
with normal saline () and with 15 mM KCI (). Same prepar-
ation as in (c,d).



2 sec

Fig. ICS. Effects of potassium 1on on the responses of
the Astecus walking leg opener. (@, b) Responses to stimula-
tion at 30 per sec. in normal saline (@: r.p., 78 mV) and in
10 MM KC1 (b: r.p., 6? mV). (c, d) Responses of another
preparation to the same stimulation in normal saline (c:
r.p., ?6 mY) and in 10 mM KC1 (d: r.p., 67 mV). (e, ) Re-
sponses of another preparation to stimulation at 90 per

sec. In normal saline (e; r.p., 80 mV) and after 25 min. 1in
18 mM KCI (F; r.p., 59 mV).

Fig. 109. Lffects of potassium ion on the responses of
a preparation of the opener of the claw of Astacus. (@, ©
Reponses in normal saline during stimulation at 15 per sec.
(@ and 30 per sec. (c: r.p., 70 mV). (b, a) Responses in
13 mM KCI during stimulation at 15 per sec. (b) and 30 per
sec. (d: 63 mV). The electrical records (upper traces)
show COI’]SI derable dlstortlon but provide an indication of the
size of the p.s.ps.



11ji) FPachygrapsus: Closer Muscle

A number of Fachygrapsus closer muscle preparations were

studied during epplication of sub-contractural KCl concentra-
tions, |

The fest mechanicel response to a.single stimulus was
always merkedly increased in raised XCl (Fig., 110)., The in-
creased response declined rather slowly with time and remained
larger than in normal saline for at least 30 minutes,

Electrical recordings from spiking fibres showed results
similar to those obtained from splking fibres in the crayfish
walking leg closer (Fig. 110, d to g), A&s the membrane poten-
tial was lowered, the totzl size of the electrical response
was reduced, although the sulke reached the seme gbsolute
level (close to zero membrane potentisl)., However, the spike
declined slowly in size with & prolonged stay in high KCl, and
eventually the absolute level reached by the splke was less
than 1n normal saline,

When non-spiking fibres showing lerge "fest" responses
to single stimull were recorded from during application of
raised KCl, it was frequently found that the electrical res-
ponse increased in sbsolute size as the membrane potentisl
was lowered (Fig., 110, a to ¢)., This mey heve been an indica-

tion of an electrically excitable response, but other factors,

such a2s an increaseg relecse of transmitter substance, cannot

be entirely ruled out.
The effect of raised KCl on the slow mechanical response
was rether small (F1g. 111). The electrical responses of the

specialized "slow" fibres were changed considerably as their
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membrane potentials were lowered during epplication of raised
KCl., Typically, the =ize of the p.s.p. became slightly less,
and the maintained depolarizeation at higher frequencies of
stimulation wes very merkedly reduced (Fig, 111, a to d).
These changes were pertly reversible provided the stay in
high KCl1 was not prolonged (Fig. 111, e, f). In spite of the
smaller maeinteined depolarization in Ligh KCl, the absolute
menbrane potentiel level recched during depolaerization was
epproximetely the seme 28 in normsl szline at hirhier frecuencies
- of stimulation., In Fig. 111, for exemvle, the absolute mem-
brene potential levels resched during indirectly produced de-
polrrization in (b), (d), znd (f), were 33 nV, 31 mV, eand 33.5
mV, respectively., At lower freguencies of stimulation the
absolute meabrane potential level recched in high XCl (e) wés
slightly lower (3¢ mV) than in normal seline (z: 44mV, and e:
45 mv),

The ereller maintained depolarizetion in nish EC1 appeared
to be largely ettributable to a decrease in the time constant
of decay of tre p.s.p. In Flg, 111, the tire constént of de-
day was estimated to be 53 msec. in normel saline and 46 msec.

in high LCl,



20 msec

10 msec

Fig. 110. Effects of potassium fon on "fast” responses
of the Fachygrapsus closer muscle. (a, b, ¢©) Responses of a
preparation to single shocks during perfusion with normal
saline (@: r.p., 71 mV) and with 20 mM KC1 (b: r.p., 65 nmv,
and c: r.p., 59 mV) . Electrical and mechanical responses
were both™ larger in (¢). (d, e, f, g) Responses of another
preparation in normal saline (a: r.p., 76 mV) and during
perfusion with 20 mM MCI for 10 minutes (e to g). In (Q)
the resting potential was 60 mV.



Fig. 111. Effects of potassium ion on Ilslow" responses
of the Pachygrapsus closer muscle. Stimulation was given at
10 per sec. (@,"c, e) and at 20 per sec. (b, d, . (@, b
Responses i1n normal saline; r.p., 65 mV. (c,d) Responses in

20 mh KCI; r.p., 55 mV. (e.f) Responses after return to
normal saline; r.p., 60 mV.
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iV) Carcinus: Closer Muscle

Relatively few preparations of this muscle were studied
with respect to the potassium effect., HLowever, a number of
points of interest emerged frdm the obeservetlions which were
made,

The fast mechenicel response wes elmost always augmented
slightly by reising the KC1l concentration of the perfusion
seline (Fig. 112, a, c¢; Fig. 113, a). Wwhen the preparation
wes returned to normal saline after a sliort stay in high KC1,
the fast mechanical responsé wes usually reduced from ite ini-
tial megnitude in normal saline, . Thie reduction in magnitude
was greater tlen could be accounted for by normel fatigue,

The "slow" mechanical response wee reduced by high KC1
in some preperetions, 4n exzmple is given in Fig, 112 (b,d).
In this example the total tension response was reduced by
high KCl, but the superimposed “twitch" responses were sligitly
augmenﬁed. Vilken normel saline was restored, the tension res-
ponce wes very drasstically reduced, and the "twitches™ could
no longer be seen (Fig. 112, f).

" mechaniczl

In the majority of muscles studied, the “slow'
response was elther unchanged in raised KC1, or slightly aug-
mented (Fig., 113), The type of responcse which was obtained
depended primerily on the experimentél aniral selected. All
muscles from a given animal gave the same type of response in
raised KCl, but the differences between muscles from different

animals were sometlimes coneidersble,.

A Teature which wes observed in wmost cases was reduction
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of size of the mechanicel response when normallsaline WeS res-—
tored to the muscle after a brief period of perfusion with high
KCl, An extreme example is shown in Fig., 113 (c¢). In this case
& elight contracture resulted from application of high KCl.

Electrical mezsurements showéd that the slzes and time
constants of decay of both "fast" and “slow" p.s.ps. were re-
duced, Data for Typre 4 and Tyre E fibres were not complete,
tut in the cese of Tyre C fibres this reduction was always seen
(Fig, 112). The reduction in size of the p.é.ps. witk lowered
membrane potentiazl azppeared to be grester in raised KCl thaen
when the membrane votential was reduced by meens of a current-
paseing microelectrode (Fig. 114). Lowever, part of the dif-
ference may have arisen from the uniform nzture of kCl depolar-
ization conpared with thie non-uniform nature of microelectrode
depoclerization (cf. Burke and Ginsborg, 1¢5€ Db).

Membrane resistances were considerably reduced in raised
KCl. In one muscle, five Type C fibres of abcut the same size
had an avercge length constant of 1.76 mm in normal saline; of
1;52 rm in 17 mi KCl saline; end of 1.25 mm in 25 i KCl seline,
Since membrane resistance is proportiocnal to the sguare of the
length constant, the ratios of the membrane resistances in the
respective szlines can be estimated as 3,1 : 2,3 : 1,6, 1In
other words, membrane resistahce is atout half normzl in 25 ml
KCl,

It is well known that membrane resistance fells in reised
KCl in other excitable cells (é.g. Hodgkin, 1C47 ; Keynes, 1954).

This fall in membrane resgistance is very likely the mein



fector responsible for the reduction in size of p.s.pe., in
raised KCl end for the ascoclated decrecse in time constant of
decay, end may eccount for tre fzct thet in Type C fibres thLe
size of the p.s.p. arpears tc be reduced to a greater extent

then during direct electricecl depolarizotion (Fig. 114).
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Fig. 112. Effects of potassium ions on Carcinus neuro-
muscular transmission. All recordings were made from the same
preparation. Electrical recording was from a Type C muscle
fibre. (@, b) Responses to "fastl (@ and "slow (b) axon
stimulation at 6 per sec.; normal saline; resting potential,
70 mV. (c, d) Responses to '"fast” (¢) and "'slow" (d) axon
stimulation at 6 per sec.; saline with 22 mM KCI; resting
potential, 59 mvV. (e, T) Responses to "fast” (e) and "slow"
() axon stimulation 2 minutes after return to normal saline;
resting potential, 6? mV. Tension, lower traces.



Fig. 113. Effects of potassium on the mechanical respons
of three Carcinus closer muscles (isotonic recording). The
time calibration is 2 minutes.

a) 1. Perfusion with normal saline. The “fast” axon
(large deflections) and the MslowM axon (small deflections)
were stimulated alternately with bursts of 40 per second
lasting 4 second.

2. Perfusion with 20 mM KC1.
3. Return to normal saline,
4. Perfusion with 20 ik KC1.
5. Return to normal saline,

b) 1. Perfusion with normal saline The MslowM axon

was stimulated with bursts of 40 per sec lasting i1 second.
2. Perfusion with 30 mh KC1.
3. Return to normal saline, i )

© 1. Perfusion with normal saline Stimulation of
the "slow” axon as in (b, 13-

2. perfusion with 30 mM KC1 (Note contracture)
3. Return to normal saline.
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Fie, 114, Lepolarization and “slow" p.s.p. size in Carcinus,
In the top fizure "slew" p.s.v. size before and after depolar-
ization with 30 uml LCl is shown for tlhree fibres, 1In the
bottom figure the effect on p.s.p. size of changing the
- membrane potential with a current-passing microelectrode is
shown for three fibres of tlie same muscle, F.s.p. responses
were recorded from Type C fibres during stimulation of the
"s1low" axon at € per sec, Lo "reversal potentizl"™ (Burke and
Ginsborg, 1¢56b) was observed during direct derolarization,
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v) General Remarks

luscles of different crustacean species, and even muécles
from different animals of the same epecles, show a varlety of
recsronses to alteration of tlie potassium concentration of the
perfusion fluid. hLowever, certein rough genereclizetions can
be made,

In 2lmost all caees, the "faet" mechanical responses of
the preparetions studied were enhenced initially by increased
potasgsium concentrations, Thils was also true of the majority
of the "slow" sycstems studied, slthough in some cases depres-
sion of the "slow" resionse resulted from an increzce in potas-
sium. Frolonged treatment with high potessium led to a greduzal
decline of both fzst and slow mechanical recsponses,

A similer pattern of initiel enhencement and eventual
decline in high potassium esolutions has been found for other
musclee (e.g. Sandow and Kakn, 1¢52, frog muscle; hajdu et al.,
1¢50, rat dlephregm preparation).

Possible explanations for the effects found in crustacean

muscles will be considered later (see Discussion),
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g.) Lffects of barium ion on Nephrops and Carcinus muscles

The effects of barium ion on crayfish and lobster muscles
have been thoroughly analyzed by Fatt and Ginsborg (1¢58) and
by Werman and Grundfest (1%€1l)., In these muscles barium con-
verts the normelly graded membrane responses.to direct electri-
cel stimulation into prolonged, all-or-nothing s@ikes, apparent-
1y by deleying and reducing the conductance of the membrane to
potessium ions.

In lobster muscle berium grestly reduces the depolarization
reguired to evoke electricelly excitable activity. The “thresh-
0ld" for sgike production is shifted towasrds the resting poten-
tial,

o information hes been gliven in the a2bove studies zbout
the effects of barium on the meéhanical activity of the muscles
concerned, It 1s reasonable to expect that the increesed
electricel activity would bring about increzsed mechanical
activity, if tl.e membrane depolarization'theory of initiation
of contraction is valid., On the other hand, Ptarium hecs been
gshown to inhibit pvotessium contracture in frog muscle (Frank
1¢62), Therefore it is not possible to predict on a priori
grounds the effect of barium on the mechanical response of
crustacean muscle, The study reported here wssg made with the
intention.of discovering the effect‘of barium on electricel
and mechanical ectivities of the closer muscles of Nephkrops
(an enimel feirly closely related to the Americzn lobster
studied by Werman and Grundfest) and of Cercinus.

1) Nephrops: Closer muscle
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The effects of barium on the responses of this muscle to
indirect stimulation were studied by perfusing the muscle with
solutions containing 0 to &C mi BaCl2 (substituted for equiva-
lent NaCl) and recording the electrical responses of proximal
fibres during stimulation of the "fast" axon (usually with
single shocks).
| For a few minutes after the stert of perfusion of a
muscle with a solution containing 20 to &C mli Ba, there was
little change in the size of the indirectly produced electrical
resronse and of the mechenical response of the muscle'(Fig. 115,
d, e). However, changes‘became evident as the perfusion was
continued, The electrical responces of many fibres in thke prox-
imal part of the muscle changed from simple p.s.ps. to large
and prolonged spllkes in alvery short space of time (Fig, 115,

a to f). The higher the concentratiocn of barium, the sooner
thece chianges occurred., There was no marked change in the
resting potentials of the barium-tirested fibres, although
often a hyperpolarization, and occaslionally a depolarization,
of 2 few millivolts was apparent, There was little doubt

tliet the effect of barium on the indirectly produced electri-
cal responses of this muscle wzs similar to the effect on the
directly produced responses of lobster American lobster muscle
(Werman and Grundfest,v1961). The threshold for production of
electrically excitable recsponses wes apparently lowered to
such an extent thet these responses could be triggered even

by relatively em2ll p.s.ps. The sizes of the p.s.ps. them-

selves showed little chenge rignt up to the moment of spike z

production.
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Associated with the increased electrical activity, and
appeering at the same time was a large increase in the mech-

" anicel activity of the musele, As the barium treatment con-
tinued, however, the mechanical activity became progressively
less, and eventually disappeared (Fig. 115, j). Very large
electriczl respénses were still recorded when the mechanical
activity Lad been reduced to zero (Fig. 115, J). These res—v
ponses were, however, considerably smaller than responses re-
corded from the same fibres ecrlier (Fig. 115, g).

When stimuli were given at a low frequency (about one
per second), the first electrical response of a barium-treated
fibre was usually somewhat larger then subéequent responses
(Fig. 115, h). The mechanical response to the first stimulus
was inveriably 2 great deal larger than subsequent responses
in muecles trezted with barium for longer then 10 mine, In
many muscles the mechanical response declined almost to zero
after about ten stimull had been given (at ohe per sec,).
liowever, thié phenomenon was observed only in nmuscles left
in barium for at lezst 10 mins, Tests conducted sooner after
the start of the verfusion showedlthat the mechanical resvonse
did not decline rapidly then.

If, after repeéted stimulation znd decline of the mech-
enical response, the muscle vwes given a rest period of about
30 secs., the first response thereafter showed considerable
recovery.

The reason for the decline of the mechanlcel response to

zero after a prolonged stay in high berium solution, in spite
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of the continued presence of large electrical responses, is
not immediately clear. It 1s poseible that barium exerts an
inhibitory action on the contractile mechanlsm or on the
excitation-contraction coupling process, perhaps by competitive
inhibition of & calecium-utilizing step. It is also poseible
that the lzrge electrical resrvoncses csuse rapld exhaustion of
a step in the exciteation-contraction coupling process which
cannot easily be "reprimed" in the presence of bariws ions.

The reacson for the decline of the electrical response
(more greduzally than the mechenicel response) is also not

immedietely apparent,



Fig. 115. Effects of barium ion on the "fast” responses
of the Nephrops closer muscle. (a, b, ©) Responses of a pre-
paration to single shocks to the "fast” axon during perfusion
with normal saline (a); 5 min. after perfusion with 40 mM Ea
saline (b), and 5i min. after perfusion with this solution
(c). Note reduced time scale In (b) and (¢)-. (d, e, ) Re-
sponses of another preparation to the same stimulation during
perfusion with normal saline (&), 5 min. after perfusion with
40 mM Ba (e),.and 6 min. after perfusion with this solution
(). (@ to 3) Responses to stimulation of the "fast” axon
at 1 per sec. 8 min. after perfusion with 60 mM Ba saline
(@, 14 min. after start of perfusion (h), 17 min. after start
of perfusion (i), and 21 min. after start of perfusion (J).
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i1) Carcinuss: Closer Kkuscle

Electrical and mechenicel responses to indirect stimulation
were recorded from prerarations of tlhe Carcinus closer muscle
during perfusion witk solutions conteining C to 100 uii Ba.

Witk barium concentrations of 15 to 30 mi, the "slow"
end "fest" mechaniczl end electrical responses showed slight
but definite increzses in size. An exemple is shown in Fig,
116 (a to @), in wiich the electricel responses of a Type B
muscle fibre were recorded during "slow" axon stimulation.
kerked potentlation of the electricel resvonse of this fibre
occurred gfter treztwent with Be, and tl:e mechanical response-
of the muscle wae also definitely lezrger,

After trestunent with thecse cscme concentrztions of tariun,
it wee found thet stimulation witk double shocks (about 3 msec.
cepsrztion) produced z merkeé chenge in the "faet" mechenical

"slow" mechanical responce

responce, but little chicnge in the
(Fig., 116, e to h). In the scme muscles, the "fast" and "slow"
mechanical responses to stimulation with eingle shocks were only
elightly potentisted after barium treztment.

When higher concentrations of barium were uced (4G to
160 mii), it was found tkat a single shock to either the "“slow"
or the "fest" axon gave a powerful and prolonged contraction
of the muscle. Recordihgs from muscle fibres indicated that
severzl p.s.ps. were produced by a single shock, It appeared
that the nerve was firing repetitively in such cezses (Fig. 116,
1), Repetitive (and spontzneous) firing of the nerve has also

been described for Romelea following berium trestment (Werman

et al., 1¢61). Electricezl responses of Type C fibres were .
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often smwall, but in Type A and Tyre B fibres much larger res-
ronses would be generated by this‘repetitive firing., No
successful recordings were mede for thece latter two fibre
tyres,

The marked decline of mechaniccl activity observed in
Nerlrops was not found in Carcinus. hLowever, following a
vowerful contrection in hieh tarium, znother contraction could
be obtained only after a rest period of several seconds,

The responses of Cercinus fibres to direct stimulation
following treatment with barium were somewhat different than
those which Lave been described for lobster muscles (Werman
and Grundfest, 1¢61), Initially, application of barium caused
2 clight degree of hyperpolarizetion in most fibres, usually
only a few williyolts, After the muscle hacd been sosked in
barium, depolarizing pulses falled to evoke all-or-nothing
spikes at membrane potential levels of 30 to 4C @V below the
resting cotential level (Fig. 117, a,b). In fact, the respon-
ses in berium were qulte similer to those in normzl szline ex-
cert for a steepening of the voltege-current relationship,
indicating = definite, but not drestic, increece in meumbrane
recicstance (Fig. 118). The increcse in merbrene resictance
was reflected also in an increase in length constant., Four
Tyce C fibres of similar chearacteristics hed avefage length
constents of 1.7 mm in normal saline and 2.2 mm in 6C mM barium,
indiceting an increzce in membrane resistence by a factor of
1,7 in terium solution., No lowering of the threshold for elec-
tricelly excitable responces was evident (Fig, 118),

The increase in membrane resistence in barium accounts -
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for the incresse in size of "fast" and "slow" p.s.ps. des-
cribed previously. |

In several cases repeated stimulation of a fibre with
depolarizing pulses led to marked lowering of the resting
potential, VWhen this occurred, splke responses could be
obtained by direct stimulstion., Theese responcses were of the
prolonged tyve tycical of lobster muscle (Fig. 117, ¢ to f).

From thece observations it is evident that the effects
of Tarium are rather different in crzb and lobster muscles,
Barium splkes can be produced in crab fibres only after con-
sidercble depolafization. The thresihold for spike production.
is not lowered in the manner charscteristic of Nephrors and
Americen lobster muscles,

During repetitive firing of the nerve in high barium
solutions, it is probtable thet many of the crzb muscle fibres
(particularly Type A snd Type B muscle fibres) are depolarized
to the point at which barium spikes ere produced, and that
such prolonged spikes generate in turn the powerful mechanical
response of the muscle. Similerly, st lower concentrations
of barium, double shocks to the "fast" axon probably cause
much greater depolerization in TYpe A fibres than similar
stimulation of the “"slow"™ axon causes in Type B and Type C
fibres, £fome of the Type A fibres may produce barium spikes
in response to double shocks to the nerve, but not to single
shocks; this would give rice to the observed effects on the
mechanical recsronses.

The varliety of mechanisms found in different crustacean
muécles and even within the same muscle is further emphasized

by the observations on barium effects,
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Fir. 116. Effects of barium 1on on indirectly produced
responses of Carcinus muscle. (a. ©) Responses of a Type B
fibre to stimulation of the "slow axon at 10 per sec. (@)
and 20 per sec. (c¢). (b, d) Responses of the same fibre
after perfusion with 20 mM Ba saline; note that the mechanical
response Is slightlv increased. (e) Mechanical response to
stimulation of the "fast" axon at 10 per sec. with double
pulses (2.5 msec, separation). () Response tothe same
stimulation after perfusion with 20 mM Ba. (g, h) "Slow"
mechanical response to the same stimulation in normal saline
(@ and after perfusion with 20mM Ba (h). (1) Responses
to a single stimulus applied to the 'fast” axon after per-
fusion of the muscle with 60 mM Ba for 5 min. Electrical
record (top) was from a Type C muscle fibre, hote multiple
p-s.p-s. and the powerful mechanical response of the muscle.
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gig. 117. Responses to direct stimulation in Type C
muscle Tibres of Carcinus. (@) Responses to depolarizing
pulses iIn normal saline; resting potential, 70 mV. (b) Res-
ponses to depolarizing pulses 1n 80 mM Ba; r.p., 75 mV.

(©) Responses to depolarizing pulses of another Type C muscle
fibre In 8C mM Ba; r.p., 71 mV. (@ Responses of the same
Tibre after depolarization following repeated stimulation;
r.p., 50 mV. (e) Responses of another fibre in 80 mM Ba;

r.p., 65 mv. (F) Responses of the same fibre after depolari-
zation following repeated stimulation; r.p., 52 mV.
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Fig, 118, Voltage-current plots for a Type C fibre in
normel sezline (filled circles; r.p., 71 nV) and in €0 ml Ba
(open circles; r.p., 76 wV),., Hyperpolerization is taken as
positive, The divided line in the lower left-hand quadrant
represents Initial and final membrane potential responses to
depolarization (See Fig. 66 ).



h)} Effects of substituted anions on electrical and mechanical

restvonses of crustacean muscles,

Since‘the desecription of the potentiation of the mechan-
icel response of frog muscle by substitution of bromide, ni-
trate, or lcdide for the chloride‘of normal Ringer's solution
(Kahn and Sandow, 1S5C), a number of studlies have been carried
out to determine the mechenisms of this effect (e.g. Eill znd
Macpherson, 1C54; Ritchie, 1¢54; Lutter and Fzésha, 16590;
Hodgkin end korowicz, 1S6C é; and others). These studies have
shown that in frog muscle the substituted anions increase the
duration of the active state of the muscle, giving rise to an
incressed twitch heigit. In zddition, end ascocizted with this
chenge, tne splke end after-potentsil are crolonged (hutter and
Noble, 1966); the membrane resistence is increzcsed; and the
membrane potential “"threshold" =t which contraction starts is
shifted towzrds the resting potential,

Other muscles besides tlhie usual frog preparetions have
been subjected to trestment with anicns of this series. In
smooth muscle, spike frecuency and tension &re increased by
nitrate (&xelsson, 1¢61). In hesrt muscle, mechanical per-
formance 1s reduced by nitrate .zs ere the rote of rise and
megnitude of the esction potential (Feterson and Felgen, 1¢c€2).
Certein insect nuscles show potentiation of the twitch res-
ponses similar to thet observed in frog muscles‘(Hoyle, per-
sonal cozmunication),

lMany other studies of the effecte of anions on muscle
have been mede, but this brief survey indicates that the usual

effect on striated muscle is potentiation of the wechanical

158
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responces, Usually it hes been found that there 1s an asso-
clzated prolongation of the electrical response, In Leert
muscle, however, both electrical and mechanical responses ere
reduced by foreign anions,

No information exists on the effects of substituted
enions on crustacean muscles, azpert from a brief note by
Reuben (1659)., Since such a study seemed likely to be of
importance in shedding light on possible mechnaiems of excit-
excitation-contrection coupling in crustzceen muscle, experiments
were performed to determine the effects on crustecean muscles
of substituting bromide, nitrate, lodide, and thiscyanazte for
the chloride of tie ncrmael perfusion solution.

kost of tlie experiments were done with the Carcinus
closer npuscle, Lowever, a numbter of additional experiments
(witlh nitreste) were performed with muscles of other animele,
and thesce showed that the effecte of nitrate werc not the sane
in 211 c¢ructecean nmusclese,

i) Carcinuc: Closer lwuscle

'he metrnods uced for recording electricel and mechanical
responses and for perfusing altered solutione Into the muscle
were the szme as those described previously., Severel types
of experiment were perforned including: stimulation‘of "rast"

L]

and "“slow" exone before and after substitution of foreign

anions; a?plication of high potessium solutions before and
efter anion substitution; determination of the effects of
foreign anions on membrzne recistence of single muscle fibres;
end stimulation of single uwuscle fibres by intracellular

electrodes before and after addition of foreign anions,



Effects on resconces to indirect stimulation., The

effects of forelign anions on responses to "“fast" and "clow"
axon stimuletion depended on the particular anion being
tested, 1ts concentration, and the cverticular axon being
stimuleted,

‘When concentrztions of nitrate ranging from 0 to 4CO
mii were perfused into the muscle, toth "fast" and "slow"
reckanical responses were depressed (Fige, 120 to 122), The
"slow" response wes affected to a grester extent than the
“"fast" (Fig. 121). Tie extent of the effect depended on the
concentration of nitrate employed; at low nitrate concentra-;
ticn (below 5C mk) the effect was slight, but wien higher
nitrate concentrations were employed, the ceprrcceion became
incressingly vronounced. Wwhen nitrete sclution was replaced
by the normsl ssline, the mechianical resgonse recovered very
slcwly.

Ti.e effects of broumide subetitution on the muscle's
meclienical resconses were similar to tiie effects of nitrate
but wuch lees pronounced. At bromide concentrations below
15C nli the depression weas very elight, and even at higher
concentrations it was not conpsarasble in megnitude to that pro-
duced by nitrste, )

Obeervations were nmazde on the electriczl responses of
Type &, Type B, znd Type C fibres before end after treatment
with nitrate. 1In all cases it wss found that the electrical
responses were augmented considerably by nitrate treatment,
In Tyre C (Fig. iEO) end TYpe B (Fig. 121) fibres, the sizes

of both "“fast" and "“slow" ¢.s.ps. were incressed, as were the

160
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maintained depolarization "platesus". In the case of Type A
fibres (Fig, 122) it wes observed thet the sizes of "faet"
P.S.PS. were increcsced, and thet in some incstances spikes were
fired in nitrate at fregquencies of stimulation which did not
produce this result in normal (chloride) perfusion sazline,

In spite of this very evident increzse in electrical activity
in all types of nuscle fibre, the essoclzted mechanlcal res-
ponees were markedly reduced,

After a prolonged stey in nitrate solution, it was ob-
served thcot electrical resronses of many impeled Type A fibres
showed a greduel decline in megnitude (rig., 122, g, h)., How-
ever, it wes not entlrely cleer whether or not tlhils result
was due to membrsne dzrage caused by prolonged inpalement
of the same fibre with the recording micrcelectrode,

The effect of nitrate on the resting potentials of im-
raled nmuscle Tibres appecred to be slight wiien these fibres
had resting potentials of about 70 mV. Fibres with lower
resting potentials showed 1n some cases hyperpolarization by
2 to 4 mV in nitrate solutioné.

The effects on the mechanical response of substitution
of iodilde and thiocyanate for cliloride were somewhat 4if-
ferent from those described for nitrete and bromide., When
concentrations of iodide and thiocyanzte of 5 to about 100
mi were used, the "fast" mechanical response was increased
in size, whereas the "slow" mechanicel response was depressed
(Fig, 123, a to d; Fié. 124, c; d). Thece effects were slowly
reversible efter return to normal séline. When higher con-

centrations of these anions were used, both "fast" and "slow®



mecheniczl responses were depressed, often irreversibly. High
concentrations of these anions appeared to have a deleterious
effect on this muscle,

The electrical responses to both "fast"™ and "slow" axon
stimulation were merkedly increased in 1odide and thiocyanate
solutions (Figs., 123 to 126). The increase in size waes very
pronounced for Type C (Figs. 123, 124) and for Type A (Fig.,
126) muscle fibres, 1In some Type C fibres, electrically ex-
citzble responses were seen during stimulation of the "fast"
axon &t a high frequency (Fig. 124, e, f), In Type A fibres,
the electricel response to a single stimulus applied to thé
“fest" zxon wee changed from a graded p.s.p. to a much larger
P.s.p. which commonly evoked a sgike (Fig. 126 a,b). In
thiocyanate, & smaller lincrease in size wae observed for many
Tyie B muscle fibres (Fig. 125, 2 to d). 4after a prolonged
stay in thiocyanate; res;onses of both Type 4 and Type B fibres
became reduced in size (Figs. 125, 12€), sometimes below their
levels in normal saline, 1In Fig, 125 (f), it cen be seen that
the time constznt of decay 1s reduced after some time in SCN,

e It was commonly found that appliéation of 1lodide and
thiocyanate resulted in hyperpolarization of the muscle fibre
membrenes, Thils hyperpolerization was of the order of 2 to
8 mV in many cases,

Effects of anion substitutlion on potassium contracture.

It hes been shown by Kehn and Sendow (1S55) and by Hodgkin
and Lorowicz (1¢6Cc) that substitution of anions such as ni-
trate for chloride produced a marked incresse in the tension

developed by frog muscle during application of a given
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concentration of potassium, Lodgkin and hdrowicz found that
the "threshold" for tension development was shifted towards
the reeting potential, and that less potassium was required
to proauce contracture in solutions containing substituted
anions than in normal Ringer's sgolution,

with the experiments of hiodgkin and horowicz in mind,
tects were made to deteralne tiie effects of anion substitution
on the potessium contracture of the Carcinue closer muscle,

When bromide and nitrate were substituted for chioride,.
1t was found that the amount of tensicn developed in response
to applicetion of a given potassium concentration was not in-
crecsed, as in frog muscle, but very markedly reduced (Fig,
127, a, b). The amount of reduction cepended on the amount of
substituted anion presents The higher the concentration of
nitrate or bromide, the grester the reduction of tension.
When the muscle wes returned to normel seline, the 2bility
to give normal contractures was restored.

It wes observed that nitrete wae more effective than
broride in reducing.tension developed in response to appli-
cation of high potessium sclutions,

When 1lodide wes substituted for chloride, a definite
reduction in tension wes observed, which wes more marked in
hirher iodide concentretions (Fig. 127, c). If normel saline
wees perfused into the muscle for & minute or two after treat-
pment with iodide, and if the muscle was then tested with a
contracture-producing potzssium solution, the tension res-
ponce was much grester than it had been before iodide treat-

ment ‘Fig._lE?c), Only by perfusing the muscle with normal



szline for about 20 minutes could this “"after-effect® of
lodide be eliminated,

When thiocyanate concentrations of § to about 150 mi: were
used, it wes found that the contraction produced by a test
rotessium concentration was enormously increased (Fig, 127,
d). Uien higher concentrestions of SCX were employed, the con-
trection did not show this pronounced increzse., As in 1odide,
a very vronounced "after-effect™ was observed unless the mus-
cle wes perfused fbr g considerable tire witl. normal saline,
After & nurber of-contractures in thiocvenzte, tre muscle
often went into pertial rigor, as in Figz, 127 (&),

Llectrical correlates of these mechanical changes were
soucht, using the methods described previously (p. //0). Once
more, it wes necesszry to distinguish between "immediate" end
"Geleyed" effects of potassium on the membrane potential,
because it wes found that certsin foreign anions could affect
the "irmediate" resjonse, but not the "delayed" response,

This point is best illustreted by results obtained us-
ing solutions In which nitrste was substituted for chloride,
The "delayed" effects of potassium in nitrate-substituted and
nitrate-free solutions sre illustrated in Fig. 128, UNo signi-
ficant difference was apporent between tle two curves,

When the "immedizte" resvonces were tescted, however, a
different result wes obtalned. It was found that the substi-
tution of nitrate for chloride resulted in less effective de-
polarizetion by potaseium, An example illﬁstrating these
results 1s given in Fig. 12¢. In tkis case muscles of the

came gize from the sezme animal were used, and 1t was apparent
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that the tension responce was lower in nitrste, even when
the average recorded degolarizastion wes grester,

Experiments illustrating the scme "immediate" effects
are illustrated in Fig. 13C. In these éxamples the same mus-
cles were used, VWhen cne zuscle wecs cwitched frém cizloride
to nitrate in 4C il KCl, hyperpolarization resulted. When
the other musgle was switched from 50 ml KC1l, 400 mli NO3 to
4C mi KCl, O NOz, marked depolarizetion resuited.' In Fig.
120 (lower), it cen be seen that less tension wes develbped
in 70 mi KC1l, 4CO miM NO3 than in 40 ml KCl, O. NOs, in spite
of the fact that depolarization—was greater in the former
cese,

The "threshold" membrzne potential for tension develop-
ment was estimated to be the seme in nitrate as in culcride
(abtout 55 mV), hLowever, tie membrene potential-tension rela-
tionship appeared to be altered in nitrate, Less tension was
recoréed in nitrate for tie came degree of depolarization as
in chloride, This wasvtrue both in the czse of paired mus-
cles treated seperctely, and in the cese of a single muscle
trected first with one anlon, then with the otiier,

In &11 of the experiments verformed above, care was
taken to change rapidly from one solution to another to en-
sure resconcses that were as "iumedizte" as possitle.

Resulte obtzined using solutions with lcdide or thio-
cyanzte substituted for chloride were not very satisfactory.
In iodide solutiones the muscles deteriorated rapidly when
excess potassium wes introduced. [any fibres were observed

to break up and disintegrate.
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Eowever, it was found that the "threshoid“ for depolari-
zation was ezbout the szme as in chloride, zlthough slightly
higher potassium concentrations were reguired to attain it,
Observationsg also indicated that the tencion developed for a
given depolarization was approximately the same as that in
chloride (Fig. 133). Howevér, it was found that the tension
decay wze much more rapid in iodide., Very shortly after the
‘maxirun "imzediate" tension'was attained, the response started
to decline rapidly.

In thiocyanate solutions a different problem was encoun-
tered, As the potassium concentration was increzcsed and the
mertrane potential was lowered past the “threshold" for cori-
trection (which was estimated to lie between 58 wV and 55 mV),
csorne of the fibres in the muscle typically went into violent
contraction. These fibres were found to have very.low resting
potentiels, The majority of the fibres remasined at a higher
resting potential close to the ?threshold",‘and showed no
evidence of strong contraction. Any increcse in potassium
concentration of the perfusing sseline, however slight, caused
more fitres to contract violently. Eececuse of the non-uniform
behaviour of thiocyanate-trezted muscles, no relisble estimate
could be made of the tension develored for a given degree of
depolarizetion in tliese mucscles., The only conclusion which
- could be drawn cdncerning the relaticnship between membrane
rotential and tension in thiocyanate-treated muscles was‘that
the "threchold" for tension development lay between €0 and 55
mV resfing poténtial -- close to the value found in thiocyanate-

free solutions, The votassium concentrations required for -
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threslold contracture in thiocyanate solutions were less than
those required in thiocyanate-free solutions -- about 20 to
25 m} as compered with 30 to 35 mi,
The thiocyanate "after-effect® (p. /b4) appeered to be
at least partly attributasble to a marked lowering of the
resting rotentials of many muscle flibres when a test potas-
sium solution was applied shortly after thniocyanate treatment,
Contractures in thiocyanate were typically very prolonged,
. and 1f they were allowed to last for more than about one
minute, some degree of irreversible rigor usually resulted,

Iffects of substituted anions on membrane resistance,

It wes suspected that some of the clianges in the electrical

recponsee to indirect stimulation brought sbout by treatment

with foreign anions could be due to changes in membrane re-

sistance similar to those reported for frog muscle (hLutter

and Fadsha, 1¢59), Accordingly, membrane resistances of many |
Type C muscle fibres were measured before and after treat-

ment with a forelgn anion,

In all cases, it was necessary to perfuse a nuscle wifh
en altered solution for about 5 to 10 minutes in order to ob-
serve the full effect of tiris solution on membrane resistance,

All four of the anions tested (bromide, nitrate, lodide,
thiocyanate) increased the "input’resistances“ and time con-
stants of the muscle fibres investigated. Examples of these
effects are shown in Fig, 132 (nitrate) and in Fig, 133 (thio-
cyanate). In the seme muscle fibres, the siies of both "fast®

n

and "slow" p.e.ps. were markedly increased, .

Ezstimates of the relative anembrane resistances of nmuscle
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filbres before and after treatment with various concentra-

tions of substituted enions were mede by determining the in-
put resistence of the fibre and its length constant, and multi-
plying these two guantities together. The product is a rela-
tive measure of the membrane resistance,

Results of representative measurements are given in
Tables 10, 11, and 12, In Table 10, results of tests on
fibtres treated with nitrate and bromide are shown, The effect
of bromlide appecred to be very slight; even at high concen-
trations of this ion the membrane rescistance was increaséd
by a factor of only 1.2, By contrast, only 50 mi nitrate
ﬁas reouired to produce a comperable chiange in many fibres,
When concentrations of 200 to 4C0 nk nitraste were used, mem-
brzne resistence was often necrly doubled (although in some
cases much smaller clanges were noted, as in Fibre 6, Table
10). It appeared that the membrene resistence changes were
greater for the first 100 ml of nitrate substituted than for
egdditional increments,

When flbres were returned from nitrate solutions to the
normal saline, membrane resictance was observed to fall, In
some cecses membrane resistance fell below its initial level
in normal saline. (Thkis could heve been due to fibre damage).

Examples of mermbrane resletznce changes in iodide are
shown in Teble 11, It 1s evident that acddition of 50 mi
locide typically brihgs ebout 2 considerably greater increasé
in membrane resistance than does the same concentration of
nitfate. Lowever, as the concentration of lodide is in-

creased to 100 mli, the membrane resistance usually fell, and-
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in some cases became less than in normal saline,

Thlotyanate Lad the most pronounced effect on membrane
resistance of any of the enlons tested (Table 12). Even 12.5
ml SCN raised the membrane resistance of one fibre (Fibre 3)
by & factor of 1.65., In 50 ml: SCN, membrane resistance was
usually about twice that in normael saline, As the concen-
tration of SCN was increzced sbove 1CO mix, the membrane re-
sistence continued to increase, althourh more slowly.

In compating the results for the four anions tested, it
can be concluded that the effectiveness of these anions in
increacsing membrane resistance follows the order: bromide <&
nitrate £ iodide < thilocyanate, as in the lyotropic series,
dowever, & curious discontinuity exlstes for iodide, since
high concentrations of this anion ectually lower membrane re-
clstance, lNone O0f the other anions showed tlhils effect at high
concentreticns,

Effects of substituted anions on tension resvonses of

single muscle fibres, Fotegsium depolarization of whole mus-

cles 1s, at best, a crude tool for investigating membrane
potential-tension relationships., The effects of substitutéd
anions on the membrane potential-tension relationchips of
single muscle fibres were therefore investigated by means of
the techniques described mreviously (p. /2§). Observations
were limited to the effects of nitrate and thiocyanate,

When nitrate solutions were added to a single-fibre
preraration, stimulation of the fibre with & current suffi-
cient to give a vigorous contractile response in normal

saline produced a much less vigorous response in the nitrate
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solution (Fig. 134, a,b). The magnitude of the electrical
resronse In nitrate was generslly greester for the same stimu-
lating current, but the membrane potentidl level reached was
usuaily slightly less than in normal saline, because a hyper-
polarization of the muscle fibre membrane of‘4 to & mVv usually
occurred zfter addition of nitrate to the preparation; In
order to cause the electirical response of the membrane to
reach the same level of membrane potential in nitrate as in
chiloride, it was necessary to arply & higher current in most
cases., In Fig. 134 (d), which cshiows a response in nitrete,
the absolute level of membrane potential réached durlng the
electrical response was lightly grecter than in Fig. 134 (c),
but the tension response wes slightly less in nitrate,

In seven of ten fibres tested, the tenslion responses
in nitrete were slightly less then those in chiloride for the
came absolute level of memwbrane potential, A graph illustrating
one of these results is shown in Fig. 135, 1In three of ten
cases, the tension respohses in nitrete were slightly larger
thien in chloride at the szme membrane potential level, Low-
ever, in all cecses the “threshold" for tension development

was ebout the same in nitrate and in chloride (Fig. 135).

Freviously it wae shown that in nitrate the length con-
stants OfitheSe muscle fibres zre increazsed.. This means that
the length of fibre depolerized paet the “threshold" level
is gfeater in nitrate than in chloride for the same depolari-
zation., A slmple plot of membrane rotential against tensioh,

28 in Fig. 135, fells to take into account the effects of
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changes in length constant, In a number of additional ex-
periments the depolarization "profile" of the muscle fibre

was determined in chloride and in nitrcte, and the depolari-
zation-tension curves were found for the szme fibres, The
depolarization above threshold (which was taken to be 55 mV)
was then integrated along the length of the fibre (see v, 131),
and the result (L' x D) wes plctted against tension as in Fig.
126, In all five cases examined, the tension per defolari-
zation~-length unit wag less in nitrate,

When thiocyanate solutions were arplied to single fibre
preparations, the tension developed in response to the same,
or less, current and depolarization was coneiderably incréased
(Fig, 137). 4t the same absolute lével of membrane potential,
the tension 1n thiocyanate was always grecter than in normal
saline, Iowever, when account was talien of the large increase
in length constent in thiocyanate it wce found that the ten-
sion per depoclarization-length unit wes about the same in
thioccyante as 1In chloride. &n example to illustrate tuls
point is given in Fig,., 138, 1In this examole 1t wes also found
thaet the result was the same in 50 ml SCN a2& in 200 mli SCN,

In plotting the results for Fig. 13%&, the -assumption
was made that the “threshold" for contrection wes the same
in thiocyenate as in normezl saline.' This a;sumption may not
have been entirely valid, becsuse the contrzction of single
fibres wes detectable at smaller depolarizations in thio-
cyanate, howevef, the large increase in length constant in

thiocyanate, and the consequent more effective spread of
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depolarization along the muscle flbre may have given the
appearance of a lower threshold in thiocyanate, It is prob-
able that the true threshold in thiocyanate was not greatly
different from that in chloride, although it mey have been
i to 4 mV lower, If the threshold was lower in thiocyanate,
the tension developed per depolarization-length unit would be
sormewhat less than that chown in Fig, 138, 1In addition,
thiocyanate increases the membrane time constani very mark-
edly, and this fector is also not teken into account in Fig.
136, The possibility exists, therefore, that the muscle dev-
elops tension less efficiently in thiocyanate than in normel
caline, Difficulties in determination of the threshold in
single fibre preparctions mesde this point uncertain,

Throughout the experlments on direct stimuletion of
Tyce C muscle fibres, no marked changes in the electricelly
exciteble responses were observed in either nitrste or thio-
cyenate solutions, On twec occasions stimulating and record-
ing electrodes were introduced into Type & muscle fibres,
end it wes found that in these fibres the electrically ex-
citable resconces to direct stimulation were slightly larger
" after addition of thiocyanate, The effects of substituted
anions on the electrically excitable responses of most of the
ruscle fibres must be regarded as slight except possiblyvin
the case of Type A fiﬁres, and even thére the effects were

not grect,
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Fig. 120. Effects of nitrate i1ons on responses to indirect

stimulation iIn the Cercinus closer muscle. (@, ©) Responses

of a Type C fibre in normal saline during stimulation of "fast”

(@ and" "slow” (¢) axons at 30 per sec. (b, d) Responses of
the same fibre in £00 mM NO3 during stimulation of "fast” (b)
and "slow” (d) axons at 30 per sec. Lower traces, muscle ten-

sion.
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0.25

Fig. 121. Effects of nitrate on responses to indirect
stimulation of a Carcinus Type B muscle fibre, (@, ©) Re-
sponses in normal saline during stimulation of “slow” (@),
and “fast” (c¢) axons at 10 per sec. (b, a) Responses iIn 400
mM NON during stimulation of “slow” (b) and *"fast” (a) axons
at 10"per sec. Lower traces, muscle tension.



Fig. 122. Effects of nitrate on responses of a Carcinus
Type A muscle fibre to indirect stimulation. (@&, c. e) Re-
sponses i1n normal saline during stimulation of the 'fast”
axon at 1 per sec. (@), 8 per sec. (c¢), and 10 per sec. (e);
1 second periods of stimulation were employed in the latter
two cases, (b, d, f. g, h) Responses in 350 mM NON during
stimulation of the "fast” axon at 1 per sec. (b), 8 per sec.
(d and 10 per sec. (F). Notice reduction of the mechanical
response (lower traces) in spite of increased electrical
activity. (g,h) Responses after 15 min. in NO®; stimulation
at 10 per sec. (@ and at 1 per sec. (h).



Fig. 123. Effects of 1odide 1ons on responses to indirect
stimulation in Carcinus muscles. (@, b) Responses to stimu-
lation of the "slow" axon at 15 per sec. of a preparation in
normal saline (&) and after perfusion with 7C mM | .

(c, d) Responses of the same preparation to stimulation of the
fast” axon at 10 per sec. iIn normal saline (¢) and 1n 70 mM 1
(@. (e, P Electrical responses of another preparation
during stimulation of the "fast'" axon at 10 per sec. in normal
saline (¢) and iIn 60 mM 1 (F). Time calibration, 2 sec. in

@, b), 10 msec, in (c, d, e, ). Lower traces show muscle
tension.
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Fig. 124. Effects of thiocyanate i1ons on responses of
Carcinus Type C fibres to indirect stimulation, (@, b) Res-
ponses during ''slowll axon stimulation at 10 per sec. in nor-
mal saline (@) and after addition of 50 mM SCN (b). (c,d)
Responses of the same preparation to stimulation of the '"‘fastl
axon at 10 per sec. in normal saline (¢) and after addition
of 50 mM SCN (d). (e, T) Responses of another preparation
during stimulation of the '"fast" axon at AO per sec. in 50
mM SCN. Lower traces, muscle tension.

20 mV
e n H]8g8]

2 sec 10 msec

Fig. 125. Effects of Thiocyanate i1ons on responses of a
Carcinus Type B fibre to stimulation of the “slow" axon at 6
per sec. (@, b) Responses in normal saline. (c, d) Responses
5 min. after perfusion with 50 mM SCN; (e, F) Responses 20
min. after perfusion with 50 mM SCN.



**1k. 126, Effects of thiocyanate ion on reeronses of a
Carcinus Type A fibre to stimulation of the 'fast*” axon. (@)
Responses in normal saline; stimulation at 6 per sec. (b) Re-
sponses to stimulation at 1 per sec. after treatment with
50 mM SCN; each stimulus evokes a spike. (¢) Responses of
the same fibre 15 min. after treatment with SCN. (@) Responses
recorded 20 min. after treatment with SCN; stimulation at 2
per sec. (e) Responses recorded 25 min. after treatment with

SCN; stimulation at 2 per sec.
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. Fig., 128, "“Delayed" effect of potassium on the resting
potentiel of Cercinus muscle fibres. Fillled circles represent
responses in normal saline (dats from Table ). Open circles
show responses averaged from € fibres of a muscle from the same
animal, treated with increzsing potaessium in 400 mM NOz, In
both sets of results the muscles were left for about 40 min,

at each potassium concentration., The straight line shows

the theoretical effect of potzseium on & musecle fibre con-
teining 16C md K. MP, resting membrane potential (mV, inside
negative); Fo, external potaselum ccncentration (mi) .
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Fig., 12¢, "Immediste" effects of rotessium (Ko, mk) on
resting potentisl (RF, mV) and tension (T, gm) of two muscles,
Cne muegcle wee subjected to increcsing potessium concentrztions
in the absence of nitrate (filled circles). The other muscle
was trected with solutions of increzesing potassium concentration
and containing 400 mi NOx (open circles), Lines connect
tension necsurements froif each muecle, lembrane potential
mezsurements were averaged from 6 fibres 1In each case.
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Fig, 170, “Immediate" effecte of potassiur (Ko, mlf) on
resting potential (LF, wV) end tension (T, gm) of two muscles

from the came animecl,

In the upper figure, & muscle wes subjected to solutions
of increcsing LCl concentretion in 40C nli NO3 (upper open
circles), As the potassium concentration was increaced,
tension was developed ( lower open circles). At 50 mk KC1,
the pugcle wzs quickly returned to O NOx, 40 ml KCl, A marked
depolerization resulted (upper filled circle) end additional
tencion was developed by the muscle (lover filled circle),

In the lower figure, a second muscle was trected with
4C 1zl KC1, O NOz after soeking in 10 mi 1Cl, ILiembrane poten-
tizls are shown by the ugper filled circles; tension in 40
mi KECl is eghown by the lower filled circle. At 40 mi KC1 the
muscle wees guickly rerfused with 40 miu 1.C1, 400 nmli KOz. A
maerked hypervolerizetion resulted, (upper open circle?, and
tencion fell (lower open circle). ZLs potescsium wes increesed,
tencsion rose,
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Fig. 132. Effects of nitrate on membrane resistance
and indirectly produced electrical responses. (&,b) Responses
to hyperpolarizing stimulation in normal saline (@), and after
treatment with 350 mM NO3 (b). (c, a) Similar results for
another muscle fibre (normal saline, c; 350 N0z, d) . Note
increases 1In time constant and 1nput resistance iIn NOM.
Electrodes were less than 100 m apart in both cases,, (e, T)
Responses to stimulation of the Mslow” axon at 5 per sec. 1In
normal saline (e) and In 350 mM NON (F); same fibre as in

c,d). - "
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Fig. 134. Activation of single muscle fibres with depo-
larizing pulses delivered through intracellular microelectrodes.
In all cases the stimulating and recording electrodes were 0.2
mm apart, (@* c) Responses at two muscle fibres in normal
saline, (b, d) Responses of the same muscle fibres after aadi-
tion of 400 wk NO-*." Resting potentials were: éa), 65
), 69 nv; (©), 0?2 mvV; (d 6O.-5mV. In (@ and (b) the stim-
ulating current was the same; iIn (@) the stimulating current

wsfe larger than in (c¢). Tension of the muscle fibres is shown

in the lower traces.
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Fip, 135, Actlvation of a single muscle fibre by intra-
cellulsr stimulation, in normel seline (filled circles), and
after adéition of 400 my NOz (open circles)., Absclsea: de-
polarization (mV) in excess”of 55 mV mertrane potentizl, Or-
dinste; tension of the muscle fibre (arbitrery units).
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Fig., 13€, Effect of nitrate on tension developed by
activation of a eslngle muscle fibre with Intracellular stim-
ulstion., A4bscissa: derolarization ln excess of 55 mV inte-
grated elong the length of the fibre (arbitrary units; see
Flg. 97 ). Crdinate: tension of the muscle fibre (gm). Filled
circles chow the relstion obtained for the fibre in normal

saline, and open circles show values obtalned after sddition
of 400 mis NO=z, ‘



- Fig. 137. Effects of thiocyanate on activation of single
muscle fTibres with intracellular stimulation, (@, ¢©) Res-
ponses in normal saline; (b, d) Responses of the same Tibre
after addition of 50 mK SCN. Resting potentials were: (@, ©)
66 mv, (b, d) 70 mV. Stimulating and recording electrodes
were C.2 mm apart. Current was monitored on a second oscil-
loscope.
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e Fig. 136. Effects of thiocyanate on tension developed
by a muscle fibre during direct electrical depolarization with
an intracellular microelectrode. Ordinate and abscissa as In
Fig. 136. Filled circles show the initial responses, measured
in normal saline; open circles show responses In 5C mM SCN;
half-filled circles show responses in 200 mh SCN.



Table 10, Effects of nitrate and bromide ions on membrane properties

of Carcinus muscle fibres,

Fidre

Ge.

4.

5e

'10

Solution

(m)

0 KO
50 "
o "
50 "
0 XNO
40 L]

50 "
100 "

200 ¥
400 - "

100"
200"
400"
0 Br
250 Br
530 Br

Length

Constant

(mm)

1.80
2.08
1.66
2.23
1.15
2.3

1.88
2,19
2,26
2,17
2.86
2.41
1.79
1.89
2,03
1,92
1.28
1.32
1.50

Input
Resistance
(x 10

56.5 .

5T.5
26

24

21.6
23.4
31.4
36.9
375
49

50.7
65.7
31.5
36

375
36.7
31.2
31.9
32.3

Product
(arbitrary

wmits)

102
120
43
54
25
54
59
81
85
85
145
158
56

- 68

76
71
39.5
42.1
48.5

Relative
Membrane

Resistance

1.0
1.2
1.0
1.24
1.0
2.17
1.0
1.37
1l.44
1.0
1.72
1.87
l.0
1.2
1.35
1.25
1.0
1.07
1.23




Table 11, Effects of iodide ions on membrane properties of Carcinus

muscle fibres,

Fibre Solution Length  Input Product Relative kKembrane
(I) Constant Resigtance (arpitrary Resistance
(mm) (x16” ohms) units)
1, 0 mM 1.95 37.5 73 1.0
50 mif 2.14 57.5 123 1.68
2. 0 mM 1.73 19.5 34 1.0
3 50 mM 1.89 30.0 57 : 1.68
3. 0 mM 1.5 - 38 57 1.0
50 mM 2.68 65 174 3.1
4. 0 mM 1.75 21.7 38 1.0
50 mM 2.40 22 53 1.39
1o0mM 2.70 17 46 1.21
5. oml¥  1.62 41 66 1.0
50 mM 1.89 48 91 1.37
100 min 1.42 36.4 52 0.78

200 mM 1.44 25 36 0.54




Table 12, Effects of Thiocyanate ions on membrane properties of

Carcinus muscle fibres,

Fibre

1.

2,

3.

Solution Length
(m SCN) Constant

(mm)

50

50
200

12.5
100
200

400

1.95
2.54

1.90
2,10
2.17

1.24

1.87°

1.90
2.12

Input
Resistance

3
x 107)
gohms

33
56

15.8
25.8
31.0

19.5
27.4
38.0
40.7
41.0

Product
(arbitrary

units)

64
142

30
54
67

20
34
T1
78
87

Relative
Membrane

Resistance

1.0
2.2

1.0
1.8
2.24

1.0

1.65
3.46
3.78
4.24



11i) Comparative Cbservations on Other }uscles

A relatively few observations of the effects of nitrate
on other crustacean muscles were made., None of the other
anlions was studied,

When nitrate solutions of loolto 400 ml, were perfused
into the Nephrops closer muscle, the electrical responses to
"fast" axon etimulation showed an initial increazse in size
followed by a graduesl decline in magnitude below_the level
of response in normal saline (Fig. 13C, a to c¢). Thke time
constants of decey of the “fast™ responses were increzsed
in nitrate and remalned 1afger £han in normal saline as the
respronse decreased in size. This was an indication that the
membrane resistance was increased in nitrate, but that the
output of transmitter substance was gradually decreased,

The fast mechanical response was often slightly in-
crezsed at first by application of nitrate, but rapidly de-

clined to a‘low level,

When high concentrations of nitrate (200 to 400 mli) were

applied to the muscle, the “slow" electricsl and mechanical
responcses showed a very rapid decline (Fig, 139, d, e). In
addition, treatment with nitrate czused low frequency spon-
taneocus firing of the “slow" axon,

Litrote vwes observed to have an effect on membrane re-
sictence similer to that observed in Carcinus, but iess'pro-
nounced, Ingut resistances and time constants of nitrate-
treated fibres were increased slightly above normal (Fig.
136, £, &)

In some cases the electrically excitable responses of °
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nitrate-treated fibres were smaller than normal, in spite of
increased membrane resistence (Fig. 13¢, h, i1). It is not
certain whether or not this result was influenced by membrane
damage due to prolonged impalement wlth microelectrodes.

Resting potentisls were usually the seme in nitrate as
in chloride in this muscle., In some cases, however, & slight
depolearizetion appecred in nitrate,

When nitrate (50 to 100 mli) was applied to walking leg
opener and closer muscles of the crayfish, electrical and
mechanical responses to "fagt" closer axon stimulation, and to
opener axon stimulation, were increesed, In the closer muscle
the fast twitch was incressed and prolonged, In the opener
muscle single stimulli sometimes gave rise to small twitceh
responcses in nitrate, In several cases, however, the mech-
anicel resyonses to opener exon stimulaetion were zbout the
same in nitrcte 2s in chloride.

It wes found that nitrate markedly reduced thne effective-
ness of potessium depolarization in opener muscle preparations,
as was the case in Carcinus. The amount of tension developed
by 2 given concentration of potassium was conseguently nuch
less in nitrete, |

In thece crayfish muscles, resting potentials were not
noticeebly affected by nitrate application.

A series of observations was made to determine the effect
of nitrate on the Cancer stretcher muscle, Applicatlon of
nitrate resﬁlted in small initlal increases in both elec-
trical and meclieanicel responses to iﬂdirect stimulation fol-

lowed by a graduel decline in both, Lyrerpclarization of 1.
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to 4 nV was typicelly gproduced by arplicztion of nitrate.
The input resistances of nitreate-trested fibres were
slightly greater then thoce of the seme fibres in normel
caline (Fig. 14C, a, e), although the length constants in
some cases showed a decrezese (merbrane demege?). The mech-
enicel resyronces of single nuscle fibres to direct stipulation
vere similer in nitrate and in chloride (Fig. 14C, b to g).
No difference in tle tireciold for contrsction could be de-
tected in the two solutions, Lowever, it wse found that the
tension per cepolerization-length unit wae gligltly grecter
in nitrzte In the four fibres examined, Recults for one
fibre ere shown in Fig, 141, The results for Cercer fibres
werc tnuc different from thoscse obtained from single Carcinus

fitres.



Fig. 139. Effects of nitrate on responses of Nephrops
fibres to indirect and direct stimulation. (@ p-s.p- 1In
response to a single stimulus applied to the '"'fast” axon.

) F.s.p. of the same fTibre after treatment with 200 mM
NO3 for 5 min. (©) P.s.p. from the same fibre 10 minutes later,
(dj "'Slow” responses In normal saline; "slow” axon stimulated
at 90 per sec. () Responses to the same stimulation 5 min.
after perfusion with 300 mM NO-?. (F, h) Responses of a distal
muscle fibre to hyperpolarization () and depolarization (h)
in normal saline, (g, 1) Corresponding responses after treat-
ment with 300 mM NO3 for 5 min. In (d, €) tension of the
whole muscle i1s shown (lower traces).



Fig. 140. Responses of a Cancer muscle fibre tp direct
stimulation with an intracellular microelectrode, (@) Response
to a hyperpolarizing pulse in normal saline; r.p., 65 mV.

(b, c, d) Responses to depolarizing stimuli; tension of the
muscle fibre, lower traces. (€) Response to a hyperpolarizing
stimulus after addition of 250 mM NO™; r.p., 67 mV; current
strength was the same as in (@). (F, g) Responses to de-
polarizing stimuli in 250 mM NO3 . 1In all cases the stimu-
lating and recording electrodes were 0.5 mm apart. In (@)

to (d), length constant was estimated to be 211. nm; in (e)

to (g), 1.95 mm.
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Fig, 141, Effect of nitrate on activation of & single
Cancer nuscle fibre. Ordinate end ebscissa as in Fig, 136,
except that the “threshold" depolerization was 57 mV. Filled
circles: responses in normal saline, Open circles: responses
after addition of 250 mi NOB'




DISCUSSION

It cannot be claimed that the experiments reported
in this study permlt definlite answers to be gilven to the
questiohs posed in the introductlion. However, suggestive
evidence relating to certain aspects of excitation and
contraction in crustacean muscles has been accumulated,
and this evidence will now be discussed to determine
whether or not any conclusions may be drawn from 1it.

a) "Fast" and "Slow" responses in Crustacean Muscles.

Previous to this study, no satisfactory explanation of
the differences between '"fast" and "slow" responses of cru-
eteceen muscles had been:advanced. The suggestions offered,
such as that of Hoyle and Wiersma (1958¢), who accounted
for "fast" and "slow" transmission in terms of separate
transmitter substances, were at best, tentatlve,

In the present study evidence has been presented to
show that in certain muscles, the main differences between

‘"fast" and "slow" responses arise from two factors:

1) differences in the rate of release of transmitter sub-
stance from the two types of nerve ending, and 2) differences
in the properties of muscle fibres 1nnefvated primarily by
one or the other of the two axons. In the Carcinus muscle,

this second factor appears to be of great importance, as it
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probably 1s also in Pachyvgrapsus., In Nephrops, on the

other hand, the first factor appears to be more important,
because no outstandlng differences between muscle fibres
innervated primarily by one or the other of the two axons
was apparent with respect to membrane properties and elec-
trical excitability.

By the”interplay of‘thése”two factors- differences
In muscle fibre propertles, and differeﬁces in the density
of innervation by the two axons- it is,pdssible to account
for most of the varieties of electrical response observed
in the muscles which were studied |

It was found throughout this study that the shapes of
the electrical responses occurring in a particular muscle
fibre could be relasted to the membrane propertles of the
fibre. Thus, Carcinus type B muscle fibres and Cancer
muscle fibres, which had.highmmembrane resistances and
large time constants, showed prolonged p.s.ps. On the

other hand, Carcinus Type A muscle. fibres and Pachygrapsus

"fast" fibres, which had low membrane resistances and
small time constants, showed very rapid p.s.ps.

The fibres primarily imnervated by "fast" axons (e.g.,

Carcinus Type A fibres, and Pachygrapsus "fast" fibres)

often had very much lower membrane resistances than other
fibres, The very large "fast" p.s.ps. produced in these
fibres can only be accounted for. by assuming that the

fibres in question possess a much denser "fast" axon




innervation than other muscle fibres, thereby counter-
balancing the effect of low membrane resistance.

The fibres innervated primarily by "fast" axons in

Carcinus had other features distinguishing them from fibres

innervated primarily by "slow" axons, including greater
electrical excitability, higher resting potentials, and
smaller sarcomere lengths, The same pattern appeared to

be present 1in the Pachygrapsus closer, although it was

noﬁ worked out in the same detall as in Carcinus. It is
tempting to spéculate that there may be specific "trophic
influences" exerted by "fast" and "slow" axons on the
fibres which they innervate, and that these”spegific influ-
ences mey be partly responsible for the different‘membrane
properties of muscle fibres predominantly innervated by
one kind of motor axon. This type of mechénism has been
shown to be present in cat muscles (Buller, Eccles, and
Ececles, 1960), in which fast and.slowhmuécles are differ-
entiated after innervation by "fast" and "slow" motoneur-
ones, and 1n which fast muscles can be converted to slow,
and vice versa, bj'experimental,changes in the imnervation
of the muscle, |

However, in Nephrops it would'seeﬁllikely that "trophic
influences", if present, are not as specific in nafure as

may be the case in some crab nmuscles,
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Recent observations by Mr, B.S. Doral Raj, of the
Department of Blology, Unlversity of Oregon, cast further

doubt on the "trophic influence" theory as applied gener-

e

ally to crustacean muscles”. Mr. Raj has worked with the

accessory flexor muscle of Cancer magister, which is inner-

vated by a single excitor axon and a single inhibltor axon
as are the homologous muscles of other crustaceans (cf.
Wiersma, 1941). He hss done experiments of the same sort
as those done previously by the author and described in
this thesis, and has found that "fast" and "slow" fibres
with membrane characteristics similar inmany respects to
those found by the author in the Carcinus closer muscle,
exist also in the accessory flexor muscle. Furthermore,
the "fast" fibres are characterized by narréw sarcomere
banding and by "Pibrillenstruktur" (Krllger, 1952); the
"slow" fibres have broader sarcoﬁere banding and
"Felderstruktur". Since only one excitor axon innervates
this muscle, the existence of "fast" and "slow" fibres
cannot readily be attributed to differences in innervation
by separate axons, unless perhaps the inhibitor axon has

a8 very different'distribution‘of nerve terminals than that
observed for the excitor, or unless one axon éan have
different tvpes of nerve endings (c¢f. Wiersma, 1951),
However, the evidence as it exists at present indicates

that "fast" and "slow" fibres in this muscle probably

#The author -is indebted to Mr. Raj for permission to quote
hls results in this Discussion.
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cannot be attributed to the same mechanism-as shown for
certain vertebrate muscles. In other muscles, such as

the Carcinus and Pachygrapsus closers, such a. mechanism

may exlist,

In this connection & recent note by Girardier et al.
(1962) 1s of interest. These authors have found that
denervated cravfish musc1e f1bres have markedly different
membrane properties (including higher membrane resistance)
than fibres from neurally 1ntact‘muscleé. The change in
membrsne properties following denervation 1s very rapid.
Innervation appears to exert a»general influence on muscle
fibre membrane properties, althéugh specific influences of
"fast" and "slow" axons, if any, remain to be described,

However "fast" and "slow" fibres originate in crustacean
muscles, they certainly exist, and in such muscles as the

Carcinus and Pachvgrapsus closers it 1is very likely that

the mechanical nature of "fast" and "slow" contractions

1s determined largely by the different contractile responses
of these fibres*. Some evidence was found that even in

Type C fibres of similar~membrane>properties, different
muscle fibres showed & wide range of contraction speeds in
response to the same type of directly applied depolari-
zation (see Fig., 91). It was not found possible to:récord
tension responses from individual Type A and Type B filbres,
but 1t is probable that these are faster and slower, respec-

tively, than the tension responses recorded from Type C fibres.

*As in frog muscles; see Peachey ‘and Huxley (1962),
J. Cell Biol. 13, 177.

. LR —mEmR o
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The usual fast twitch (Fig. 24,a) has a more rapid rise
and fall than do the "twitches" recorded from most single
Type C muscle fibres, which in general have time courses
similar to recorded tension responses produced by single
shocks to the "slow" axon (Fig. 2L,c).

The probable variation in contraction speed in
different muscle fibres czn be attributed in part to the
different membrane properties of the muscle fibres con-
cerned, In Type A fibres the "fast" reépbnses are often
large, but comparatively brief., The briefness of these
responses can be attributed to the short time constants
- of the muscle fibres“concerned; end to the rapid repol-
arization followihg active membrane responses, Assuming
for the momeﬁt“that tension is dependent on membrane
depolarization remains above a threshold level (cf, Orkand,
1962), it can be seen that the tension developed by Type A
fibres will be large but of comparatively brief duration.
Even if all muscle fibres had the same inherent contraction
rates, the electricel responses of the Type A fibres, which
are determined largely by the membrsne properties, would
impose a2 contraction on these fibres which would be briefer
than that which could be elicited from Type B and Type C
fibres, The fast twitches of Carcinus muscles can be
attributed to the action of Type A fibres.

In Carcinus, the slow rise énd fall of tension during

"slow" axon stimulation can be linked in part to the longer



time constants of the fibres responding, coupled with

smaller individual excursions of depolarization above the

agsumed tension threshold, The significance of the longer

time constants is that coupled with the growth of the
"slow" p.s.ps; by facilitation,Athey permit the esfablish-
ment of depolarization "plateaus" yieiaing in turn greater
products of time and depolarization above the tension
threshold, At first glsnce it is more difficult to account
for the very gradusl relaxation of tension following "slow"
axon stimulation., Slow repblarizatiohAimposéd by large
membrane time constants may provide a pértial explanation,
but all the fibres examined critically repolarized to
restiﬁg membrane potential.levei, or,within'oné or two
millivolts of it, within 0.5 ' sec., whereas relaxation of
"slow" tension took 3 to 8 seconds. It may be that rather
slow contraction speeds occur in Type B fibfes, and thét
these contraction speeds are slower then can beraccounted
for by slow electricel changes connected with large time
constents. More work on single isolated muscle fibres is
needed to clarify this point, i

In Nephrops muscles a narrower range of muscle fibre
membrane properties was found than in Carcinus and

Pachygrapsus. Correspondingly, the "fast" and "slow"

PeS.DPS. had more uniform decay rates throughout the ﬁuscle.

In addition, relaxation rates of "fast" and "slow" contractions
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were usually much more similar than in Carcinus muscles,
This suggests that contraotion speeds of the muscle fibres
mev be fairly uniform throughout the muscle.

The evidence for the Nephrops closer muscle suggests
that the characteristics of the "fast" and "slow" contract-
lons in this muscle may be due primarily to differences in
neuromuscular transmission at "fast" and "slow" nerve
endings, much as has been suggested by Usherwood (1962 a,b)
for the coxal muscles of the cockroach., In Carcinus and

Pachygrapsus, on the other hand, certain definitive charac-

teristics of the "fast" and "slow" contractile responses
are probebly determined by differences in the muscle fibres
responding primarily to either "fast" or "slow" axon stimu-
lation, However, 1n these muscles also, differences in
neuromusculer transmission at different types of nerve
ending mey be Important, in Carcinus_Type C fibres, for
instence, it was found that "facilitating" and "non-facil-
itating" electricsal responses.cbuld be found in response to
"fast" axon stimulation., Thus even a single motor axon may
have nerve endings with different characteristics (cf.
Wiersma, 1951; Wiersma and Bobbert, 1961).

None of the observations made on the muscles studied
most critically provided any evidence for the existence of
separate "fast" and "slow" transmitter substances. Although
1t cannot be stated whether or not separate transmitter sub-

stances are present until they are isolated and'identified,
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the evidence obtained in the present study provides proﬁis-
ional support for the hypothesis that "fast" and "slow"
transmission processes are effected by the same transmitter.

b). Depolarization end Contraction in Crustacean Muscles.

In the present study efforts were made to determine
whether or not contraction in crustacesn muscles is 1nitiated
by membrane depolarization per se. This problem has remalned
unresolved since Hoyle and wiersma {1958 c)rproduced evidence
indicating that in crustacean muscles membrane depolarization
may not be the factor which sets the contractile machinery
In motion. As was pointed out in the Introduction, their
evidence, while suggeétive, cannot be considered a very firm
proof of thelr contention,

It has been clearly demonstrated by Orkand (1962) and
by the suthor (196é, end in the. present stddy) that con-
traction of crustacean muscles does occur in response to
depolarization of sufficient magnitude, whether produced
by direct electrical means or by application of chemical
agents, The maln problem, therefore, i1s to determine whether
nervous exclitation utilizes this avallable depolarization-
dependent mechanism to bring about contraction, and indeed
whether different methods of depolarizing thse muscle are
equally effective in producing tension.

In the present study, an initial attack on this problem
has been made by studying the contractile responses of .

single muscle fibres of the Cancer stretcher muscle., The



observations indicate that in the particular fibres studled,
the threshold membrene potential for tension development
appeered to be about the'same for depolarization by nervous
excitation as for initial depolarization by high potassium
and by current passed throurh a microelectrode. No oute
standing varistions in the thresholds for different fibres
of this muscle were noted, 'However, fibres from a rather
limited region of the muscle were the only ones which could
be examined by the techkniques employed,

It was not satisfactorlily determined whether the three
methods used to depolarize the muscle fibres were equiva-
lent with respect to the degree of tension produced per
unit of depolarization, Problems associated with differ-
ences in the uniformity of depolarization over the length
of the muscle fibre in different situations made difficult
a comparison of the three tyﬁes.or depolarization, No
concrete evidence indicating differences 1in effectiveness
of the three types of depolarization was found. However,
1t was observed that potassium depolarization was less
effective after a previous potessium~induced contraction,

If the assumption is made that fibres of this musecle
must be depolarized past a "threshold" of 60 to 55 mV by

nervous excitation before they will develop tension, it 1is

clear that the electrical responses which have been recorded

from the "edge" fibres of this muscle are large enough to

initiete tension development at low.freqﬁencies of
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stimulation (5 to 10 per sec.). At these frequencies of
stimulation, responses in the "edge" fibres are 10 to 20 mV
in magnitude, and since the resting potentials of the muscle
fibres are 6L to 76 mV, the p.s.ps. exceed the "threshold"
in meny cases. It 1s probsble that the majority of fibres
elsevhere in the muscle, which have small electrical
responses at frecuencies of stimuiation less than 20 per
sec., do not develop tension until the frequency of stimu-
lation is 20 per sec., or'greétef.

In Carcinus, Nephrops, and Pabhxgrapsus muscles,

contraction can also be accounted.for by assuming that
nervous excltation activates a depolariiation-dependent
mechanism. For in all of thesé muscles, electrical
responses exceeding fhe postulated'thrésholds for contrac-
tion can be found 1n at least some muscle fibres even at
the lowest stimulation frequencles at which contraction
can be detected, |

If a mean threshbld membrane potential for tension
development of 55 mV is assumed for Carcinus muscle, depol-
arization of the muscle fibre membrane amounting to 10 to
20 mV (depending on the resting potentiai of the musclé
fibre) is necessary to cause‘cbntréction; On this basis i
1t 1s evident that the elebtrical responses'to nervous
stimulation are sufficlent to activate a depolérization-’

dependent tension producing mechenism. For when the "fast"
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axon is stimuleted with single shocks, "fast" p.s.ps. of
15 to 20 mV are common in Type A muscle fibres, most of
which were found to have resting potentials of 65 to 70 mV,
These "fast" p.s.ps. generally exceed the assumed threshold
of 55 mV and can account for the twitches elicited by
single shocks to the "fast" axon,
When the "slow" axon is stimulated at frequencies of
5 to 10 per second, sufficient to cause a contraction, Type
B fibres are often depolarized past the assumed threshold
of 55 mV, The fibres of Figs.%e,l for example, had resting
potentials of 61 and 64 mV respectively, and in both cases
total depolarization was sufficient.to exceed the postulated
threshold of 55 mV during tension development. It can be
postulated that the tension developed by Type B muscle fibres
starts to level off at stimulation frequencies of 20 to 4O
per second, becauce the total electrical response does not
increase very rapidly in magnitude- at higher frequencles,
Only at frequencies of stimulation greater then 15 to
20 per second do responses of Type C fibres become large
enough to exceed the postulated threshold. In many cases
only the slow electrical responses exceed therthreshold at
higher stimulation frequencies. It 1s possible, therefore,
that most of the fast tenslon is developed by Type A.fibres
and a relatively small proportion of Type C fibres (some of
which were observed to have electrically excitable membranes;

see Fig, 22)., However, the possibility that tension is also
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developed by a method not dependent on depolarization, as
has been suggested previously (Hoyle and Wiersma, 1958b,c)
hes not been ruled out. If contraction in Type C muscle
fibres is depolarization-dependent, it is likely that many
of them develop tension during "slow" axon stimulation at
fremuencles abo#e 20 per second, but that only some of them
develop tension during "fast" axon stimulation even at high
frecuencies.

It must also be borne in mind that muscle fibres which
show small electrical responses to. separate stimulation of
"fast" and "slow" axons, as many Type C fibres do, can
show considerably larger responses when both axons are
stimulated simultaneously (Fig. 19). The animal may
normally bring these muscle fibres into play only when
extreme effort is required,

In Pachygrapsus only a few muscle fibres give large

responses to "slow" axon stimulation at any frequency.

These muscle fibres have responses rather similar to

Carcinus Type B muscle fibres., This similarity includes

the "levelling off" in magnitude of the electrical responses
at fremencies of stimulation greater than 20 to 4O per sec.
The mechanical response to "slow" axon stimulation also
levels off at these frequencies (Fig. 59), and this indicates
very strongly that "slow" tension 1is developed exclusively
by the specialized "slow".type of fibre. The other muscle

fibres probably develop tension only in response to
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stimulation of the "fast" axon or to. simultaneous stimulation
of both motor axons, Thls situation contrasts with that in
Carcinus, in which the "slow" tension does not level off at
frequencies of stimulation of 20 .to 4O per sec., as 1t pre-
sumably would if Type B fibres alone were effective 1in
producing it, but continues to increase in magnitude with
increasing frequency of stimulation (Fig. 26), thereby‘indi-
cating activity of Type C fibres,

The spilking fibres of Pachvgrapsus account for the

powerful "fast" twitches obtained from the closer muscle.
Once agaln a contragt exists with_the.closer muscle of
Carcinus, in which the "fast" twitches were relatively
weak, and in which the specialized "fast" TYbe'A fibres
did not give rise to spikes when only one stimulus was

delivered via the "fast" axon.

Comparlson of Carcinus gnd Pachygrapsus closer muscles

indicates that a basically similer mechanism has evolved in
different directions in the two_animals; In Carcinus the
"slow" system probebly does most of the work, whereas in

Pachverapsus the "fast" system predominates, It would be

of interest to determine the extent to which "slow" and
"fast" systems are used in normal activity in the two
animals,

In the Nephrops closer muscle the mechanisms appear to
be rather different, but in this muscle slso, the available‘

evidence indicates that a depolarization-dependent mechanism
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may be operative in tension production,

If a membrane potential threshold for tension develop-
ment of 58 mV is assumed for Nephrops muscle, most of the
muscle fibres must be depolarlized by 10 to 20 mV (from
resting potentials 1f 65 to 78 mV) before they will dévelop
tension,

Many of the proximal muscle fibres gave p.s.ps. of 10
to 20 mV in response to single shocks applied to the "fast"
exon. The tension response of the muscle was a small
twitch, The weakness of this twitch can be éorrelated with
the gbsence of electrically excltable responses to single
stimuli. Nevertheless, 1trappears thaf,duriﬁg "fast" axon
transmission the eléctfical responses of somé of the prox=-
Imel muscle fibfes exceed: - the_threshéid for tension
development, ‘ | j

It wassignifiéant fhat the fwitch response of the muscle
to a single stimulus abplied to the "fast" axon usually
disappeared as the preparation became older. When this
occurred, examination of the proximal muscle fibres showed
that, although p.s.ps. of about iO mV were common, very
few of them exceeded the postulated.membrane potentlal
"threshold," | ;

Tension in response to "slow" axon stimulation occurred
usuel 1y only at fre~uencles of stimuletion above 30 per
second, and was very weak until frequencies of stimulation

of about 50 per second were applied. When the frequency of
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stimulation was less than 30 per second some of the distal
fibres showed responses of up to 10 mV total magnitude, but
almost none of these responses was. large enough to exceed
the postulated "threshold." When the frequency of stimula-
tion was above 50 per second, total depolarizations of 10
to 20 mV could be observed in some distal muscle fibres.
At higher frequencies of stimulation, supefimposed twitches
occurred in the tension records of some,muscles; and elec-
trically excitable responses could be seen in some of the
distal muscle fibres. |

The evidence obtained for. the "fast".systems of the
crayfish leg and claw indicate that a depolarization-
dependent'mechanism could be involved in "fast" tension
production iIn these muscles. In the walking leg.closer,
spiking fibres were frequently encountered, ﬁhiie in the
claw closef, large p.s.ps; of 10 to 20 mV were observed and
it is possible that splking fibres were present in this
muscle as well, With an assumed threshold of 60 mV and
" resting potentials of 70'fo SSHmV, the slectrical responses
to singie shocks applied to the "fast" axon would be large
enough in both muscles to eiceed the "threshold" and‘give
rise to tension reSponseé in the form of twitches,

The reletively rapid decline. of the twitch.response
with repeéted'stimulationiin‘the claw closer may have been

due to a-rapid decline in transmitter substance releaée
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(due to i1nadequate perfusion?) coupled with the relative
scarcity of splking fibres in this muscle. If the powerful
twitch of thls muscle were attributable to the combined
responses of many flbres depolarized Just past'the'threshoid
by PeS.pss of 10 to 20 mV, a small decline in transmitter
substance output affecting many fibres at once would result
in a2 relatively large effect on the tenslion response. 1In
the walking leg closer, on the other hand, spiking fibres
were numerous, and small varlations in transmitter substance
output would have little effect on the tension response of
this muscle.

The "slow" systemsof the walking leg and claw closers,
and the opener muscles, present problems for an interpre-
tetion of tension development based on membrane depolariza-
tion per se. 1In the opener muscle of the walking leg,
potassium contracture does not occur unless the membrane
potentials of the muscle fibres are lowered past a "threshold"
of about 60 mV. However, the contraction produced by nerwvous
excltation can be detected when electrical responses are
considerably below the threshold.,

It is possible that larger electrical responses to
nervous excltation were present in this muscle and not
discovered, but the small size of this particular muscle
renders this possibility unlikely.

If larger indirectly produced electrical responses

were not present, the conclusion must.be that in this



muscle potassium depolarization: acte in a different manner -
"than does nervous excltation. It 1s possible that the
transmitter substance acts on the‘contractile machinery
wlthout the medlation of membrane potential changes, and
that the latter are to be regarded as unimportent "side
effects", indicating the: existence of nervous excitation
but not contributing to the development of tension, ' It

i1s known that certain drugs can cause contractions of muscle
which are independent of membrsne potential or changes in
this potentiel (Evans et al.>1958; Axelsson and Thesleff,
1958), The %ransmitter substsnce of the c¢rayfish opener
muscle mavy have a similar action.

On the other hand, 1t is possible that both nervous
excitation and potassium contracture act by depolarization
of the muscle fibre membrane, but that the "thresholds" for
these actions are different, that for’nervous excitation
being lower. Membrane depolarization per se does not
- necessarily result in contraction; the manner in which the
depolarization is produced is of cruc;al importance, 1if
this hypothesis 1s correct., The transmitter action may
have an additionsl action besldes depolarization per se,
such as facilitation of the entry of a "key" ion, perhaps
calcium (Hoyle and Wiersma, 1958¢); or the localization
.of the nerve endings near components of the sarcoplésmic
reticulum may result in more efficient~conduction'of

excitation to the fibre interior during transmitter actibn.
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- On the other hand, potassium depolarization may be
accompanied by inhibition of some stage of the excitation=-
contraction coupling process, Potassium ions may act on
the reticuler components and make them less efficient in
transmission of excitation to the fibre interior,

Several pleces of evidencé give>some support to the
hypothesis linking indirect éontréction to membrane
depolrrization rather than that accouhting for contraction
by & more direct action of the transmitter substance,

1) When the membrene potentisls of the openef muscle
fibres are lowered by application»of pptassium solutipns of
sub=-contracture concentrations, the indirectly prbduCed'
electricsl responses are slightly attenuated, but the ten-
sion response is increassed slightly (Fig. 108)., This
Indicetes that the transmitter'actiqn is not independent
of the membrane potential level,*

2) Hoyle (personal communication) has found fibres in
the closer muscle of Cancer“ﬂhich'develop tension in re-
sponse to a very small amount'of'depolarization applied by

3%

means of a current-passing microelectrode. This obser-
vation suggests that crustaceah muscle fibres vary

considersbly with respect to the "threshold" levels for

*However, this observation is open to other interpre-
tations., It 18 possible that the output of transmitter
substance 1is incressed in raised potassium and that the
observed attenuation of the electricel response is due to
decresnsed membrene resistsnce. The increase in the mechan-
cal response could in this case, be due to the increase in

- transmitter substance,

*As was pointed out earlier, effects of this sort can
be produced in depolerized fibres (p. (33 ). Additional
Investigation of this phenomenon i1s needed,
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tension production, In the opener muscle of the crayfish
walking leg, fibres of this "low threshold" type may be
common, |

In the experiments in which tension was recorded from
single muscle fibres of Cancer and Carcinus, the thresholds
for différent types of depolarization were estimated to be
similar, Nevertheless, 1t 1s possible that these thresholds
mey be different in other types of muscle fibre. It can be
postulated that non-splking fibres innervated primarily by
the "slow" axon may have low thresholds fof nervous excita-
tlon, but higher thresholds for potassium cbntracture.

~On this basis the "slow" twltch of the crayfish claw
could be explsined. . This "twitch" response couldvbé due to
the action of a number of "slow" fibres depolarized past
threshold by very small e;ectrical e#ents. The slowness of
the mechanicel response may reflect the slow contraction
speeds of these particular fibres, compared with the fibres
responding primarily to "fast" axon stimulation.

The resolution of the problem of the different thresholds
for different types of depolasrization is dependent on further
work with isoleted single muscle fibres, At present, the
available evidence favours the Interpretation that many
muscle fibres have similar thresholds to different types of
depolarization, but that in some muscle fibres the threshold
may vary with the method used for depolarization. The

observation that single Cancer muscle fibres are less



effectlvely activated by successive potassium depolarizations

i1s an indication that potassium depolarization may not be
equivelent to the other methods of depolarization,

The underlying csuses of possible differences in
thresholds for different types of depolarization can only
be guessed at, It 1s possible that potassium may have an
inhibiting effect on tension development, On the other
hand, the depolarizatlion associated with nervous excitation
may be coupled to some additional event, such as entry of
a "key" ion as suggested by Hoyle and Wiersma (1958 ¢ ).
Untill experiments have been done to establish more defin-
itely whether or not different types of depolerization are
nonequlvalent, further speculation 1slof little value.

c) Effects of Potassium on Crustacean Muscles.

In the present study it has been shown that potassium
lowers the resting potentisl of crustacean muscle fibres
and csuses them to develop tensl on when the membrane poten-
tiel hss begn.lowered pest a "threshold." The resting
potential-potassium curve is influenced (at least in
Cercinus) by the concentration of potassium inside the
muscle fibre, which 1s subject to such factors as the pre-
vious thermal history of the animal, but the "threshold"

» for tension development apparently remains fixed.
The potassium contracture of Casrcinus muscle is similar

to that of frog muscle in its requirement for extracellular
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calcium ions (cf. Frank, 1958), However, the rate of
relaxation of the contracture of this muscle was slower
than that of frog "twitch" fibres, with the exception of a
rapid initisl phase which was sometimes observed., It
appeared likely that the contractures recorded from many
Cercinus muscles represented responses of "fast" and "slow"
muscle fibres, as in the frog (cf. Kuffler and Vaughan
Williems, 1953). |
Alteration of the potasslium concentration of‘the per-
fusion fluid had profound effects on the electrical and
mechanical responses to indireet stimulation., In most
muscle fibres the size of the,p.sts. was reduced in raised
potassium, but in relatively excitable muscle fibres (as in
Nephrops) electrically excitable responses were generated
in high potassium solutions in response to stimulation
which did not produce such responses in normal saline, This
phenomenon was probebly due to the fact that ralsed potas-
sium lowered the membrane potentisls of the muscle fibres
towards the threshold of electrical excitability, so that
a much smaeller electricel response was required to generate
electricslly exciteble responses.

In certain Pachverapsus "fast" fibres the size of the

P«.8.P. became larger in high potassium, and it appeared
likely that this was a manifestation of the type of elec-
trical exclteblility demonstrated in certain Carcinus Type A

fibres (see Figs., 7, 61, 66). Increased "fast" responses of
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this type may counteract the effect of decline of electrical
events in "splke" fibres as far as tension development is
concerned,

In cases in which electrical activity was increased
in high potassium, 1t is easy to see why the mechanical
sctivity of the muscle was increased initielly. However,
in many muscles the electrical activity was reduced in high
potassium, yet the mechanical activity was often increased
initislly. Examples include the crayfish opener muscles,

the Carcinus and Pachygrapsus "slow" systems, the crayfish

walking leg opener "fast" system, etc,

It is 1likely that these effects can be explalned by
the fact that the membrane potentials of the muscle fibres
are lowered towards the threshold for contraction by high
potassium. Therefore a smaller change in membrane potential
1s needed to exceed the membrane potential "threshold" for
contraction, It 1s readily apparent that even though the
1nd1recf1y produced electrical responses may be greatly
reduced by high potassium, they may still exceed the
"threshold" in psrtly depolarized fibres (cf., Orkand, 1962;
and pp,. /21133, whereas a much larger électrical response
may not exceed the"threshold" in a fibre with a high
resting potentisl, For example, the response of the Nephrops
fibre of Fig, 102 (a) was sbout 10 mV in magnitude; the
resting potential of the muscle fibre was 72 mV; hence the

fibre was depolarized to 61 mV during the peak of the P.S.p.
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In Fig., 102 (b), the response was 5 mV in magnitude; the
resting potential was 60 mV; hence the fibre was depoiar-
ized to 55 mV during the peak of the p.s.p. If the esti-
mated threshold of 58 mV applies to this fibre, and if
membrane depolarlizatlion initlates tension, it 1s likely
that the flbre develops tension in ralsed potassium but
not in normal saline, The situation 1s probably analagous
to that described by Orkand (1962) for direct excitetion
of cravfish muscle fibres 1In high potassium., 1In the latter
case, current of s gi?en strength produced a smaller elec-
trical response in.a‘potassiumpdepolarized fibre, but a
larger mechanical response, because the threshold was
effectively lower after potassium depolarization.

A number of observations cannot be interpreted easily
in this way, In some muscles "slow" tension was depressed
rather than‘enhanced by hipgh potassium, Alsd, a return to
normal saline after a short stay in high potassium often
resulted in a marked depreééion of,ténsion, pafticularly in
the Carcinus closer muscle, even though electrical responses
In such cases were restored to nearly their originai size
(Fig, 112). These observations contribute to the impression
that high potassium may actually inhibit'fension development,
and that .this Inhibiting effect mey remain after the extra
potassium hes been removed. The actﬁél tension that is
developéd In excess potassium may depend on the relative

effectiveness of the hypothetical T -
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"2 {nhibition end of the increased depolarization
above the tension "threshold" during indirect stimulstion.
In most "fast" systems the electrical responses are fairly
large ( eand may become larger in excess KCl due to the
perticipation of'electrically excitable responses); conse~-
quently the hvpothetical "bslance™ i1s tipped decisively in
favour of greanter tension production. In many "slow"
sy stems the "balance" is probably much more delicate because
the electrical responses are relatively small and are often
associated with electrically inexcitable muscle fibres. 1In
these cases such factors as the condition and physiological
state of the snimal from which the muscle was taken may
- Influence the delicate balance of the tension-producing
mechanism and determine whether tension is reduced or in-
creased in high potassium,

Another factor which could determine whether or not
"slow" tension is depressed by high potassium in a parti-
culer muscle is the relstive time constants of decay of
the electrical responses in high and low potassium. = The
electricel responses decay more rapldly iIn high potassium,
and this would presumebly act to lower the.tension produced.
The delicate "balance" of the tension-prbducing mechanism
in slow systems may thus be altered by changes in membrane
time constants, and also by changes in length constants,
which would affect the spread of depolarization and there-
fore the total depolarization attainable during a given

type of stimulation,



However, the "potassium inhibition" hypothesis suggested
gbove would have the advantage of explaining the facts that
potassium depolerization 1s less effective than nervous
excitation in éliciting tension in some muscles (such as the
crayfish opener), and that single Cancer muscle fibres show
an altered threshold after repeated apbiications of high
potassium, This hypothesis could also be used to explain
the decline of contracture tension with time after appli-
cation of high potassium and the much slower decline of
contractures elicited by sulphate and by sucrose (p. 10%).

Hodgkin and Horowicz (1960b) have advanced an alter-
native explanation of the decline of potassium contracture;
They attribute this decline to exhaustion of an "activator."
However, Sandow and Kahn (1952) explained the decline in
high potassium of the mechanical responses of frog muscles
in terms of inhibition of the contractile mechanism by
potassium, end pointed out that pnotassium inhibits ATPase
activity (Perry, 1951). At present it cannot definitely
be stated whether or not high potassium exerts an lnhibi-

tion on the contrsctile apparatus of muscle.

d) Effects of Substituted Anions on Crustacean Muscles.

In Carcinus muscle 1t has been demonstrated that anions
of the lyotroplc series have profound effects on indirectly
produced electrical and mechanical responses. These effects

differ considerably from those found in vertebrate muscles
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and even from effects in other crustacean muscles, This
variety 6f response serves to emphasize once agsin the
diversity of mechsnisms in crustacesn muscles,

In Carcinus the forelgn anions increased the membrane
resistance of the muscle fibres examined, and this effect
provides at least a partlial explsnation for the increased
electrical responses to indirect stimulation; In Type A
muscle fibres, the p.s.ps. to "fast" axon stimulation were
often large enough to initiate electrically excitable
responses at frequencies of stimulation which did not pro;
duce such responses in normal saline., This effect seemed
to be due mostly to increase in size of the p.s.ps.,
resulting in depolarizations in excess of the threshoid
for electrically excitable responses. The anions tested
had 1ittle effect on the electrically excitable responses
to direct depolsrization, slthouch in some fibres thiocy-
eanate increased these reéponses slightly, Therefore thé
maln effect of the fqreign>anions on the indirectly pro-
duced electrical responses 1s probably due to the increased
membrane resistance resulting from their application. It
1s unlikely that dramatic changes in potassium conductance,
of the type described by Werman and Grundfest (1961) for
barium-tréated lobster muscle fibres, were involved in the
action of these anions, Itris more likely that a decreése
in chloride conductance of the type deseribed by Hutfer and

Padsha (1959) was responsible for the increase in membrane



resistence, and perheps also for thé hyperpolarizing éctions
of these anlons,

I+t was observed that prolonged treatment with foreign
anions resulted in a gradual decrease in magnitude of elec-
tricel -« - e respbnsés. Since the membraﬁe resis-
tances of most of the fibres examined did not show & similar
decline with timé (except in the case of some Type B fibres;
Fig. 125), reduction in output of transmitter substance was
probably responsible.' In Nephrops muscle -thls explanation
seemed to apply also, exéept that electrical activity de=-
clined much more rapidly than in Carcinus after treatment
with similar concentrationé of nitrate.

In spite of the increase'in size of electrical responses
to indirect stimulastion, the assogiated mechanical responses
were depressed by nitrate and bromidé,fand the "slow" mechan-
ical responses were depressed by 1odide and'thiocyanate. In
the éase of nitrate the mechanlcal responses to direct elec-
trical depolarization and to«potassium,depoiarization appeared
to be depressed also. Results for other anions were less
clear-cut, but it is possible that'they'aiso had a slight
inhibiting effect on tension development. The nature of

"nitrate inhibition" can only be guessed at, but it is

possible that nitrate may interfere with the action of calcium

in the excitation-contraction coupling prbcess (cf. Peterson

and Feigen, 1962), it‘is also possible that foreign anions
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affect components of the sarcoplasmic reticuium'concerned
with excitation-contraction coupling. It has been suggested
by Girardier et al. (1962) that a tubular membrane effec-
tively in series with the cell membrane and selective for
chloride ions mey mediate the. conduction. of excitation from
the cell surfece intodthe muscle fibre, Forelgn anlioms may
alter the properties of thils membraﬁe, causing 1t to be
less pefmeable to chloride, and thus interfere with
excltation-contraction coupling. |

In the case of thiocyanate, the "inhibiltlon" (if present)
was not as pronounced as with nitrate. However, both thio-
cyanate and lodide produced hyperpolarization, and this may
have been largely responsible for the decrease in "slow"
tension, by effectively raising the threshold for contrac-
tion, In the case of "fast" responses, the electrical
activity 1s Increased to such an extent that small changes
in threshold or in effectiveness of depolarization would not
have much effect on the tension outpuﬁ wich, as one would
~expect, 1s much greatér than‘in‘nofmal seline.

The responses of crayfish and Céncer muscle fibres
after treatment with nitrate did not conform to the pattern
observed for Cercinus. No "nitrate inhibition" was observed
for the former muscles (apart from, in Cancer, gradual de-
crease in the electrical response as in Carcinus and Nephrops,
probably due to decline in transmitter substance output). 1In

crayfish the mechanical responses (particularly the "fast"
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twitch) were enhanced by nitrate as in frog muscle. In
Cancer, membrane resistance was increased, as in Carcinus,
but direct depolarization was not less .effective in initi-
ating contraction, Indirect responses, bothelectrical and
mechanical, were slightly increased in nitrate at first in
the Cancer stretcher muscle,

The se rather different results for Cancer and Carcinug
may 1ndicate specific differences in those parts of the mem-
brane concerned with excitation-contraction coupling. It
was found that fibres from the two muscles have different
Internal resistivities. Perhaps other fundamental differ-
ences also exist,

In none of the muscles examined critically were foreign
anions found to have an apprecliable effect on the membrane
potential threshold for contraction.  This result is differ-
ent” from that obtained by Hodgkin and Horowicz (1960c¢) for
frog muscle, Nitrate and other anions were found to lower
the membrane potentisl threshold in single frog muscle fibres.

Clearly there is much more to be learned about the
action of snlons on crustacean muscles.  Why aré'muscles of
different specles not affected in the same way by these
ions? What membrane sites are influenced by treatment with
foreign anions? Only further work with siﬁgle fibres and
perhaps with the eleétron microscope can resol#e these

problems,
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e) thcluding Remarks |

' Most of the results of this study support the view
‘(Fatt and Katz, 1953¢) that membrane depolarization is a
link in the normel excitetionecontraction sequence in
crustaceesn muscles, In>ail of the‘"fast" systems vhich have
been examined in this study; and in most of the "slow" systems,
the 1ndirectly produced depolarizations are sﬁfficient to
exceed the estimated thresholds for tension production, If
the observations made on crayfish muscles were excluded from
consideration, the conclusion of this study would probably
be that membrane depolsrization per se 1s the agent which
initiates contraction., However, in crayfisb muscles the
threshold for tension production by potassium depolarization
1s apparently different from the threshold for tension pro-
duction by nervous excitation, and the possibility must be
considered, therefore, that the manner in which depolarizas
tion is produced has an important bearing on the resulting
tension response.

Depolerization can be rendered less effective as =
contraction-producing agent by treatment with certain ions,
such as nitrate (in the case of Carcinus muscle) or barium
(1n the case of Nephrops muscle). The possibility that
excess potassium mey inhibit tension development in crusta-
cean muscles also exists.

The mechanical responses of crustacean muscles have

been found to be governed in some muscles by "fast" and
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"slow" types of muscle fibre, responding primarily to "fast"

and "

slow" axon stimulation respectively, Thesé fibres pro-
bably have different contraction speeds as well., The dis-
covery of the importance of the propertles of the responding
muscle fibres in determining the electrical and mechanical
responses of the muscle supports the view which has been pre-
sented In the present study that a single excitatory trens-

mitter substance may be involved in excitatory neuromuscular

transmission in erustacesans.
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SUMMARY

Muscles from the walking legs of several decapod crustaceans

(Carcinus maenas, Nephrops norregicus, Astacus pallipes,

Cancer magister, Pachygrapsus crassipes) were studied with

the objéct of determining the mechanisms involved in the
production of tension by nervous excitation.

In the closer muscie of Carcinus, which is innervated by
two excitor axons, "fast" and "slow," it was found that
three different types of muscle fibre couid be distin-
guished., Muscle fibres of the first category (Type A)
showed large electrical responses to stimulation of the
"fast® aiqn, but small (or no) responses to "slow" axon
stimulation. Fibres of the second category (Type'B)
gave large eleétrical responses to "slow" axon stimu-
lation, but small responses to "fast" axon stimulation.
The third type of fibre (Type C) gave responses of an
intermediate size to stimulation of both "fast" and "slow"

axons.

‘Analysis of the electrical properties of the muscle fibre

membranes with lntracellular microelsctrodes showed

that the thres types of fibre had different membrane
properties. Type A fibres had small membrane time constants,
low membrane resistances and electrically excitable mem-

branes; Type B muscle fibres had large membrane time
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constents, high membrane resistances and electrically
inexcitable membranes; and Type C fibres had inter-
mediate membrane properties. ‘

The electrical fesponses to indirect stimulation via

the excitor axons could be explained in terms of the
different membrane properties of the responding muscle
flbres. The time constants of decay of the indirectly
produced electrical responses were related to the
membrane time constants of the responding muscle fibres.

The occurrence of electrically excitable responses during

- indirect stimulation was limited to muscle fibres with

electrically excitable membranes.

An additional factor determining the nature of "fast"

and "slow" electrical responses in individual muscle
fibres was the density of innervation of the muscle fibres
by the excitor axons. It was pointed out that Type A
fibres must possess a much denser Innervation by the
Mrast" axon than the other types of muscle fibre.

The differences between the "fast" and "slow" mechanical
responses recorded from the ﬁhole‘musclé could be largely
attribufed to the different electrical responses of
fibres responding primarily to stimulation of "fast" or

"slow" axons (Type A and Type B muscle fibres).

In the Pachygrapsus closer muscle, specialized "rast"

and "slow" muscle fibres were also present, and the
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mechanisms of "fast" and "slow" contraction appeared to
be very similar to those found in Carcinus.

8. In the Nephrops closer muscle, flbres responding primsasrily
to stimulation of "fast" or "slow" axons were present,
but fibres throughout the muscle had similar membrane
properties. Differences between "fast" and "slow" con-
tractions In this muscle were due mainly toé differences
in "fast" and "slow" neuromuscular transmission.

9. The electrical and mechanical responses of Carcinus

muscles to treatment with solutions containing excess

potassium chloride were investligated. It was found

that Carcinus muscle fibres behaved as lmperfect potassium

electrodes., The immediate response to potassium chloride

was different from the response after a prolonged
exposure,

10. Muscles of animals exposed to low temperatures were more
easily depolarized by potassium than muscles’from animals
maintained at a higher temperature. The probable

. explanation of this behaviour was that muscles of cold-
acclimated animals contained less potassium.

11. Tension was developed by Carcinus muscles when the average
depolarization of the muscle fibres produced by potassium
exceeded a membrane potential "threshold" of 55 mV. The
potassium contracture did not bccur in tﬁe absence of

external calcium ions. Strontium ions, but not barium
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ions, could support a potassium contracture in the
absence of calcium lons.

In Astacus and Nephrops muscles, contraction occurred
when potassium depolarizaetion exceeded "thresholds" of
60 mV and 58 mV, respectively.

The electricsal and mechanical responses of single muscle

fibres of Carcinus, Cancer, and Pachygrapsus muscles

stimulated with an intracellular current-passing
electrode were investigated. In these muscles, membrane
potential "thresholds" of the muscle fibres studied
ranged from 60 mV to 45 mvV.

Tenslon was developed by single Cancer muscle fibres
when depolarization produced by stimulation of the motor
axon exceeded & "threshold" of 60 to 54 mV. The "threshold"
for potassium contracture in single Cancer fibres was
estimated to be 60 to 556 mV for an initial application
of high potassium, but the "threshold" was increased for
successlive treatments. | |

In the walking leg opener muscle of Astacus, potassium
chloride depolarization was less effective than nervous
excitatlon in producing tension.

In all other muscles studied, the electrical responses
during Indirect stimulatlon were large enough to exceed
the estimated membrane potential "thresholds." It was

concluded that in many muscle fibres the "thresholds"
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for production of tension by different types of depolar-
izatlon are the same, but that in other cases these
thresholds may be different. Most of the evidence indi-
cated that membrane depolarizatlion 1s a link in the
excitation-contractiqn coupling process in crustacean
muscles.

In muscles of Nephrops, Astacus, Carcinus, and Pachygrapsus,

application of solutions containidg excess potassium ion
concentratlions usually increassed the mechanical responses
to both "fast" and "slow" axon stimulation initially,
apparently by 1owering the membrane potentials of the
muscle flbres towards the threshold for contractioh and
the threshold for lnitlation of electricselly excitable
responses. However, certaln observations suggested that
potassium ilons may also have an inhibitory effect on
muscular contraction.

Indirectly produced electrical and mechanical responses

of Carcinus and Néghrops muscles were increased initially
by barium-conteining solutions. 1In Nephrops the threshold
for productlion of elsctrically excitable responses was
lowered by barium treatment. The effect was not evident
in Carcinus muscle flbres. In Nephrops the tension declined
with time to zero although electrical responses remained
large. Barium apparently brought about gradual inhibition

of contractlon in this muscle.
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The anlions bromide, nitrate, iodide, and thiocyanate,
when applied to Carcinus muscle prepasrations, incressed
the electrical responses to stimulation of the excitor
axons. This change wés accompanied by increased mem-
brane reslstance of the muscle fibres.

The mechanlcal responses of Carcinus muscles to both
"rast" and "slow" axon stimulation were decreased by
addition of nitrate. Tension recordings from single
muscle flbres showed that the tension-producing
effectiveness of directly applied depolarization was
reduced in nitrate.

In iodide and in thiocyesnate solutions, "slow'" mechanical
responses were reduced, but "fast" mechanical responses
were increased. The former effect was partly attri-
butable to hyperpolarization produced by the foreign'
anions, which effectively lncreased the membrane
potential "threshold" for tension development. The

increase in the "fast" mechanical response was attributable

to increased electrical activity of Type A muscle fibres,

which showed large electrically excitable responses in
thiocyanate solutions.

Evidence from studies of the effects of lons on electrical
and mechanical responses of crustacean muscles Indicates
that tension 1s probably produced by a depolarizatlon-

dependent mechanism during nervous excitatlion, but that the

effectiveness of depolarization can be altered by foreign ions.
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