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Fibers of the Grasshopper Romalea microptera 
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ABSTRACT Dually innervated Romalea muscle fibers which respond differently 
to stimulation of their fast and slow axons are excited by intracellularly applied 
depolarizing stimuli. The  responses, though spike-like in appearance, are graded 
in amplitude depending upon the strength of the stimuli and do not exceed 
about  30 my. in height. In  other respects, however, these graded responses 
possess properties that  are characteristic of electrically excitable activity: 
vanishingly brief latency; refractoriness; a post-spike undershoofi They  are 
blocked by hyperpolarizing the fiber membrane;  respond repetitively to pro- 
longed depolarization, and are subject to depolarizing inactivation. As graded 
activity, these responses propagate decrementally. 

The  fast and slow axons of the dually responsive muscle fibers initiate re- 
spectively large and small postsynaptic potentials (p.s.p.'s) in the muscle fiber. 
These responses possess properties that  characterize electrically inexcitable de- 
polarizing activity. They are augmented by hyperpolarization and diminished 
by depolarization. Their  latency is independent of the membrane  potential. 
They  have no refractory period, thus being capable of summation. The  fast 
p.s.p, evokes a considerable or maximal electrically excitable response. The  
combination, which resembles a spike, leads to a twitch-like contraction of the 
muscle fiber. The  individual slow p.s.p.'s elicit no or only little electrically 
excitable responses, and they evoke slower smaller contractile responses. The  
functional aspects of dual responsiveness and the several aspects of the theoretical 
importance of the gradedly responsive, electrically excitable component  are 

discussed. 
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I N T R O D U C T I O N  

Several grades of contractile activity, in many  cases initiated by clearly 
different nerve supplies (polyneuronal  innervation) are characteristic of 
a r th ropod  muscles (cf. references 33, 34, 36, 44). In  insect muscles a "fast" 
innervat ion typically evokes twitches, while a separate "slow" innervat ion 
induces smaller, summat ive  contractions. The  two varieties of mechanical  
responses are associated with different types of electrical activity, both  of 
which may  occur in the same muscle fiber (34, 44, 48). The  fast nerve fiber 
elicits a large, relatively brief pulse which may  have an overshoot and then 
resembles a spike. T h e  slow nerve fiber evokes " junct ional"  potentials which,  
like the contractions, are small and graded. If  the stimuli to the slow nerve 
are closely spaced they may  produce "spikes" of various heights. 

Beginning with the first studies with microelectrode recording in crusta- 
ceans (13, 14), it has been shown that  various a r thropod muscle fibers can 
be directly st imulated by electrical pulses (cf. references 11, 12, 15, 26, 27). 
I t  has also been noted that  the evoked potential  does not  correspond to a 
spike (cf. references 12 and 13), in the classical sense; i.e., as an all-or-none, 
decrementlessly propagated  response. The  electrically excited activity of the 
dually responsive muscle fibers appears, on the contrary,  to propagate  with 
decrement ,  as has been shown in the present work. 

T h e  theoretical problem involved was considered briefly in the initial 
formulat ion (1, 3, 16) of the distinction between electrically excitable, con- 
ductile activity and transmissional, electrically inexcitable postsynaptic 
potentials (p.s.p.'s). I t  was suggested that  the dually responsive muscle fibers 
operate with a combinat ion of .two graded potentials, one a p.s.p., the other  
an electrically excitable response. 

This  paper  reports experiments designed to explore the properties of the 
electrical activities of insect muscle fibers specifically for the nature  of their 
dual  responsiveness and with reference to the above suggestion. The  prob lem 
gains general interest from the findings that  eel electroplaques (1, 2), squid 
giant axons (25, 37, 38), and cardiac muscle (39) exhibit  graded responsive- 
ness under  various experimental  conditions. T h e  theoretical aspects of graded 
responsiveness have been discussed elsewhere (17, 18, 21, 24). 

M e t h o d s  

Extensor muscles of meso- and metathoracic legs and also flexors of the metathoracic 
legs of the grasshopper Rornalea rnicropetera were used in the present experiments. 
Many individual muscle fibers, usually on both sides of the 23 preparations, were 
probed with microelectrodes of the conventional variety (41, 43). The muscles were 
studied in situ, prepared according to methods previously described (31), with the 
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nerves containing the slow and fast axons exposed separately and placed upon 
individual pairs of stimulating electrodes. The trunks in which the slow and fast 
axons leave the ganglion are similar anatomically to, and appear to be homologous 
with those designated as 3b and 5 in locusts (32). 

The stimuli delivered to the nerves and also directly to muscle fibers by an intra- 
cellular electrode were square pulses, controlled as to strength, duration, and fre- 
quency of repetition. They were applied through radio frequency isolation circuits. 
Two oscillographic traces were available for simultaneous intracellular recording. 
Coupling of the microelectrodes to the oscillograph was through transistorized nega- 
tive capacity amplifiers with low input grid-current (4). The experiments were 
performed at room temperatures which ranged from 22 to 26°C. The saline solution 
used was similar to that employed by Hoyle (30) for locust preparations. 

R E S U L T S  

A. The Neurally Evoked Electrical Activity 
of Rornalea Muscle Fibers 

The membrane  potential of the muscle fibers usually ranged between 50 and 
70 my., inside negative. However, smaller values, as low as 30 my., were also 
encountered (Fig. 1 g) which may  have been due to faulty penetrations or 
to damage resulting from muscle movements (Fig. 1 i). 

Examples of the responses to stimulation of the slow and fast axons are 
shown in Fig. 1. Dually innervated muscle fibers (g-i) were encountered 
rarely in the main body of the extensor muscle of the metathoracic leg, but  
were common in the flexor muscle of this leg and in the extensors of the 
mesothoracic leg. Only the fibers at tached to the proximal border of the 
femur in the metathoracic leg were commonly dually innervated. These 
were the fibers most frequently used in the present experiments. 

Some of the proximal fibers responded only to the fast axon. A small num- 
ber responded only to the slow nerve, these being the first fibers encountered 
in any insect not to have a fast innervation (33). They  were distinguished 
anatomically by a very rich tracheal supply, and could not be excited to 
activity by intracellularly applied electrical stimuli. Some of these muscle 
fibers produced particularly large and long lasting potentials (Fig. 1 a). 
The  slow potentials of the dually responsive muscle fibers were in general 
rather similar in form (Fig. 1 a-c; g-i). Sometimes the slow response of dually 
innervated fibers carried a small pulse-like component (Fig. 1 c). 

The  activity evoked by the fast axon always appeared spike-like (Fig. 
1 d-i), but  varied in amplitude. In some fibers the response developed an 
overshoot. This pulse-like response arose out of a longer lasting depolariza- 
tion which varied considerably in magnitude and form, resulting in a greater 
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FIGURE I. Varieties of "slow" and "fast" responses in different muscle fibers, a: Su- 
perimposed records of slow p.s.p.'s in two fibers of the same preparation. The  larger 
response was from a muscle fiber that was electrically inexcitable and  did not  respond 
to stimulation of the fast axon. b, c: Another  preparation, the response in  c has a 
small pulse-like electrically excitable component, d- Fast response from a flexor 
muscle fiber, e , / :  An extensor muscle preparation in which a large prolonged p.s.p. 
was seen, which on occasion evoked a second spike-like response, g-i:  Examples of 
responses evoked by both innervations of the same muscle fiber; g, from a flexor muscle; 
h, a low amplitude pulsatile component;  i, the muscle twitch evoked by the fast response 
reduced the resting potential. The zero reference is shown on the upper  trace of each 
recording, except that the resting potential of the smaller p.s.p, in a was 40 Inv. 

i 
a f 2 0  m s e c  b / '  

FIGUm~ 2. Similarity of neurally evoked responses at two recording loci in the same 
muscle fiber. Fast and slow responses a, a '  are from different fibers of one preparation; 
b and b z, from another. Resting potentials: 40 my. in a, 50 my. in others. Recording 
electrodes 1.7 ram. apart  in b z, about 1 ram. in others. Note identical onset of activity 
at both recording loci in all four responses. 
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variety of fast responses than was the case for the slow responses. The longer 
lasting component  of the potential produced by the fast axon sometimes was 
so large as to elicit two "spikes" (Fig. 1 e, f). In  other preparations (of. Fig. 
11) the long lasting response was small, or nearly absent. 

When the neurally evoked responses were recorded simultaneously at 
two loci of the same muscle fiber they were found to be nearly identical 
(Fig. 2). Although the distances between the two recording electrodes in 
these experiments were comparable to the length constant of the muscle 
fibers, 1 the responses developed almost simultaneously at both loci. These 
results agree with the anatomical finding that the multiterminal innervation 
of insect muscle fibers by both fast and slow axons may be as closely spaced 
as 40 to 60# apart  (33, 45, 48). The  similarity of activities recorded at different 
sites suggests that the synaptic excitation of a given muscle fiber tends to be 
everywhere of about equal potency. Variations between the potentials re- 
corded from different sites did occur, however, in the Romalea fibers as seen 
in record a of Fig. 2. This indicates that the synaptic activity evoked in dif- 
ferent regions was not necessarily uniform. 

B. Responses to Direct Stimulation 

Brief intracellularly applied depolarizing stimuli, increasing in strength 
from subliminal to supramaximal, produced a series of graded responses 
(Fig. 3). The larger responses appeared to be diphasic because of an "under-  
shoot" which developed with the depolarization of the membrane.  The  
response reached a maximum value which was always appreciably less than 
the resting potential (g, h), usually about 30 Inv. As the stimulus increased, 
the response was lifted on a raised baseline of applied depolarization, to give 
the false appearance of an overshoot. The response developed with vanish- 
ingly small latency when the stimuli were made very strong. 

The  pulse-like electrically excitable response was subject to refractoriness 
(Fig. 4). The absolutely refractory period lasted at least 7 msec. (a, b) and 
relative refractoriness some 25 msec. (f, g). 

Stimulation of a fiber by longer depolarizing pulses (Fig. 5) evoked a train 
of responses. The frequency of these increased as the stimulus was increased. 
Initially, the responses were small and prolonged (a), having an appearance 
similar to that of local responses in cells which can also produce all-or-none 
spikes. The undershoot increased markedly and the pulse-like form of the 
first response of the train became clear (b), but  the growth of the undershoot 

x The electrical circuit properties of the muscle fibers were not studied systematically in the present 
work. The length constant in four experiments ranged between 1.5 and 2.0 ram. (average 1.7 ram.). 
The time constant was 5.6 to 8.3 msec. (average 6.6 msec.). 
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FXGUR.E 3. Graded responses produced in a mnsde fiber by intraceUularly applied 
depolarizing pulses. The magnitude of the depolarization was progressively increased in 
the series from a to h. The response in h was nearly of the same over-all amplitude 
(peak-to-peak) as that of g, but appeared to overshoot because it registered on a more 
elevated baseline produced by the stronger depolarizing stimulus. The latency of the 
response decreased with stronger stimulation and an "undershoot" gave the appearance 
of diphasicity. 

and ,  indeed,  of  the  amp l i t ude  of  the repet i t ive  responses was slower. T h e  
ini t ial  response r eached  a max ima l  va lue  first, the  repet i t ive  activities con-  
t inu ing  to grow. 

T h e  m e m b r a n e  depola r iza t ion  p r o d u c e d  by  the in t raceUular ly  app l i ed  
c u r r e n t  was essentially " c l a m p e d "  at  a va lue  be tween  the  cr i t ical  f ir ing 
level  of  the electr ical ly exci table  responses and  the undershoots  in which  
they  te rmina ted .  Howeve r ,  the muscle  fiber, du r ing  the course of  s t imula-  
t ion,  g radua l ly  lost this " c l a m p i n g "  capaci ty ,  behav ing  more  and  more  like 
a gene ra to r  of h igh  in te rna l  impedance .  Wi th  this loss there  was also associ- 
a ted  a d iminu t ion  of  repet i t ive  responsiveness (i-l; m-p). T h e  threshold  

m 
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FIou~ 4. Refractoriness of directly evoked electrically excitable component of the 
muscle fiber response. Absolute refractoriness is seen in a. Relative refractoriness per- 
sisted for more than 25 msec. ([, g). 

depo la r i za t ion  r equ i r ed  to evoke an  init ial  response of  a given amp l i t ude  
increased  (i-l). The ini t ial  response re ta ined  its amp l i t ude  a l t hough  the  
amp l i t ude  of the  subsequent  responses decreased.  T h e  t ra in  of  ac t iv i ty  there-  
fore a p p e a r e d  as a d a m p e d  oscillation on  the basel ine of the appl ied  
depolar iza t ion .  Wi th  fu r the r  expe r imen ta l  man ipu l a t i on  of the f iber  these 
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changes progressed (m-p). The  maximal initial response was still of approxi- 
mately the same amplitude (cf. k and p, in which the depolarizing stimuli 
were nearly equal). Its undershoot, however, diminished and the pulse there- 
fore appeared broadened. The  repetitive oscillations became smaller (n-o) 
and tended to disappear with stronger depolarizing stimuli (p). Presumably 
these changes are linked with processes analogous to sodium inactivation in 
squid giant axons (28, 29). 

Graded responses of electrically excitable membrane  can, as a rule, propa- 
gate only decrementally, since the local circuit current  of even maximal 
activity at one site is subject to attenuation in its electrotonic spread. The  
activity generated in the insect muscle fibers by an intracellularly applied 
stimulus was propagated in this way (Fig. 6). Depending upon the parameters 
of the stimulus and the state of the muscle fiber (as shown in Fig. 5) the 
response to a 20 msec. pulse, observed close to the site of stimulation, de- 

o 
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rn n / b . . - _  o f L . - - - ,  p 
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Fiotn~ 5. Direct excitation of muscle fiber by long depolarizing pulses applied through 
an intraceUular electrode. Increasing intensities of stimulation (a-/). a: Oscillatory 
"local responses" became spike-like but graded activities with increasing stimulation. 
b-h: Frequency of pulses also increased, i-l and m-p: Two repetitions of the stimu- 
lations in same fiber led progressively to decrease in capacity for repetitive responses. 

veloped with a pattern of various degrees of repetitive activity. The  general 
pattern of these potentials was maintained at sites farther removed from the 
stimulus, but  the amplitudes were markedly reduced, that of the first, pulse- 
like component  being reduced the most. Tha t  the potentials were not merely 
spread passively by electrotonus is shown in the case of Fig. 6 C. The  stimulus 
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was abou t  twice as strong as for the experiments shown in A and B. The  
stimulus which evoked a maximal initial response at the stimulation site in C 
also evoked a maximal first response at a site 0.5 mm. away, where the local 
depolarizing stimulus was much smaller. Spread of excitation, not  only from 
the stimulus itself, bu t  also as an excitatory contribution by  local circuit 
action from the graded response has also been found in eel electroplaques 
(1, 2) and may  be observed in the local response of squid axons (cf. refer- 
ence 23, Fig. 6). 

The  data  presented above show that the directly evoked responses 
of Romalea muscle fibers, produced by intracellularly applied electrical 
stimuli, in a number  of respects resemble spikes of axons or skeletal muscle 
fibers, tissues which also exhibit electrically excitable activity (20). They  

0 8°o. k . . 0 ,  _' 

Fmum~ 6. Decremental spread of electrically excitable activity. Three different experi- 
ments (A, B, G). An intracellular stimulating electrode delivered a constant depolarizing 
current, which was monitored on a second trace (records not shown). An intraceUularly 
recording electrode was inserted in the muscle fibers at the distances from the stimulating 
site shown to the left of each column. Note that the general pattern of the response was 
maintained at the different distances, but the initial large pulse was attenuated more 
rapidly by electrotonic losses than were the subsequent components. 

differ from the latter, however, in being graded rather than all-or-none, 
and therefore capable only of decremental  propagation. I t  is also clear that  
the longer lasting depolarizing potentials evoked by  neural stimuli are not  
produced by  the electrical excitation. The  next section presents data  to show 
that the neurally evoked responses have properties which classify them as 
electrically inexcitable p.s.p.'s. 

C. Differences Between Pulse-Like and Electrically Inexcitable 
Components of the NeuraUy Evoked Responses 

These differences were demonstrated in several kinds of experiments. The  
slow response (Fig. 7 a-d) progressively augmented with increasing hyper- 
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FIoura~ 7. Different effects of hyperpolarization on p.s.p.'s and electrically excitable 
component of rnusele fiber responses, a-d: The slow p.s.p, augmented progressively 
as the membrane potential was raised by current from an intracellular electrode, a'-d': 
In another fiber, the fast response was fractionated by the same procedure. Hyperpolari- 
zation (b', ¢') at first augmented both the p.s,p, and the electrically excitable spike-like 
component. This response then developed later on the p.s.p., leading to a pronounced 
inflection in the rising phase. More intense hyperpolarization markedly diminished the 
pulse-like component, the p.s.p, remaining large. 

polarization of the muscle fiber, but  did not  undergo any marked change 
in form or in latency. The  fast response, however, under  the same conditions 
clearly became separated into two components (at-d'). One  was progressively 
delayed with increasing hyperpolarization and then was nearly or entirely 
abolished. The  remaining component  increased in size when the membrane  
was hyperpolarized, but  its latency was not  affected. Thus, all, or nearly all, 
of the slow response represents a p.s.p, apparently too small to evoke the 
pulse-like electrically excitable activity. The  latter is evoked, however, by 
the larger p.s.p, produced by the fast axon. 

The  growth of the fast p.s.p, with hyperpolarization appeared to be larger 
than the increase in the slow p.s.p. This, however, was probably due to 
the distributed nature  of the innervation and the electrical characteristics 
of the system. The  muscle fiber was most hyperpolarized in the immediate  
vicinity of the intracellular stimulating and recording electrodes which 
were close together. At  some indeterminate distance, full spike-like responses 
must  have developed. Their  electrotonic spread into the hyperpolarized 
region was probably facilitated by the higher resistance of the hyperpolarized 
and inactive electrically excitable membrane.  

Another  of the properties characteristic of depolarizing p.s.p.'s is their 
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FIGU~ 8. Modification of slow p.s.p, by changing membrane potential of the muscle 
fiber. A: Diminution and reversal of the p.s.p, by depolarizing the fiber through an 
intracellular stimulating electrode. B: Hyperpolarization of the same fiber augmented 
the p.s.p. 
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FIGUP, E 9. Effects of prolonged changes in membrane potential on the responses evoked 
by the fast axon. a, h, i.' Responses at the resting membrane potential, b-d: Step- 
wise depolarization of the fiber with an intracellularly applied current, e-g: Stepwise 
return toward the resting potential: j - l :  Progressively increasing hyperpolarization 
of the muscle fiber. 
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diminution and inversion when the membrane is depolarized (20). This 
effect was also observed in the case of the slow potential of Romalea muscle 
fibers (Fig.  8 A). The  response was augmented by hyperpolarizing the same 
fiber (B). The latency of the slow p.s.p, was not altered despite the large 
changes of membrane potential in both directions. When the fast response 
was evoked during depolarization of the membrane (Fig. 9 a-h)  two changes 
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FmURE 10. Refractoriness of the electrically excitable component evoked by stimulat- 
ing the fast axon. a." Two stimuli were delivered within the refractory period of t h e  
nerve and onl 7 the fast response of the muscle occurred, b- The second stimulus evoked 
a p.s.p, c, d- The p.s.p, evoked a small, electrically excitable, pulse-like component 
during the relative refractory period, e to h: Progressive recovery of responsivene~ of 
the electrically excitable component of the muscle fiber. 

developed simultaneously. The spike-like electrically excitable component 
was inactivated (as in Fig. 5) at the same time that  the underlying fast p.s.p. 
was diminished. The difference in the properties of the two components was 
therefore not well demonstrated by depolarization• Tha t  the fast p.s.p, was 
present was shown by hyperpolarizing the muscle fiber ( i - l ) .  

Absence of refractoriness is also a characteristic property of electrically 
inexcitable responses (20). The second of two stimuli to the fast nerve, de- 
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FIGURE I I. Disclosure of p.s.p, not seen in the individual fast response. As the response 
evoked by the second of two stimuli to the fast axon fell earlier in refractoriness after a 
conditioning response, the spike-like component was delayed (c-e) as well as diminished. 
A prolonged p.s.p, was then disclosed, and in f was probably present without an elec- 
tricaUy excitable response component. 

l ivered in the  absolutely ref ractory  period of the muscle fibers (el. Fig. 4), 
evoked a second p.s.p, in the  lat ter  (Fig. 10 a a n d  b). As the second st imulus 
fell later,  the  pulse-like response appeared  a n d  g radua l ly  augmen ted  in 
amp l i t ude  (c, d). T h e  individual  responses shown in Fig. 10 carr ied a pro-  
longed depolar izat ion indicat ive of the p.s.p, ou t  of, and  on which,  the  spike- 
like componen t  developed.  T h e  first p.s.p, was masked in the  responses 

° L i 
i ' - - - - - - - - - . - -  _ . . j  

d h 

FmuP.~ 12. Summation of fast and slow responses, a-d:  The fast response preceded 
the slow. a: Fast response in isolation; d: slow response. The two summed without 
refractoriness in b and ¢. ~-h: The slow response preceded, e: When fast response 
occurred simultaneously with slow there was a slight increase of the spike-like component. 

shown in Fig. 11 a, except  for an  inflection on the rising phase. T h e  inflection 
became more  marked  when  a second response was evoked dur ing  the rela- 
t ively ref ractory  period of the muscle fiber (b, c), and  as the second electrically 
excitable response was diminished and  abolished (d-f),  the large p.s.p, was 
uncovered.  
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Fmum~ 13. Summation of slow p.s.p.'s, a-e: Only a small pulse-like component was 
produced by the summated synaptic depolarization, al-et: Another fiber in which 
the spike-like electrically excitable response evoked by the summed p.s.p.'s was larger. 
This component became clearly noticeable in ¢t and the total response in e t resembled 
that evoked by the fast nerve fiber. 

T h e  slow p.s.p, also developed dur ing  the failing phase of the electricaUy 
excitable componen t  of a condit ioning fast response (Fig. 12 b). A slow p.s.p. 
preceding a fast response did not  cause the electrically exci table m e m b r a n e  
to become refractory. A pulse-like response evoked by the fast nerve therefore 
occurred when  the two stimuli were st imultaneous or at  any interval apart .  
Indeed,  the depolarizat ion evoked by the fast and slow nerves summed  as 
shown by the somewhat  augmented  pulse-like response in e. T h e  interact ion 
was surprisingly brief, however,  while the summed  excitatory effects of slow 
p.s.p.'s were more  marked  (Fig. 13). 

D I S C U S S I O N  

Several kinds of evidence have demonstra ted  that  in Romalea muscle fibers 
there exist the two fundamenta l ly  different kinds of electrical activity that  
are characteristically found (20) in cells which are excited by transmissional, 
synaptic processes, as well as by direct  electrical stimulation. 

Most  of the muscle fibers studied reacted to intracellularly applied de- 
polarizing stimuli (Figs. 3-5), with a response which in appearance  was 
spike-like, bu t  which differed from a spike in that  it was a graded activity 
depending  in magni tude  upon  the size of the stimulus (Fig. 3). As the stimulus 
was increased the latency of the response was diminished and became vanish- 
ingly brief. T h e  response had  a refractory period (Fig. 4); it was inactivated 
by a prolonged depolarizat ion (Fig. 5) and  blocked by hyperpolar izat ion 
(Fig. 7). I t  p ropagated  actively by local circui t  excitation, bu t  decremental ly  
(Fig. 6). These properties all belong in the constellation that  characterizes 
electrically excitable m e m b r a n e  (90). T h e  chief difference between the 
properties of responses of Romalea muscle fibers and those of axons or verte- 
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brate skeletal muscle fibers is the graded responsiveness of the insect muscle 
fibers. However, there is ample evidence that cells which normally respond 
with all-or-none activity under various conditions may respond gradedly 
(17, 18, 24). In the original descriptions of graded responsiveness the gen- 
erality of the phenomenon was indicated (3, 16) and it was suggested specifi- 
cally that insect and crustacean muscle fibers might normally be gradedly 
responsive. It has been demonstrated recently also in heart muscle (39) and 
in supramedullary neurons of the puffer (5). 

The second general class of electrogenic activity, that of p.s.p.'s, exists in 
Romalea muscle fibers in two grades, a small response produced by stimulation 
of the slow axon and a larger one evoked on stimulating the fast axon (Fig. 1). 
These p.s.p.'s were not evoked by direct stimulation of the muscle fibers, 
and in some fibers which did not respond to electrical stimuli the slow axon 
evoked a large, long lasting p.s.p. (Fig. 1 a). Other evidence also indicates 
that both types ofp.s.p.'s of Romalea muscle fibers are electrically inexcitable. 
They were augmented by hyperpolarizing the fibers (Figs. 7-9) and dimin- 
ished by depolarization (Figs. 8 and 9). The slow p.s.p, was inverted by 
polarizing the fiber membrane inside-positive (Fig. 8). The latency of both 
p.s.p.'s was independent of the membrane potential (Figs. 7 and 8). Both 
types of p.s.p.'s were free from refractoriness (Figs. 10-13). The slow and 
fast p.s.p.'s summed one with the other (Fig. 12) and slow p.s.p.'s added 
to produce the appearance of a fast p.s.p, out of which arose the electrically 
excitable component (Fig. 13). The various properties enumerated above 
belong together in the constellation associated with electrically in- 
excitability (20). 

The combination of the two grades of p.s.p.'s evoked by different axons, 
and of graded electrically excitable responses allows the arthropod neuro- 
muscular apparatus to operate over a wide range of performance char- 
acteristics despite the relatively few muscles, and a limited number of motor 
axons (33, 47). Probably, however, the range of performance is due not 
only to the large variety of electrogenic activity which is then made possible. 
It seems likely that the excitation-contraction coupling between electrogenic 
and contractile mechanisms also ought to be graded (1). Thus, the various 
grades of depolarization would permit graded mechanical responses. This 
appears to be also the case for the "slow" muscle fibers of frog (40) in which 
the electrical activity is chiefly or only of the electrically inexcitable variety 
(8). It is probably the situation also in muscles which show sustained con- 
traction in response to depolarizing drugs (19), but not in muscles which 
relax during continued depolarization. 

Indicated, but not studied in detail in the present work, are patterns of 
differences in the innervation of homologous muscles in different legs, of 
different muscles in the same leg, and even of various portions of one muscle. 



CERF, GRUNDFEST, HOYL~, AND MGCANN Dual Responsiveness in Muscle 391 

Some muscle fibers, recognizable by their particularly rich tracheal supply, 
are innervated only by the slow axon and are electrically inexcitable. Thus, 
they resemble functionally the slow muscle fibers of frog (8, 40). These fibers 
and the large slow p.s.p.'s which some of them produce have not yet been 
studied adequately. The varieties of differently innervated and differently 
responding muscle fibers, and their presence in different proportions could 
play a role in the gradation of movements. In  some crustaceans an even 
wider range of varieties is observed (15, 36). In  the stick insect (Carausius) 
every fiber of the flexor muscles examined for this was found to be dually 
innervated (48). 

Another adaptation is required to permit opt imum operation of 
the gradedly responsive muscle fibers. After neural excitation has been initi- 
ated at one or several junctional sites of vertebrate twitch muscle fibers, the 
decrementless propagation of the all-or-none spike permits rapid involvement 
of the whole muscle fiber. In the gradedly responsive arthropod muscles, 
as well as in the slow muscle fibers of amphibia, involvement of the whole 
fiber by conduction is not possible. Since the latter fibers are electrically 
inexcitable, their electrical activity is non-propagating (20). This is also the 
case for the p.s.p.'s of the arthropod muscle fibers. The electrically excitable 
component, though it propagates actively, does so only decrementally. In 
both kinds of muscles the solution of this problem has been the same. Arthro- 
pod muscle fibers, like the amphibian slow fibers, are diffusely innervated 
(14, 33, 40, 45, 47, 48), and in insects the nerve terminals are applied as 
closely as 40 to 60/z apart  to the muscle fiber. As a result (Fig. 2), the elec- 
trical responses at different loci of the muscle fiber are essentially identical 
and arise nearly simultaneously. Presumably, parallel effects also occur in the 
local contractile systems. 

Everywhere in the muscle fibers (Fig. 2), the slow axon produces a small 
p.s.p., while the fast axon causes a p.s.p, large enough to evoke the electrically 
excitable response. The reasons for the different effects of the two axons are 
not yet known. It  seems unlikely that the two p.s.p.'s are generated by differ- 
ent kinds of membrane,  since the two kinds of p.s.p.'s behave in a similar 
manner  during membrane hyperpolarization. If they were different, they 
might be excited by different kinds of transmitter substances and ought to 
have different pharmacological properties. However, tests of this type (42) 
have not yet been successful since insect neuromuscular synapses are not 
affected by the commonly known synaptic agents (22, 49, 48). Another 
possibility is that the two innervations are structurally dissimilar. They 
could differ in density of presynaptic terminals, in the area of postsynaptic 
membrane which they cover, in the closeness of contact across the synaptic 
space, or in all of these. This question presumably could be decided by electron 
microscopy. 
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It has been suggested (18, 24) that graded responsiveness indicates an 
organization of the electrically excitable membrane into minute patches, 
each with a specific population of electrogenically active units. These popula- 
tions are presumed to differ with respect to their excitatory thresholds, the 
latter being capable of modifications under various experimental conditions. 
Although its basis is now considered to be empirical (28), the ionic theory 
derived for the spike of the squid giant axon (29) can account qualitatively 
for graded responsiveness. In terms of this formulation, graded responsive- 
ness could be produced if the potential-dependence of enhanced potassium 
conductance exhibited only a small time lag behind that of sodium con- 
ductance, and if when it was initiated, it quickly exceeded in magnitude the 
maximum sodium conductance (46). Consonant with this interpretation is 
the disproportionately large "post-spike undershoot" seen in the relatively 
small responses of Romalea muscle fibers (Figs. 3 and 5). This undershoot, 
indeed, sometimes appears able to obliterate the fast p.s.p. (Fig. 11). The 
occurrence of graded responsiveness as the normal electrogenesis of elec- 
trically excitable membrane and, indeed, as one which is incorporated into 
a physiological mechanism for grading muscular contraction, is of consider- 
able importance to the development of a general theory of bioelectric activity 
(18, 24). This importance is enhanced further by the variations which can 
be produced in the responses of Romalea muscle fibers under different experi- 
mental conditions (42, 46). 

The present data also bear on the evolutionary aspects of the functional 
properties of excitable ceils (7, 18, 22, 23). The neuromuscular mechanisms 
of decapod crustacea and insects appear to have evolved differently with 
respect to cellular properties measured by two different functional scales, 
synaptic pharmacology and graded responsiveness. In their sensitivity to 
amino acid drugs and other agents, the neuromuscular synapses of lobster 
and probably of other decapods bear a curious doubly inverted relation to 
mammalian axodendritie synapses (22, 26). The neuromuscular synapses 
of Romalea (42) and of Carausius (48) are inert to the known synaptic drugs, 
in this respect resembling the squid giant axon synapse (6). With respect to 
graded responsiveness of their electrically excitable muscle fibers, however, 
decapod crustaceans and the insects appear to be closely related. 



CERF, GRUNDFEST, HOYLE, AND MCCANN Dual Responsiveness in Muscle 393 

REFERENCES 

I. ALTAMIRANO, M., COATES, C. YV., and GRUNDFEST, H., Mechanisms of direct 
and neural excitability, in electroplaques of electric eel, 07. Gen. Physiol., 1955, 
38,319. 

2. ALTAmRANO, M., COATES, C. W., GRUNDFEST, H., and NACHMANSOHN, D., 
Electric activity in electric tissue. III. Modification of electrical activity of 
acetylcholine and related compounds, Biochim. et Biophysica Acta, 1955, 16,449. 

3. ALTAMIRANO, M., and GRUNDFEST, H., Three excitable systems of the synaptic 
unit in the innervated electroplaque preparation, Tr. Am. Neurol. Assn., 1954, 
79, 79. 

4. AMATNmK, E., Measurements of bioelectric potentials with microelectrodes and 
neutralized input capacity amplifier, I.R.E. Tr. Med. Elec., March, 1958, p. 3. 

5. BENNETT, M. V. L., C, RAm, S. M., and GRUNDFEST, H., Electrophysiology of 
supramedullary neurons in Spheroides maculatus. II. Properties of the electrically 
excitable membrane, J. Gen. Physiol., 1959, 43,189. 

6. BRYANT, S. H., Transmission in squid giant synapses. The importance of oxygen 
supply and the effect of drugs, 07. Gen. Physiol., 1958, 41,473. 

7. BULLOCK, T. H., A contribution from the study of cords of lower forms, in The 
Spinal Cord, Ciba Foundation Symposium, (G. E. W. Wolstenholme, editor), 
Boston, Little, Brown & Co., 1953, 3. 

8. BUaKE, W., and GXNSBORO, B. L., The action of the neuromuscular transmitter 
on the slow fibre membrane, 07. Physiol., 1956, 132,599. 

9. CERF, J., GRUNDFEST, H., HOYLE, G., and MCCANN, F~, The nature of the 
electrical responses of doubly-innervated insect muscle fibers, Biol. Bull., 1957, 
113,337. 

10. CERF, J., GRUNDFEST, H., HOYLE, G., and MCCANN, F., Neuromuscular trans- 
mission in the grasshopper Romalea microptera, Biol. Bull., 1957, 113,338. 

11. D~.L CASTILLO, J., HOYLE, G., and MACHN~., X., Neuromuscular transmission 
in a locust, 07. Physiol., 1953, 121,539. 

12. FATT, P., and GmSBORG, B. L., The ionic requirements for the production of 
action potentials in crustacean muscle fibres, o7. Physiol., 1958, 142, 516. 

13. FATT, P., and KATZ, B., The electrical properties of crustacean muscle fibres, 
07. Physiol., 1953, 120,171. 

14. FATT, P., and KATZ, B., Distributed "end-plate potentials" of crustacean muscle 
fibres, 07. Exp. Biol., 1953, 30,433. 

15. FURSHPAN, E. J., Studies on certain sensory and motor systems of decapod 
crustaceans, Ph.D. Thesis, California Institute of Technology, 1955. 

16. GRUNDFEST, H., Some properties of excitable tissue, Tr. 5th Conf. Nerve Impulse, 
Josiah Macy, Jr. Foundation, New York, 1956, 177. 

17. GRUNDFEST, H., Excitation triggers in post-junctional cells, in Physiological 
Triggers, (T. H. Bullock, editor), Washington, D. C., American Physiological 
Society, 1957, 119. 

18. GRUNDtmST, H., The mechanisms of discharge of the electric organ in relation 
to general and comparative etectroph.ysiology, Progr. Biophysics, 1957, 7, 1. 



394 T H E  J O U R N A L  O F  G E N E R A L  P H Y S I O L O G Y  • V O L U M E  43 " I 9 5 9  

19. G R U N D F E S T ,  H., General problems of drug action on bioelectric phenomena, 
Ann. New York Acad. Sc., 1957, 66, 537. 

20. GRUNDFEST, H., Electrical inexcitability of synapses and some of its consequences 
in the central nervous system, Physiol. Rev., 1957, 37, 337. 

21. GRUNDFEST, H., Graded electrical responses, Biol. Bull., 1958, 115, 329. 
22. GRUNDFEST, H., An electrophysiological basis for neuropharmacology, Fed. 

Pro¢., 1958, 17, 1006. 
23. GRUNDFEST, H., Evolution of conduction in the nervous system, in Evolution of 

Nervous Control, (A. D. Bass, editor), Washington, D. C., American Associa- 
tion for the Advancement of Science, 1959. 

24. GRUNDFEST, H., Synaptic and ephaptic transmission, in The Handbook of 
Physiology. Neurophysiology I, (J. Field, editor), Washington, D. C., American 
Physiological Society, 1959, 147. 

25. GRUNDFEST, H., ALTAMIRANO, M., and Kho, C. Y., Local independence of 
bioelectric generators, Fed. Proc., 1954, 13, 63. 

26. GRUNOFEST, H., REUBEN, J. P., and RICI~LES, W. H., JR., The electrophysiology 
and pharmacology of lobster neuromuscular synapses, 07. Gen. Physiol., 1959, 
42, 1301. 

27. HAOIWARA, S., and WATANABE, A., Action potential of insect muscle examined 
with intracellular electrode, ,yap. 07. Physiol., 1954, 4, 65. 

28. HoDcm~, A. L. The Croonian Lecture. Ionic movements and electrical activity 
in giant nerve fibres, Proc. Roy. Soc. London, Series B, 1958, 148, 1. 

29. HODCmN, A. L., and HuxLpx, A. F., A quantitative description of membrane 
current and its applications to conduction and excitation in nerve, 07. Physiol., 
1952, 117,500. 

30. HOYLE, G., Potassium ions and insect nerve muscle, 07. Exp. Biol., 1953, 30,121. 
31. HOYLE, G., Neuromuscular mechanisms of a locust skeletal muscle, Proc. Roy. 

Soc. London, Series B, 1955, 143,343. 
32. HOYLE, G., The anatomy and innervation of locust skeletal muscle, Proc. Roy. 

Soc. London, Series B, 1955, 143,281. 
33. HOYLE, G., The Nervous Control of Muscular Contraction, Cambridge Uni- 

versity Press, 1957. 
34. HOYLE, G., Nervous control of insect muscles, in Recent Advances in Inverte- 

brate Physiology, (B. T. Scheer, editor), Eugene, Oregon, University of 
Oregon, 1957. 

35. HOYLE, G., Studies on neuromuscular transmission in Limulus, Biol. Bull., 1958, 
115,209. 

36. HOYLE, G., and WmRSMA, C. A. G., Excitation at neuromuscular junctions in 
erustacea, 07. Physiol., 1958, 143,403. 

37. KAO, C. Y., and GRUNDFEST, H., Graded response in squid giant axons, Biol. 
Bull., 1955, 109,348. 

38. KAO, C. Y., and GRUNDFEST, H., Membrane potentials of the squid giant axon 
recorded with an inserted antimony electrode, Experientia, 1957, 13, 140. 

39. KAO, C. Y., and HOFVMAN, B. F., Graded and decremental response in heart 
muscle fibers, Am. 07. Physiol., 1958, 194, 187. 



CERF, GRUNDFEST, HOYLE, AND IV[CCANN Dual Responsiveness in Muscle 395 

40. KUFFLER, S. W., and VAUGHAN-WILLIAMS, E. M., Properties of the "slow" 
skeletal muscle fibers of the frog, 07. Physiol., 1953, 121,318. 

41. LING, G., and GERARD, R. W., The normal membrane potential of frog sartorius 
fibers, 07. Cell. and Comp. Physiol., 1949, 34,383. 

42. I~cCANN, F. V., WERMAN, 1~., and GRUNDFEST, H., Graded and all-or-none 
electrical activity in insect muscle fibers, Biol. Bull., 1958, 115,356. 

43. NASTUK, W. L., and HOOGKIN, A. L., The electrical activity of single muscle 
fibers, 07. Cell. and Comp. Physiol., 1950, 35, 39. 

44. PRINOLE, J. W. S., The motor mechanism of the insect leg, 07. Exp. Biol., 1939, 
16,220. 

45. ROEDER, K. W., Insect Physiology, New York, John Wiley & Sons, 1953, cf. pp. 
410-417. 

46. WERMAN, R., and GRUNDt'mT, H., Properties of prolonged action potentials in 
insect muscle, Fed. Proc., 1959, 18,169. 

47. WmRSMA, C. A. G., Neurons of arthropods, Cold Spring Harbor Syrup. Quant. 
Biol., 1952, 17,155. 

48. WooD, D. W., The electrical and mechanical responses of the prothoracic 
flexor tibialis muscle of the stick insect, Carausius morosus Br., 07. Exp. Biol., 
1958, 35,850. 


