
ence can be drawn because of the small number in- 
itially present. I n  numerous other experiments, how- 
ever, where killing by penicillin was less extreme, the 
number found after exposure to penicillin was re-
duced to about the same extent as the total viable 
count. This is reasonable in view of the equivalent 
growth rates of normal and R cells in nutrient broth. 

The disproportionate survival of D variants when 
the total viable count is reduced by penicillin could 
c~nceivably~bean artifact if for any reason the num- 
ber of D colonies appearing in implants from a given 
culture was not proportional to the number of viable 
cells in the implants, when no penicillin had been 
used. Peculiar effects of this kind were noted by 
Barer (6). To rule out such a possibility, control ex- 
periments were performed in which diluted (1:20) 
and undiluted implants from the same culture were 
plated onto SM agar. The number of D (and R)  
colonies from the diluted implants was consistently 
about 5% of the number from undiluted implants. 
This shows that when no differential bactericidal effect 
is operative, the number of D colonies obtained from 
a given culture is approximately proportional to the 
viable count of the implant. 

To show that the original small inoculum used con- 
tained no cells capable of growth on SM, several im- 
plants of more than 300,000 cells were made on SM 
agar. As these yielded no growth whatever, it  can be 
confidently stated (P< 0.002) that the inoculum of 
600 cells in the experiment of Table 1 contained no 
R or D cells, and that both these variants must have 
arisen during growth of the broth culture. 

The findings reported here provide clear-cut evi- 
dence that a normal bacterial population is inhomo- 
geneous from the standpoint of the ability to give 
rise to 817-dependent colonies on implantation onto 
SM agar. The number of D colonies appearing is ap- 
proximately proportional to the total viable count of 
the implant under normal conditions, but  szot when  
the  cglture has been exposed to  penicillin. After such 
exposure the number of D colonies decreases much 
less than the total viable count. The simplest and most 
satisfactory explanation of the inhomogeneity, con-
sistent with what is known about the preferential 
action of penicillin upon actively growing cells, is 
that SLM-dependent organisms are themselves present 
in a normal population before contact with SM.Such 
cells may be presumed to arise by spontaneous muta- 
tion, and may be thought of as lethal mutants which 
will only survive and multiply if transferred to a 
SH-containing medium. Their relative insensitivity to 
penicillin would result from their poor growth in the 
absence of the specific growth requirement, and the 
position would be analogous to that of the various 
biochemically deficient mutants. The only alternative 
explanation would be that precursors of D cells are 
present in a normal population, that these are rela- 
tively insensitive to penicillin, and that they only give 
rise to SN-dependent clones by some adaptive process 
after transfer to a SM medium.-If slow growth were 
especially favorable to adaptation, the D precursors 
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might be those cells in the normal populatibn that 
grow most slowly and are therefore also relatively 
insensitive to penicillin. Experirhents now in prog- 
ress are designed to distinguish between these two 
alternatives. 
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Cocontraction and Reciprocal Innervation 
in Voluntary Movement in Man 

Milton G. Levine and Herman Kabat 
Kabat-Kaiser Institute, Vallejo, CaliforJa 

The coordination of nluscular activity in voluntary 
nlovement involves a number of neuroinuscular phe- 
nomena, one of the most important of which is the 
alternate action of antagonistic muscles. I t  has been 
a.seemingly empirical observation known to many that 
antagonists cease to function when agonist muscles 
begin to contract. A simple example of this is the 
relationship of the triceps and the biceps in alter-
nate flexion and extension of the elbow. When the 
elbow is flexed, the triceps is relatively inactive; when 
the elbow is extended, the biceps is quiet. There is 
no doubting the observation. However, there has been 
a gross oversimplification of the nature of its causa- 
tion and its actual occurrence under all conditions of 
muscular contraction. 

The most commonly accepted thesis in regard to the 
interrelationship of antagonistic muscles states that 
the contraction of a muscle produces by propriocep- 
tive action a central inhibitory effect on its antagonist 
muscle. This hypothesis is based on the huge body 
of excellent work reported by Sherrington (I) in a 
series of classic papers. The inhibitory effect upon the 
skeletal muscles is not brought about through specific 
inhibitory nerves such as the vagus when it causes 
cardiac inhibition or the sympathetic nerves which 
cause inhibition of contgaction of the intestinal mus- 
cles. Direct stimulation of motor nerves to the skeletal 
inuscles results only in excitation. The inhibitory proc- 
ess is, therefore, considered to be central in origin. 
Stimulation of proprioceptive end organs in the con- 
tracting muscle is thought to cause cessation or dimi- 
nution of excitatory impulses along the motoneuron 
to the antagonist muscle. 

The alternate inhibition and stimulation of contrac- 
tion in antagonistic muscles was labeled by Sherring- 
ton as reciprocal innervation. Innumerable experi-
ments performed by him and by later observe~s sub- 
stantiated the existence of this phenomenon. However, 
most of the observations were made with deeerebrate 
or spinal animals or animals under anesthesia, in all 
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of which voluntary control was eliminated. There was 
a minimum of obserpations on actual voluntary move- 
inent. Sherrington did, however, perform a few inde- 
cisive experiments with this in  mind; fo r  example: 

I have watched with interest in Macacus the voluntary 
movements of the eyes after section of the 3rd and 4th 
nerves. I n  the early hours after the section, if, for in- 
stance, these nerves have been cut on the left side only, 
the gaze is readily directed to the left but not so readily 
to the right. There arises, of course, considerable external 
squint of the left eye. Neither when the right is directed 
toward the right nor when it  is converged upon a light 
or other object just in front of the face is there more 
than a mere trace of movement of the left eye. Twenty- 
four or forty-eight hours later, when tlie right eye is 
turned to right, the left eye does perform the conjugate 
movement, but imperfectly and also more variably than 
under experimental excitation of the frontal cortex. 

The close relation of the innumerable observations 
made under the special conditions of animal experi- 
mentation without voluntary control are not appli-
cable without qualification to voluntary movement, 
especially in  man. As a inatter of fact, Sherrington 
himself pointed out that antagonists may be in  con- 
traction concurrently. This he attributed to  double 
reciprocal innervation, '(in which the balance between 
inhibition and excitation is such as to  allow both 
half-centers to  discharge, although unequally." H e  be- 
lieved inhibition to be not only a suppressor of re-
flexes but a "delicate adjustor of the intensity of re-
flex contraction." Here again the emphasis is on reflex 
rather than voluntary contraction, and Sherrington 
himself would probably decry the oversimplification 
of the phenomenon as stated in  a current text on 
physical medicine (2): "Reciprocak innervation means 
that when a voluntary or reflex contraction occurs, as 
in the biceps muscle, i t  is accompanied by relaxation 
of its antagonist, the triceps muscle." 

Actually, as early as 1925 Tilney and Pike ( J ? ) ,  in 
a comprehensive study, concluded that under normal 
conditions they were unable to observe Sherrington's 
phenomenon. Rather, they concluded, "muscular co-
ordination depends primarily on the synchronous co- 
contractive relation in the antagonist muscle groups." 
Wachholder (4)  demonstrated cocontraction in the hu- 
man in a very i n t e r ~ t i n g  experiment. B y  alternately 
flexing and extending the elbo~v, he showed that when 
the alternate movements were perfornied "loosely" 
there was apparently no potential generated by the 
antagonist, but as the movements were "stiffened," co-
contraction of the antagonist increased. H e  concluded 
that "reciprocal innervation of the antagonist and 
voluntary motion are therefore reconcilable." Actually, 
participation of the antagonist in  the performance of 
i t  must be pointed out again that inaitivity of the 
antagonists is not synonymous with inhibition. The 
apparent  contradiction between Sherrington's findings 
in the reflex state and the observations of Tilney and 
Pike may be resolved if we take into account the in- 
fluence of volition as a modifier of the reflex state. 
Observations which are true for  the reflex no l o n g e ~  

hold when volition is introduced; there is a tremen- 
dous body of work to back u p  such an assertion. 

Our own interest in  the rehabilitation of patients 
with neuromuscular disease has necessitated the clari- 
fication of this question. The understanding of the 
role of cocontraction and/or reciprocal innervation 
is essential not only f o r  understanding the dynamics 
of normal voluntary motion in man, but also fo r  the 
understanding and treatment of paralysis associated 
with neuromuscular disease. 

Muscular antagonism must be looked upon as a 
relative phenomenon. Only muscles acting on single 
joints can be assumed to be true antagonists. &Iuscles 
acting on more than one joint may a t  times act a s  
antagonists and a t  other times as synergists. The 
rectus femoris is the antagonist of the hamstring 
muscles a t  the knee, but it also helps flex the hip, 
so by simultaneously flexing the hip and the knee we 
may observe that the rectus femoris now is acting 
synergistically with the hamstrings. Furthermore, 
some muscles which functionally are considered as 
homogeneous are  actually anatomically not  so; and a s  
a result, depending on the particular movement, one 
part  of the rnuscle may act as an antagonist and an- 
other par t  as a synergist. The triceps is such a muscle. 
I t  has three points of origin; the lateral and medial 
heads arise from the humerus, whereas the long head 
arises from the scapula. I n  spite of its multiple 
origins, the triceps is usually listed as an extensor 
of the elbow joint. I t  does act in  this capacity when 
the elbow is extended; however, the long head also 
produces extension and adduction a t  the shoulder, and 
cocontraction may occur between the biceps and the 
long head of the triceps if the shoulder is extended or  
adducted during flexion of the elbow. 

Even in pure single joint antagonism, the inhibition 
of the antagonist is a relative matter which depends 
prinlarily on the number of motor units involved in 
the contraction of the agonist. I n  unresisted voluntary 
movement, there is no doubt but that the antagonist 
is inactive while the agoni:t is in  contraction, but, as  
resistance to agonist contraction is applied, the antag- 

FIG.1. Effect of contraction of the biceps on the simultane-
ous contraction of the triceps. The elbow is extended against 
maximal resistance ; surface electrodes on the triceps account 
for tracing 6. During this extension. at point S, the forearm 
is supinated while a recording from the biceps is made to 
give tracing A. An Offner Electrolngograph with pen recorder 
was employed. Results indicate that during volitional exten- 
sion of the elbow, the intensity of contraction of the triceps 
is not decreasecl by sim~iltaneouu sopination of the forearm 
in which the antagonistic biceps plays a major role. The 
voltage gain l lnq been adjustetl so that voltages below 20 pv
are not recorded. 



onist begins to respond i11 cocontraction. The contrac- 
tion of the agonist is f a r  greater in degree than that 
of the antagonist, but cocontraction does occur. 

As a matter of fact, the biceps and triceps will only 
act  as antagonists if flexion or extension of the elbow 
is the only movement involved. I f ,  on the other hand, 
the forearm is supinated during extension, full cocon- 
traction between the biceps and the triceps occurs 
routinely. Furthermore, if the forearm is supinated, 
there is no appreciable inhibition of potential observed 
in the triceps when maximum resistance is applied to 
extension of the elbow (Fig. 1). 

FIG. 2. Cocontraction of the antagonist muscles a t  the 
ankle during unimpeded plantar-flexion and dorsi0exion. A, 
potential obtained from the lateral head of the gastrocnemius 
during ~~lniitar-flesion in forbeginning the neutral position 
the ankle;  B,  poteutial obtained from the anterior tibial 
muscle simultaneous with tha t  recorded in A ; C ,  potential 
obtained from the lateral head of the gastrocnemius during 
dorsiflesion of the ankle beginning in neutral position ; D, 
potential obtained from the anterior tibial muscle simultane- 
ouc with thnt  in  C. Potential is recorded in tracing B simul-
t i ~ n r t n u . ; l ~  n r i l l l  t l l f ,  c~nset of contraction in A, but because of 
\ ,c~lt ;~yc~ s r t t i ~ ~ : .  the initial low B are not:.di l l  voltages in 
evident in the tracing. 

One type of cocontraction which has been generally 
neglected is the type which occurs in all antagonistic 
muscles in the shortened range of agonist contraction. 
As the agonist goes into the final range of contraction, 
it  begins to cause proprioceptive stimulation through 
stretch reflexes of the antagonist muscles. The result- 
ing contraction of the antagonist then offers resistance 
to the final phase of movement of the agonist, so that 
we have in the final movement phase of contraction a 
dynamic interrelationship between the contraction of 
the agonist and the antagonist. At  the point a t  which 
the antagonist begins to contract, as a result of the 
proprioceptive stiliiulation, the agonist shows a n  in- 
crease in response as a result of the opposing pull of 
the antagonist. Quantitatively, the angle a t  which this 
phenomenon presents itself will vary with the joint 
and the muscles involved. I n  the biceps this occurs a t  
a n  angle of flexion greater than 90' (the exact angle 
will vary with the individual), whereas a t  the ankle 
(Fig. 2) it  begins to occur almost immediately and 
builds u p  to a maximum a t  a point in  the range of 
flexion corresponding to the limit of the range of 
passive motion. The explanation for  the variation be- 
tween the ankle and the elbow lies in  the fact that, in  
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the elbow, the passive range of motion is very much 
greater than it  is in the ankle. I n  the ankle any  
motion a t  all begins almost immediately to  involve the 
antagonist, so that cocontraction becomes the rule in 
practically all motions involving the ankle. 

Whereas i t  has been dif6cult to demonstrate recipro- 
cal innervation in voluntary movement, one would 
expect that such would not be the case in reflex 
activity. Sherrington utilized the knee jerk fo r  this 
demonstration. There is one condition under which we 
have been able uniformly to demonstrate reciprocal 
innervation in the human, and that is in spasticity. 
Many patients with neuromuscular disease evidence 
exaggerated activity of the spinal stretch reflex which 
manifests itself clinically as a n  increased tendency 
toward muscle contraction, especially during passive 
manipulation. This is defined as spasticity, and even- 
tually this condition, if uncorrected, leads to contrac- 
ture, a structural shortening of the muscles involved. 
Spasticity interferes with the full utilization of any 
voluntary power which the muscles may retain after 
paralysis and also limits the range of motion possible 
through movement of the joint. I t  thus becomes a n  im- 
portant problem in the rehabilitation of patients with 
neuromuscular disease. Our own thinking has com-
pared some forms of spasticity to decerebrate rigidity 
as  first described by Sherrington. I n  this we concur 
with the hypothesis of Magoun and his co-workers 
(5).I t  was on the basis of this reasoning that we felt 
that reciprocal innervation sllould apply to spasticity 
in  the same way that Sherrington was able to demon- 
strate so clearly f o r  decerebrate rigidity. We, there- 
fore, stimulated electrically muscles antagonistic t o  
those exhibiting spasticity and found that relaxation 
of the spastic muscles could be demonstrated easily. 
Faradic current applied to the motor point with 
sufficient intensity to give a maximum contraction of 
the antagonist was employed. The current was applied 
for  periods of 1 min or longer. Relaxation a t  times 
occurred instantly and a t  other times occurred after a 
short delay. Sherrington used electrical excitation of 
motor nerves ( 1 ) in animals to obtain this same forin 
of relaxation in the demonstration of reciprocal 
innervation. 

The relaxation was utilized to bring the affected 
limb through its whole range of motion. As a result, 
not only was relaxation evident during the applica- 
tion of electrical stimulation, but  a persistence of the 
relaxation was evident in some cases for  days follow- 
ing stimulation. With the release of the affected 
~iiuscle from spasticity, techniques of neuromuscular 
re-education described previously (6)  were employed 
to facilitate the development of latent power to  its 
maximum. Such muscle power, which would permit 
the patient to carry the limb or the affected part  
through the full range of motion, would minimize the 
possibilities of a further increase in  spasticity. 
Spasticity could also be relieved i n  varying degrees in  
those paralyzed patients where residual muscle power 
was not sufficiently great to bring about the restora- 
tion of voluntary movement. I n  such cases relaxation 



of the spasticity through electrical stimulation of the 
antagonists permitted the passive movement of the 
Iimb through a greater range and i n  this way helped 
minimize the recurrence of the spasticity, thereby 
cutting down the possibilities of contracture. Details 
of the procedure will be described elsewhere ( 7 ' ) .  

W e  may summarize our observation by stating that 
i n  normal voluntary movement i n  man there is  at 
present insufficient evidence that reciproeal innerva- 
tion plays the role in  the coordination of the contrac- 
tion of antagonist muscles which is assumed for  it by 
most thinking on kinesiology. Cocontraction seems to 
be the rule rather than the exception. On the other 
hand, we were able toi demonstrate reciprocal innerva- 
tion in  patients with neuromuscular disease who 
showed evidence of spasticity. 
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Systematic Status of the Pure Culture Ciliate 
known as ffTetrahymena geleii" and 
r c G l a ~ c ~ m apirif ormis" 

John 0.Corliss* 
Laboratoire d'Embryog6wie Compare'e, 
Collbge de France, Paris 

Since Lwoff's (1) success in  establishing a small 
holotrichous ciliate in axenic culture (i.e., free from 
other microorganisms), a t  least 50 identical o r  closely 
related members of the Colpidium-Glaucoma-Leuco-
phrys-Tetrahymena group have been so grown. Some 
30 of these organisms are  still being maintained in 
various laboratories an'd have been used in over 250 
investigations, principally of a physiological or bio-
chemical nature, within the past 1 5  years (2, 3). The 
increasing importance of the experimental animals has 
made highly advisable a comparative morphological 
study in order to establish their probable taxonomical 
interrelationships. Twenty-six of the pure culture 
strains have been investigated, employing, in  par-
ticular, the method of silver impregnation, a n  in-
valuable technique in study of such small and rela- 
tively undifferentiated ciliates. The present report is 
concerned chiefly with the 21 strains which I consider 
to  be members of a single species but which, to date, 
have been carried in  the literature under several dif- 
fer& names, the most common two in recent years 

IAtomic Energy Commission postdoctoral research fellow 
i n  the biological sciences, Oct. 1951-Oct. 1952. 

being Tetrahymena geleii Furgason, 1940, in America 
and Glaucoma piriformis2 (Ehrenberg, 1830) Maupas, 
1883, in  E ~ r o p e . ~  The history of these strains has been 
traced ( 2 ) .  

All the strains studied fall  within the limits of the 
following brief characterization of this very widely 
distributed species : 

Body typically pyriform in shape, 26-92 p in length, 
average size about 50 p x 30 p; 17-22 ciliary meridians, 
usuaIly 19-20, consisting of well-defined primary and 
secondary portions; generally 2 postoral kineties, uni- 
polar meridians iyith anterior ends terniinating directly 
at  posterior margin of cytostome. Delicate apical loop at 
morphological apex of body; preoral suture single o r  
double fibril from loop to cytostome; 3 intermerldional 
connectives, anterior end of body, roughly concentric 
about apical loop. Cytostome pyriform, 9-11 p in length, 
about 5 p from anterior end of body, oriented directly 
in body axis; characteristic tetrahymenal buccal ciliature 
consisting of right-hand undulating membrane and left- 
hand adoral zone of 3 membranelles, bases of the latter 
oriented at  an angle of about 45" to axis of cytostome. 
Tvro to three permanent contractile vacuole pores, diam- 
eter 1 p, or less, typically located near posterior end of 
body in meridians 5 and 6;  cytoproct slitlike in posterior 
end of stomatogenetic meridian 1. Macronucleus ovoid to 
irregularly spherical, generally not greater than 11 p in 
any diameter, centrally located or slightly posterior, ex- 
hibiting typical chromatin extrusion during fission; micro- 
nucleus often absent (see below). Conjugation never ob- 
served; cysts reported by one worker (4).  

I n  a study of the micronuclear problem presented 
by  this species I have employed the Feulgen technique 
in critical observation of ciliates, both from axenic 
strains and froin a number of rnore recently isolated 
bacterized strains. To date, I have examined 1 3  pure 
culture strains, using organisms from 18-20-hr cul-
tures (rich in dividing forms) and 5-7-day cultures, 
and I have found all of them to be amicronucleate. 
The axenic strains in question were originally isolated 
in  France, England, and in four widely separated 
geographical areas in  the United States. Three of the 
American strains had been reported to be arnicro-
nucleate ( 5 ) .Five strains, more recently isolated from 
various localities around Paris, and grown only in 
bacterized cultures, are also without micronucleus. I n  
addition, in more than 6 cases in which the species 
has been found as a facultative parasite in  the body 
cavity of living chironomid larvae (Chironomus plu- 
mosus), i t  is entirely arnicr~nucleate .~ A coprophilic 

2 The trivial name %as originally spelled "pyriformis" but 
has been written with an "i," in particular by French pro-
tozoologists, for the past 30 years. 

3 Very recently the French investigators Faur6-Fremiet 
and Lwoff, in several separate publications (cited by Corliss 
[B] ; most recent being Lwoff's footnote, p. 325, in  Kidder 
and Dewey [ $ I ) ,  have employed the name Lezcoophrus piri- 
jorn~is  in reference to a number of the strains. Both these 
workers are now in agreement with the writer that the 
species should be called Tetrahymena pyr i jorn~is  (personal
commnnications). 

4 1 have also isolated a second, very closely related, species 
of Tetrahymena from Chironomzcs, sometimes from the same 
larvae. It is frequently found in conjugation and is very 
likely the ciliate reported once before ( 6 ) .  Its micronucleus 
is prominent, generally 2.5-3.0 u in diameter. Ful l  descrip-
tion will be published later. 


