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SUMMARY 

Sarcolemma tubes isolated from rabbit  skeletal muscle exhibit a predominantly 
radial contraction which can be induced by ATP, Zn 2+, and Cd 2+ and to a smaller 
extent by  ADP, SCN-, Ca *+ and Mg ~+. The contraction is an intrinsic property of 
the sarcolemma, since it cannot be at tr ibuted to osmotic effects or to the activity of 
adhering myofibrils. Parallel studies on the surface ATPase activity of isolated 
semitendinosus muscles of the frog show that  this enzymatic activity is inhibited 
reversibly by Zn 2+ or Cd 2+. The results are related to the twitch potentiating effects 
of some of the substances tested. 

INTRODUCTION 

The force of contraction developed during the twitch of skeletal muscle cells is 
increased by  the presence in the medium of substances known as potentiatorsl, 2. 
These substances vary widely in chemical nature (e.g., Zn 2+, SCN-, caffeine) and no 
unified theory of their mode of action exists presently. At least some of these sub- 
stances appear to act at the surface of the muscle cell since their effect either occurs 
too rapidly to permit penetration (NO~-, I - ,  SCN-) or it is readily reversible (e.g. 
Zn 2+, Cd 2+) by  washing with Ringer's solution containing EDTA which does not 
penetrate the muscle cell 3,*. 

Clearly it is of interest to s tudy the interaction of these substances with the 
sarcolemma. This type of study has become possible only in recent years with the 
development of techniques for the isolation of sarcolemma 5-9. In the present s tudy 
we have used two approaches to the problem: We studied the interaction of poten- 
tiators and other substances of physiological interest (i.e. ATP, Ca 2+, Mg 2÷, K +, etc.) 
with fragments of isolated sarcolemma tubes, and tested the effect of some of these 
agents on the activity of the ATPase which recently was shown to be bound very 
t ightly at the surface of skeletal muscle cells 1°-12. 

Sarcolemma tubes isolated from rabbit  skeletal muscle are shown to contract 
radially and this contraction can be induced by  either ATP, ADP, or by  the poten- 
tiating agents Zn 2+, Cd 2+, SCN-, and only to a very small extent by  Ca ~+ or Mg 2+. 
In a parallel s tudy we found that  the surface ATPase activity of frog skeletal muscle 
cells is stimulated by Mg 2+ and inhibited by the cationic potentiators Zn ~+ or Cd 2+. 
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We relate these surface phenomena of the skeletal muscle cell to its physiological 
functions. 

METHODS AND MATERIALS 

Preparation of biological material 
The isolated sarcolemma employed in this s tudy were obtained from the back 

and leg muscles of the rabbit  by a slight modification of the method of ROSENTHAL 
et al. 9. The method which includes physicochemical manipulations, permits the emp- 
tying of the muscle cells such that  the myofibrils, nuclei, mitochondria, and other 
cellular components are extruded and leave a relatively transparent  and empty  tube 
which presumably consists of the sarcolemma. This tube can be seen with the aid 
of the electron and phase contrast microscopes ~,13. The extrusion of the intracellular 
components of the muscle cells is induced by  a sequence of treatments of the muscle 
homogenate prepared originally in 5 ° mM CaClz. The homogenate is washed three 
times with KC1 buffer (50 mM KC1 + 30 mM KHCO 3 + 2.5 mM histidine at pH 7.6), 
and is then incubated at 37 ° for 30 min. This incubation apparently destroys the 
cytoskeletal of the cells so that  the intracellular components can now be removed 
by washing with 2.5"1o -7 M NaOH. The sarcolemma are then separated from the 
other cellular components by  differential centrifugation and kept suspended in distilled 
water or 5 mM imidazole at a pH value of 7.0. (For details see ROSENTHAL et al. 9 
and MADEIRA AND CARVALHO13.) When resuspended in distilled water the sarcolemma 
maintain their visible structure for longer periods (2-3 days) than when suspended in 
the imidazole buffer. Therefore, we routinely kept the isolated sarcolemma in water 
at 4 ° and added the buffer just before the studies performed with them were carried 
out. The sarcolemma are easily seen with the aid of a phase contrast microscope at a 
magnification of 200 × if a drop of sarcolemma suspension is added to a glass slide and 
a cover slip is placed over the drop. These preparations were viewed with a Nikon 
microscope and photographed with an Asahi Pentax SV camera using Kodak Pana- 
tomic X film. For the enzyme studies, isolated semitendinosus muscles of the frog 
(Rana ridibunda) were used. The muscles were dissected and kept for lO-15 h at 3-5 ° 
before they were used in the experiments. The muscles were kept in 20 ml of the 
following solution: 2. 5 mM KC1, 117 mM NaCl, IO mM imidazole (pH 7.0) and I -2  mM. 
CaC12. This solution is henceforth referred to as Ringer-imidazole solution. 

Methods of study of the isolated sarcolemma 
The methods employed in this s tudy were essentially those described previously 

in a s tudy of some morphological effects of ATP, ADP and AMP on isolated sarcolem- 
ma 13. Since the method imposes certain limitations which should be kept in mind in 
interpreting the results reported, we describe it briefly here. 

The experiments were carried out at 20 ° on drops of buffered suspensions of 
sarcolemma at pH 7.0 placed under a cover slip on a glass slide. The test solutiGns 
were then added by  placing them in the periphery of the cover slip so that  they diffuse 
under it and mix with the sarcolemmal suspension. As an index of this diffusion we 
used the movements  of visible particles that  are usually present in the suspension 
under the cover slip. The diffusion is relatively rapid since it usually takes less than 
IO sec for a response to be elicited on the sarcolemma. 

Biochim. Biophys. Acta, 234 (1971) 2 I o - 2 2 1  



212 A . P .  CARVALHO et al .  

This method does not permit rigorous control of the concentration of test 
substance~ in the vicinity of the sarcolemma, but it permits us to carry out compara- 
tive studies of the effects of the various substances tested on the contractility of 
the sarcolemma since in each case we started the experiment with the same con- 
centration of the substances to be compared. The differences in diffusion rates of the 
various substances tested is of little importance in these studies since we measured 
the effects after a relatively long period (1- 5 rain) after the addition of the test 
substances. 

Methods of equilibrating and washing the isolated semitendinosus muscles for enzymatic 
studies in situ 

In view of the uncertainty regarding the purity of the isolated sarcolemma, 
we felt that  enzymatic studies with these preparations were not justified at this time. 
We cannot exclude the possibility that a very small amount of myofiblils or acto- 
myosin remains adhered to the sarcolemma tubes, and, therefore, the significance 
of the re:mlts of enzymatic studies of these tubes would remain highly questionable, 
particularly since we were interested in the ATPase activity of the sarcolemma and 
as is well known the contractile proteins catalyse the hydrolysis of ATP under various 

Fig. i. Chamber  of approx.  2 ml capaci ty used to equilibrate the muscle during the studies on 
the surface ATPase act ivi ty of the semitendinosus muscle of the frog, The numbers  refer to the 
various par ts  of the chamber  and accessories. I, holding chamber.  2, Pyrex  chamber;  volume of 
nar row par t  of chamber  is 1.5 ml. 3, tube for bubbl ing air. 4, stainless steel rod with hook at  the  
lower end. This iod is secured at  the top of the chamber.  5, stainless steel wire wi th  hooks at bo th  
ends to connect  the muscle to t ransducer .  6, semitend~nosus muscle. 7, stopcock. 8, t ransducer .  
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conditions ~4. After this work had been completed a report appeared which presents 
evidence that by a technique only slightly different from that employed by us it is 
possible to prepare sarcolemma tubes with a (Na + + K+)-ATPase which is not 
characteristic of other cell fractions isolated from muscle 31. Enzymatic activity of 
the sarcolemma could be studied in situ as had been shown by other workers ~°, n 
Some of the results obtained in this study have been presented preliminarily 1.. 

The chamber used to carry out these studies is illustrated in Fig. I. After the 
muscle is inserted in the chamber the wash and test solutions are introduced through 
a hole in the stopper at the top of the chamber. A tube of polyethylene is inserted 
through a second hole in the stopper and air or oxygen is bubbled at a constant rate 
so that the solution in the chamber is aerated and also mixed constantly. 

All experiments were carried out for varied periods at 20 ° with I ml of the 
desired solution. At the end of each experiment, if the muscle was to be used again, 
it was washed with Ringer-imidazole solution by filling the chamber with this solution 
and immediately discarding the wash. To the chamber were then added 2-3 ml of the 
Ringer-imidazole solution which was allowed to stay in contact with the muscle for 
about 5 min. This short equilibration was repeated once more and was usually found 
to reverse most effects on the surface enzymes induced by the substances tested in 
this study. In those studies in which the activating effect of Mg 2+ was studied the 
Ca ~+ was left out of the Ringer-imidazole solution. We observed in preliminary ex- 
periments that stretching the muscle to various lengths did not have any measurable 
effect on the surface ATPase activity. Therefore, all studies reported here were carried 
out at rest length. 

Phosphate analyses 
The amount of inorganic phosphate (Pt) produced from ATP as it came in 

contact with the muscle was determined by the method described by TAUSSKY AND 
SHORR 15. 

RESULTS 

Contractility of isolated sarcolemma 
The isolated sarcolemma appear as relatively empty fragments of tubes of 

50-100 #m in diameter when observed by phase contrast microscopy, as shown in 
Fig. 2A. In general appearance, these tubes are similar to those reported by other 
authors 5-9. The fragmented tubes usually appear open at both ends, but occasionally 
one of the ends tapers off in a cone shaped configuration which probably represents 
one end of the original muscle cell. 

We established previously 1~ that isolated sarcolemma contract when a solution 
of 2-10 mM ATP is applied to the preparation as described in METHODS AND MATERIALS. 
The contraction induced by ATP does not require Ca *+ nor is it inhibited by high 
ionic strength (I mM KC1) 18 and, therefore, it depends on a mechanism which is 
different from that responsible for the contraction of actomyosin systems ~*,16,1~. 
Figs. 2A and 2B show that 2 mM ATP induces radial contraction of the sarcolemma 
in the presence of I0 mM EGTA which chelates traces of Ca 2+ that may be present 
in the medium. These conditions, and those in which I M KC1 is present, inhibit all 
myofibrillar and actomyosin activity 14, ~e,17, whereas the radial contraction of the 
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sarcolemma induced by  ATP actual ly  is accentuated  by  E G T A  even though this 
substance alone is wi thout  effect 13. ROSENTHAL et al, s apparent ly  were the first in- 

vest igators  to observe tha t  isolated sarcolemma contract  when ATP is added, but  no 

par t icular  significance was a t t r ibu ted  to this phenomenon.  

Since various cellular membrane  f ragments  form closed vesicles (e.g. vesicles 

of isolated sarcoplasmic ret iculum) which m a y  behave as osmometers,  we s tudied 

whether  the  sarcolemma tubes behave  in a similar fashion. These studies were carried 

out  by  vary ing  the osmotic pressure of the medium around the isolated sarcolemma 

and observing the  al terat ions in their  volume with the aid of a phase contrast  micro- 

scope which permi t t ed  the  sarcolemma to be photographed under  various conditions.  

The solutions tes ted were KC1 (0.0I M, o.I M and I M) and sucrose (o.i M, 0. 3 M, 

and 1.0 M), and no osmotic effects were observed ei ther in hypotonic  or in hyper tonic  

solutions (Table I). Therefore,  we concluded tha t  K +, C1- and sucrose enter  the sarco- 

l emma tubes very  rapidly,  probably  through the cut  ends which apparent ly  do i~ot 

reseal, and tha t  the contract ion of the isolated sarcolemma referred to above represents 

an inherent  p roper ty  of the isolated structures.  

Al though isolated sarcolemma have  been reported to have  ATPase activi-  
tylS-z°, 31, the  contrac t i l i ty  is not  necessarily media ted  by  the hydrolysis  of ATP. 

I t  is conceivable tha t  the  mere in teract ion of the  nucleot ide with the sarcolemma 
causes the al terat ions observed. 

TABLE I 

S U M M A R Y  OF T H E  Q U A L I T A T I V E  EFF]~CTS OF V A R I O U S  S U B S T A N C E S  ON T H E  C O N T R A C T I L E  A C T I V I T Y  

OF S A R C O L E M M A  I S O L A T E D  F R O M  R A B B I T  S K E L E T A L  M U S C L E  

Substance tested Concentration (raM) Effect on isolated sareolemma 

Adenine nucleotides 

ATP io 
ATP 2- 5 
ATP + EGTA 2- 5 + IO 
ADP IO 

AMP IO 

Potentiators of muscular contraction 

Zn2+, Cd2+ 5 
SCN- I oo 
I-, Br-, NO 3- ioo 
Caffeine io 

Some ions of physiological importance 

Ca ~+, Mg z+ io 
Ca-EGTA 5 
Ca a+ or Mg ~+ + ATP IO + io 
Ca-EGTA + ATP 5 + io 
KC1 or NaC1 o.oi, o.i and I M 
KC1 + ATP i M + IomM 

Other substances tested 

Sucrose o.i, 0. 3 and I M 
Glycerol 50 %, 4o0 mM 

Strong radial contraction 
Contraction not always observed 
Strong radial contraction always observed 
Radial contraction smaller than that ob- 

served with io mM ATP 
No visible effect observed 

Strong radial contraction 
Small radial contraction 
No visible effect observed 
No visible effect observed 

Small radial contraction 
No visible effect observed 
Strong radial contraction 
Strong radial contraction 
No visible effect observed 
Strong radial contraction 

No visible effect observed 
No visible effect observed 
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Fig. 2. Phase  c o n t r a s t  mic rographs  of t ubes  of s a r co l emma  i so la ted  from r a b b i t  ske le ta l  muscle.  
A. Norma l  appea rance  of the  sa rco lemma.  /3. Appea rance  of s a r co l emma  af te r  rad ia l  con t r ac t i on  
induced  by  2 mM ATP in the  presence of i o  mM EGTA. 

Effects of potentiators of muscular contraction on isola/ed sarcolemma 
Various substances increase the tension developed by skeletal muscle during 

the twitch. These substances, known as potentiators, include Zn 2+, Cd 2+, U022+, 
SCN-, I-,  among others1, 2. These potentiators probably act on or near the surface 
of the muscle cell since they either alter the pattern of the action potential (Zn 2+ 
and Cd ~+) and their effect can be rapidly reversed if the muscle is placed in a normal 
Ringer's solution 1-3, or then theix effect occurs too rapidly to permit penetration 
(e.g. I-,  SCN-) 4. Therefore, we studied the effect of the potentiators on the contractility 
of the isolated sarcolemma. 

In the present study we observed that at concentrations of 5-o mM Zn 2+ or Cd ~+ 
(Fig. 3), and to a much smaller extent Ca 2+ or Mg 2+ (Fig. 4), cause radial contraction 
of the sarcolemma. Although we do not know the exact values for the concentrations 
of the ions in the vicinity of the membranes, they probably were at least one order 
of magnitude lower than those of the concentrations added. After the addition of 
Ca 2+ or Mg 2+, a fuller contraction could be induced by ATP as reported previously TM. 
If in addition to Ca 2+, an equimolar concentration of EGTA was also added simul- 
taneously, the small contractile effect of Ca 2+ was not observed (Fig. 5B), but if the 
sarcolemma tubes were allowed to contract first, EGTA could not reverse the effect 
of any of the cations tested. Furthermore, 2 mM ATP induces contraction in a medium 
of equimolar Ca-EGTA (Fig. 5C), and the effect of ATP is usually more pronounced 
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in  t h e  p r e s e n c e  t h a n  in  t h e  absence  of E G T A .  T h e  c o n t r a c t i o n s  o b s e r v e d  in  all cases  

are  p r e d o m i n a n t l y  r ad i a l  in  t h a t  t h e  d i a m e t e r  of t h e  s a r c o l e m m a  t u b e  b e c o m e s  

smal le r ,  b u t  a s l igh t  dec r ea se  in l e n g t h  of t h e  t u b e  is also o b s e r v e d  in  s o m e  cases.  

Fig. 3- Phase contrast micrographs of tubes of sarcolemma, isolated from rabbit skeletal muscle, 
before and after t rea tment  with 5 mM Zn ~+ or Cd u+. A. Normal appearance of sarcolemma. B. 
Appearance of sarcolemma in A after t reatment  with Zn 2+. C. Normal appearance of another 
sarcolemma tube. D. Sarcolemma tube in C after t reatment  with Cd ~+. 
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The anionic potentiators of twitch tension, SCN- I- ,  Br-,  and NO3-, were 
also tested for their effect on the contractility of isolated tubes of sarcolemma. The 
concentrations of the potentiating substances added were IOO mM in the potassium 
form. Only SCN- appears to cause a slight contraction of the sarcolemma (Table I). 
The implication of these observations will best be understood when we succeed in 
defining the basic contractile mechanism of the sarcolemmal structure. 

Fig. 4. Phase cont ras t  micrographs of tubes  of sarcolemma,  isolated f rom rabbi t  skeletal muscle, 
before and after  t r ea tmen t  with ]V[g 2+. A. Normal  appearance of sarcolemma. B. Appearance of 
sarcolemma in A after  t r ea tment  wi th  5 mM Mg 2+. 

Fig. 5- Phase cont ras t  micrographs of tubes  of sarcolemma isolated from rabbi t  skeletal muscle. 
A. Normal  appearance of sarcolemma. B. Appearance of sarcolemma after  t r ea tmen t  wi th  5 mM 
Ca-EGTA.  This solution has no visible effect. C. Appearance of sarcolemma after 2 mM ATP 
was added to prepara t ion  in B. Note the intense radial contract ion.  
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Caffeine, a substance that also potentiates the twitch tension of skeletal mus- 
cle 1, 2, but which presumably acts on the sarcoplasmic reticulum to release calcium 21-2~, 
has no visible effect on the isolated sarcolemma at a concentration of io raM. Also, 
glycerol, which destroys the membrane structures of the muscle cell, does not produce 
any affect on the sarcolemma that can be discerned with the aid of the phase contrast 
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Fig. 6. Effect  of Mg 2+ (MgCI~) on the  surface ATPase  a c t i v i t y  of the  semi tend inosus  muscle  of 
the  frog. The  r eac t ion  was  car r ied  ou t  for 15 min  a t  20 ° in R i n g e r - i m i d a z o l e  so lu t ion  in which 
Ca 2+ was  omi t t ed .  The muscles  were exposed  to  the  lowes t  Mg 2+ concen t r a t i on  first  and  t h e n  to  
each of the  so lu t ions  c o n t a i n i n g  t ke  h igher  c onc e n t r a t i ons  of the  ca t ion  in  an  increas ing  sequen t i a l  
order.  However ,  the  so lu t ion  a t  zero added  Mg ~+, and  which  con ta ined  also i .o  mM E D T A  to  
complex  t race  a m o u n t s  of Mg 2+ was  t he  so lu t ion  t e s t ed  las t .  Af te r  the  exposure  to  each solu t ion ,  
the  muscles  were washed  w i t h  the  modif ied  R i n g e r - i m i d a z o l e  so lu t ion  (no Ca 2+ present)  as describ-  
ed in  the  t ex t .  The  ATP c o n c e n t r a t i o n  was  2.0 mM in a vo lume  of i .o  ml. 

Fig. 7. Effect  of Zn 2+ and  Cd ~+ on the  surface ATPase  a c t i v i t y  of s emi t end inosus  muscle  of the  
frog. The  surface ATPase  a c t i v i t y  of the  muscle  was  first  d e t e r m i n e d  a t  2o ° in  R i n g e r - i m i d a z o l e  
so lu t ion  (2.o mM of Ca 2+ present)  con t a in ing  2.0 mM ATP. This  a c t i v i t y  was t a k e n  as ioo  % and  
t he  ATPase  a c t i v i t y  in the  presence of the  var ious  concen t r a t i ons  of Zn 2+ or Cd ~+ added  to  the  
R i n g e r - i m i d a z o l e  so lu t ion  was  t h e n  measured .  The effect of the  lowes t  concen t r a t i ons  of each 
of tb.e d i v a l e n t  ca t ions  was t e s t ed  first,  a nd  t h e n  was  t e s t ed  the  effect of the  h igher  concen t r a t i ons  
in inc reas ing  sequen t i a l  order.  Af te r  the  t e s t  in  the  h ighes t  c o n c e n t r a t i o n  of Zn 2+ or  Cd 2+ (I.O mM), 
the  muscle  was  washed  w i t h  R i n g e r - i m i d a z o l e  so lu t ion  and  the  surface ATPase  a c t i v i t y  of the  
muscle  was measu red  in th is  so lu t ion  to  see w h e t h e r  the  effects of Zn 2+ or Cd 2+ could  be reversed.  
Muscles could  usua l ly  be used for severa l  cycles w i t h o u t  showing  m a r k e d  i r r eve r s ib i l i t y  of the  
effects of Zn 2+ or Cd ~+. 

microscope. The solutions of glycerol employed contained 5o % glycerol, and were 
allowed to act on the membranes for period of 30-60 min. The lack of observable 
effect with glycerol is probably due to the fact that  we cannot discern the various 
layers of the sarcolemma by phase contrast microscope, and, therefore, we are unable 
to detect any probable damage to the plasma membrane, which is the innermost layer 
of the sarcolemma s, 2s, and is the likely target of glycerol. Furthermore, the period 
of 60 min may not be sufficient time for destruction of the membrane. 

A summary of the results of the effects of the various substance tested on the 
isolated sarcolemma is presented in Table I. 

Effects of Zn ~+ and Cd 2+ on the surface A TPase of frog skeletal muscle 
There exists on the surface of frog skeletal muscles a bound ATPase which is 

not lost into the medium during equilibration of the muscles (semitendinosus) in 
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Ringer's solution 1°-12. This enzymatic activity is maximally stimulated by  Ca 2+ 
or Mg 9"+ at a concentration of 1-3 mM of either cation 1.. The evidence that  the ATPase 
is on the surface of the muscle is reasonable only if we take as valid the reasonable 
assumption that  ATP does not penetrate the cell membrane.  The possibility that  the 
enzyme is intracellular, but leaks out of the cell during equilibration, was eliminated 
in our studies, since the medium where a muscle has been equilibrated for various 
periods up to I h does not catalyze the hydrolysis of ATP after the muscle is removed 12. 
Furthermore, no inorganic phosphorus appeai:s in the medium during equilibration of 
the muscle unless ATP is present in the external medium. 

Fig. 6 depicts the activation of the surface ATPase activity by  Mg 2÷ in the 
presence of 2.0 mM ATP. Ca *+ acts similarly to Mg 2÷, and at 2.0 mM of either cation 
in the Ringer's solution about the same activity of the ATPase was observed. The 
ATPase studied here is not sensitive to up to lO -5 M ouabain. These results agree 
with those reported by  other investigators 1°, n, but  they are not conclusive in deciding 
whether a (Na÷ + K÷)-ATPase is present, since the bulk of the ATPase activity 
may  in fact be ouabain insensitive, whereas only a small portion of the activity may  
he due to Na + + K + activation. Therefore, it is possible that  the methods employed 
are not sufficiently sensitive to detect the (Na t + K+)-ATPase. 

Since Ca 2÷ is the normal divalent cation of Ringer's solution, we carried out 
the subsequent studies of the effects of Zn 2+ and Cd 2+ on the surface ATPase activity 
in the presence of 2.0 mM Ca *+. This concentration of Ca 2÷ is slightly higher than that  
present in the bathing medium utilized in the studies on the effects of Zn *÷ and Cd *+ 
on the contractile activity of the intact muscles 8, 32. We found that  Zn *+ or Cd 2÷ in 
concentrations of about o.05-1.0 mM inhibit the surface ATPase activity of frog 
skeletal muscle (Fig. 7). Invariably, the effect of Zn 2+ is more pronounced than that  
of Cd z+, but in both cases the effects are nearly completely reversible if the muscles 
are washed with Ringer-imidazole solution (Fig. 7)- 

All experiments were carried out with a concentration of ATP of 2 mM and only 
15-2o % of this ATP was permitted to hydrolyze during the experiment. Considering 
the high activity of the surface adenylate kinase of the muscles used in these studies ~°,n 
most of the ADP resulting from the hydrolysis of ATP is converted to ATP. Therefore, 
the rate of appearance of Pi reflects closely the activity of the bound surface ATPase 
of the muscles. 

The wet weight of the semitendinosus muscles employed in these studies 
varied between 29 and 55 mg. When expressed per unit area of cell surface the value 
for the ATPase of seven muscles varying in wet weight from 27 to 55 mg is 2.7 + 0.6 
nmoles Pl/cm 2 per min. The cell surface of the muscles was calculated from the 
relationship between the surface area of the cells and the wet weight of the muscle 
which was established by  BIANCHI AND SHANES 26 for the sartorius muscle of the frog 
as being 300 cm2/g wet weight of muscle. 

DISCUSSION 

The results reported here demonstrate that  the isolated fragmented sarcolemma 
tubes display contractile activity which may  be affected by  the composition of the 
medium. Thus, ATP, Zn *+, Cd ~'+ and, to a lesser extent, Ca *+, Mg *+ and SCN- induce 
a predominantly radial contraction of the sarcolemma tubes (Figs. 2-5). Such contrac- 
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tion, if it took place in the intact muscle cell, would be expected to cause elongation 
of the cell in order to maintain constant volume. In the present s tudy elongation 
of the isolated sarcolemma is not observed probably because the fragmented pieces 
of the sarcolemma utilized were opened at both ends, and, therefore, the radial con- 
traction would cause release of the fluid in the tubes through the cut ends. This could 
in fact be observed in the case of some fragments of sarcolemma which were not 
completely empty  of solid material which could be seen coming out at either end of 
the tube during contraction. 

The general appearance of the sarcolemma as seen with the aid of the electron 
microscope has been described 6,26. The sarcolemma consist of three major layers, 
in addition to a superficial mesh of randomly arranged thin filaments; an outside 
collagenous layer, a middle amorphous layer (basement membrane) 300-5o0 )~ thick, 
and the innermost layer which is interpreted as being the plasma membrane 26. Since 
the contraction is essentially radial, we expect that  there might be a defined orienta- 
tion of the contractile components to permit this type of contraction. None of the 
layers of the sarcolemma has been described as having circular fibers, as would be 
necessary for radial contraction. Stepwise degradation of the sarcolemma by  collage- 
nase and a chloroform--ethanol mixture has been carried out successfully ~, and this 
approach may  prove useful in future experiments to identify the layers that  exhibit 
contractile activity. 

The substances which induce contraction of sarcolemma are varied in chemical 
nature (Table I), and, therefore, we have no conceivable hypothesis as to the reactions 
involved. From the results of the cations tested, it appears that  the stronger the 
affinity of the cation for biological membrane materials zT, the more pronounced is the 
effect of the cation. When ATP is the agent inducing contraction, a lower concentra- 
tion of ATP is needed for maximal effect in the presence than in the absence of 
EGTA 13. This suggests that  EGTA may  act by  complexing;an inhibitor of contraction 
normally present in the medium. Preliminary studies indicate that  Ca 2+ is not the 
inhibitor substance. In the absence of EGTA, some of the ATP may be tied up by  
complexing the inhibitor since it probably is a metal cation since other complexing 
agents (e.g. EDTA) have effects similar to those of EGTA. I t  should be noted that  
ATP is also a metal  cation complexing agent and that  its complexing properties have 
in fact been evoked to explain its role in membrane phenomena ~s. 

The inhibitory effects of Zn 2+ and Cd ~+ on the surface ATPase of the muscle 
cells may  be of significance in relating the potentiating effects of these ions to the 
molecular mechanisms responsible for the potentiation, btrt no definite mechanism is 
proposed here. The active transport of Na + and K + is under the control of the well 
known (Na + + K+)-ATPase, and recently it was suggested that  the passive perme- 
ability of the muscle cell membrane of the crayfish may  also be under the control 
of a Mg2+-stimulated ATPase 29. Thus, the potentiators could conceivably affect both 
the active transport and passive diffusion of Na + and K + across the muscle cell 
membrane. I t  may  be significant in this respect that  Zn 2+ and Cd 2+ prolong the repolar- 
ization phase of the action potential in the frog muscle1, 2. 

Previous studies from our laboratory on other types of membranes isolated from 
skeletal muscle, i.e. sarcoplasmic reticulum 27, and current studies with isolated 
sarcolemma, show that  Zn 2+ and Cd 2+ have an affinity for the membranous materials 
of muscle much higher than do other cations of physiological importance e.g. Ca 2+, 
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Mg 2+, N a  + a n d  K +, a n d  c o m p e t e  w i t h  t h e s e  c a t i o n s  v e r y  e f f ec t i ve ly  for  t h e  b i n d i n g  

s i t e s  of t h e  m e m b r a n e s .  T h u s ,  in  a d d i t i o n  t o  t h e  ef fec t  o n  t h e  A T P a s e ,  t h e  b i n d i n g  of 

Z n  2+ a n d  Cd *+ t o  t h e  s a r c o l e m m a  in  e x c h a n g e  for  t h e  o t h e r  c a t i o n s ,  m a y  a l t e r  t h e  

p e r m e a b i l i t y  p r o p e r t i e s  of t h e  p l a s m a  m e m b r a n e  a n d  l e a d  to  a l t e r a t i o n s  in  i t s  e l ec t r i ca l  

p r o p e r t i e s .  T h i s  w o u l d  in  t u r n  a c c o u n t  for  t h e  p o t e n t i a t i n g  a c t i o n  of Z n  2+ a n d  Cd 2+. 

T h e  p h y s i o l o g i c a l  s ign i f i cance  of t h e  c o n t r a c t i l e  p r o p e r t y  of t h e  s a r c o l e m m a  

t u b e s  is n o t  c lear .  I f  t h e  r a d i a l  c o n t r a c t i o n  o b s e r v e d  in  t h e  i s o l a t e d  f r a g m e n t e d  t u b e s  

is a n o r m a l  f u n c t i o n  of t h e  i n t a c t  s t r u c t u r e  in  t h e  m u s c l e  cell u n d e r  c o n d i t i o n s  of 

a c t i v a t i o n ,  t h e  r e d u c t i o n  in  d i a m e t e r  of t h e  cell  c a u s e d  b y  s u c h  c o n t r a c t i o n  is e x p e c t e d  

t o  c a u s e  a n  e l o n g a t i o n  of t h e  cel l  t o  m a i n t a i n  c o n s t a n t  v o l u m e .  T h i s  e l o n g a t i o n  cou ld  

a p p e a r  as  t h e  l a t e n c y  r e l a x a t i o n ,  a s s u m i n g  t h a t  t h e  s a r c o l e m m a  b e a r s  s o m e  of t h e  

r e s t i n g  t e n s i o n  as  h a s  b e e n  s u g g e s t e d  b y  w o r k  f r o m  o t h e r  l a b o r a t o r i e s  ~°. 
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