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SUMMARY 

The effect of caffeine on calcium transport  by  isolated sarcotubular vesicles from 
rabbit  and frog skeletal muscle was compared. At 25 ° the calcium uptake by  rabbit  
vesicles which sedimented at I5OO-lOOOO × g was only slightly inhibited by  caffeine 
( I - IO mM). Increasing the temperature to 37 o caused a marked increase in the caffeine 
sensitivity of the rabbit  vesicles. The lighter vesicular fraction (IO 000-30 ooo × g) was 
relatively insensitive to caffeine at both temperatures.  Frog vesicles at 25 ° were as 
sensitive to caffeine as the rabbit  vesicles at 37 ° . This difference corresponds to the 
known differential sensitivity of amphibian and mammalian muscle to caffeine con- 
tracture. These results are consistent with the hypothesis that  caffeine produces con- 
tracture through an inhibition of sarcotubular calcium transport.  

INTRODUCTION 

Caffeine, at concentrations greater than about 2 mM, causes contracture of 
amphibian skeletal muscle 1. Since this contracture occurs without depolarization of 
the cell membrane 2 it has been inferred tha t  caffeine acts at some intermediate step in 
the excitation-contraction coupling process 1. The crucial step in the coupling process 
is the release of calcium from the sarcoplasmic reticuluml, 3. That  caffeine might 
promote calcium release is suggested by  tracer studies showing an enhanced efflux of 
45Ca from prelabelled frog muscles in the presence of caffeine 4. However, a t tempts  to 
demonstrate  a direct effect of caffeine on sarcotubular calcium transport  have not 
met  with uniform success. 

HASSELBACH AND MAKINOSE 5 and CARSTEN AND MOMMAERTS 6, using oxalate to 
t rap calcium inside the vesicles, failed to detect any appreciable effect of caffeine on 
ATP-dependent calcium uptake by  isolated sarcoplasmic reticulum. Recently, 
CARVALHO AND LEO 7, extending earlier observations of HERZ AND WEBER 8, reported 
tha t  in the absence of oxalate the ATP-dependent calcium uptake consists of two 
fractions; one fraction is t ightly bound to the vesicular membrane and is not affected 
by  caffeine while the other is a smaller, more labile fraction which is displaced by  
caffeine. Their data  suggest that  the caffeine-sensitive component represents calcium 
which is translocated across the sarcotubular membrane and exists within the vesicle 
as Ca 2+. This interpretation raises the question of why caffeine does not affect calcium 
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uptake in the presence of oxalate, where it is clear that  most of the calcium accumu- 
lated by the vesicles must be translocated across the membrane rather than adsorbed 
to it 3. One possible interpretation of these seemingly contradictory observations is 
that  caffeine affects the efflux of calcium from the vesicle rather than active transport 
across the vesicular membrane. In the presence of oxalate most of the calcium would 
be trapped inside the vesicle as calcium oxalate and would not readily diffuse out in 
response, for instance, to an increase in membrane permeability, 

In evaluating the published data one must take into account the experimental 
materials which have been used. Previous investigators 5-7, with one exception s, have 
studied subcellular fractions derived from rabbit muscle. Moreover, these studies were 
conducted at temperatures (20-25 °) which are nonphysiological for mammalian 
muscle. In this temperature range mammalian muscle is highly resistant to the 
contracture-producing effects of caffeine 9. Recently FRANK AND Buss 1° have shown 
that  at the physiological temperature of 37 ° mammalian muscle is as sensitive to 
caffeine as amphibian muscle. Taking these facts into account I have reinvestigated 
the effect of caffeine on oxalate-dependent calcium transport by isolated sarcoplasmic 
reticulum of rabbit and frog with special emphasis on a possible relationship between 
temperature and caffeine inhibition. 

MATERIALS AND METHODS 

Sarcotubular vesicles were prepared from the back and leg muscles of the rabbit 
and the leg muscles of the frog as described elsewhere n. Centrifugal fractions were 
collected at 15OO-lO ooo and 1o000-3o000 × g. Calcium uptake was measured by the 
Millipore filtration technique 1~, using filters of 0.45 t~ pore diameter. Incubations were 
carried out at either 25 or 37 ° in a buffer solution (see legend of Fig. I) to which 
ethyleneglycol-bis-(/g-aminoethyl ether)-N,N'-tetraacetic acid was added to adjust 
the free calcium concentration to a physiological level of about I /~M (ref. 13). In 
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Fig. I. The effect of caffeine on calcium uptake by subcellular fractions from rabbit muscle. 
Incubation medium contained ioo mM KC1, 2o mM imidazole (pH 7.o), 4 mM MgCI~, 4 mM 
potassium oxalate, o.2o mM 45CAC12, 0.24 mM ethyleneglycol-bis-(~-aminoethyl ether)-N,N'- 
tetraacetic acid, o.02 mg per ml protein, 5 mM ATP, and 0. 3 M sucrose. O, control; Q, IO mM 
caffeine. 
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t he  exper imen t s  wi th  rabb i t  vesicles o.3 M sucrose was a d d e d  to  the  incuba t ion  
med ium to prevent  the  r ap id  de te r io ra t ion  of the  vesicles which genera l ly  occurred at  
37 ° (unpubl ished observat ion) .  Recent  work  of E. W. GERTZ AND F. N. BRIGGS 
(personal communicat ion)  has  shown t h a t  sucrose p reven t s  the  release of lysosomal  
enzymes  which t akes  place at  e leva ted  t empera tu res .  The sucrose had  no effect on 
calc ium up t ake  at  25 ° . 

RESULTS AND DISCUSSION 

The effect Of ~o mM caffeine on the  h e a v y  (15oo - Ioooo  × g) and  l ight  (IOOOO- 
30000 × g) vesicular  f ract ions  from r abb i t  muscle  a t  25 and 37 ° is shown in Fig.  I .  
In  agreement  wi th  previous  workersS, 6, the re  was on ly  a s l ight  effect on e i ther  f ract ion 
at  25 °. Rais ing the  t e m p e r a t u r e  to  37 ° caused a m a r k e d  increase in the  sens i t iv i ty  
of t h e h e a v y  fract ion to caffeine inhibi t ion.  The degree of inhib i t ion  of calcium t rans-  
por t  was a l inear  funct ion of the  caffeine concent ra t ion  over  the  concent ra t ion  range 
of I - I O  mM (Fig. 2). At  25 ° there  was an average  inh ib i t ion  of abou t  IO % which was 
a p p a r e n t l y  independen t  of caffeine concent ra t ion .  As i l lus t r a t ed  in Fig.  3, the  h e a v y  
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Fig. 2. The rate of calcium uptake by the heavy fraction (i 5OO-lOOOO × g) of rabbit muscle as a 
function of caffeine concentration. Measurements were made at 25 and 37 ° , as indicated. Figures 
in parentheses indicate number of measurements, and vertical bars indicate standard error. See 
legend of Fig. i for experimental conditions. 

Fig. 3. The effect of caffeine on calcium uptake by subcellular fraction from frog muscle at 25 °. 
O, control; 0 ,  io mM caffeine. Experimental conditions were as in Fig. I except that the protein 
concentration was o.I mg per ml and the sucrose was omitted. 

gl anule  fract ion f rom frog muscle was as s t rong ly  inh ib i t ed  at  25 o as t he corresponding 
f ract ion from rabb i t  muscle at  37 ° . Here  again,  the  l igh te r  vesicles did  no t  have the  
same sens i t iv i ty  to  caffeine. HERZ AND WEBER s, working  wi th  an oxala te-f ree  sys tem,  
also no ted  t h a t  caffeine caused a g rea te r  d i sp lacement  of calc ium from h e a v y  vesicles 
(650-2000 × g) p repared  from frog muscle. However ,  th is  obse rva t ion  raises the  
quest ion of whe ther  the  caffeine might  no t  be affecting mi tochondr ia l  calcium up take .  
The  fact t h a t  the  calcium u p t a k e  b y  this  p r epa ra t i on  was s t rong ly  s t imu la t ed  b y  
oxa la t e  and  unaffected b y  azide and  d in i t ropheno l  would t end  to  suppor t  the  con- 
clusion of previous  workers  1.,1~ t h a t  the  calcium u p t a k e  b y  the  h e a v y  centr i fugal  
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f rac t ion of ske l e t a l  muscle is due p r e d o m i n a n t l y  to  par t ic les  of s a rco tubu la r  origin. 
F u r t h e r  s tudies  combining  t issue f rac t iona t ion  and  e lect ron microscopy  should be 
useful  in localizing more  precisely  t he  in t race l lu la r  si te of ac t ion  of caffeine. 

I t  will be n o t e d  t h a t  t he  ra tes  of calc ium u p t a k e  of t he  frog vesicles are  consider-  
able less t h a n  those  of t he  r abb i t  vesicles. This  difference p r o b a b l y  reflects differences 
in p u r i t y  of the  two p repa ra t ions  r a the r  t h a n  an int r ins ic  difference in the  calcium- 
t r anspo r t  sys tem.  The  frog p repa ra t ions  made  in this  l a b o r a t o r y  t end  to  be more 
labi le  t han  the  r abb i t  p repara t ions ,  and  i t  m a y  be t h a t  b y  the  t ime  t h e y  are assayed  
(usual ly  the  d a y  af te r  p repara t ion) ,  t h e y  conta in  a h igher  p ropor t ion  of da ma ge d  
vesicles. 

Thus,  wi th  regard  to  b o t h  species difference and  t e m p e r a t u r e  var ia t ions ,  
sens i t iv i ty  of the  in tac t  muscle to  caffeine is assoc ia ted  wi th  a cor responding sens i t iv i ty  
of the  ca lc ium- t ranspor t  sys t em to  th is  compound.  These  d a t a  provide  evidence t h a t  
caffeine produces  con t rac tu re  t h rough  an inhib i t ion  of sa rco tubu la r  calc ium t ranspor t .  

W h e t h e r  caffeine also enhances  the  efftux of calcium from the  vesicles cannot  be 
decided from these  d a t a  since the  presence of oxa la t e  would  p r e suma b ly  obscure such 
an effect. The  resul ts  of HERZ AND WEBER 8 and  CARVALHO AND LEO 7 suggest  t h a t  such 
is the  case, a l though  an effect on act ive  u p t a k e  in the i r  expe r imen t s  cannot  be ex- 
cluded.  I t  would seem plausible  to  suppose  t h a t  caffeine migh t  affect b o t h  u p t a k e  and 
release of calcium. As shown b y  GUTMANN AND SANDOW 9, under  t e m p e r a t u r e  condi t ions  
in which caffeine does not  cause con t rac tu re  of m a m m a l i a n  muscle i t  does cause po- 
t en t i a t i on  of twi tch  tension.  This  observa t ion  would suggest  t ha t  caffeine pa r t i c ipa tes  
in two processes, one of which is t e m p e r a t u r e  dependen t  in m a m m a l i a n  muscle. On 
the  basis  of s tudies  wi th  in tac t  frog muscle BIANCHI AND BOLTON ls and  BIANCHI 1~ 
have  sugges ted  t h a t  caffeine enhances  the  release of calc ium and  also r e t a rds  the  ra te  
of reaccumula t ion .  At  h igher  caffeine concent ra t ions  the  l a t t e r  effect would predomi-  
nate ,  hence, the  p ro longed  cont rac ture .  The  resul ts  r epo r t ed  here, as well as o ther  
d a t a  in t he  l i te ra ture ,  are compa t ib le  wi th  such a view. 
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