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al ter ing the  metabol ic  pa thways  leading to sprout ing of 
the  bud. Some more informat ion  is required to expla in  
the  mechan ism of germinat ion  under  water-def ic ient  
condit ions 9. 

ha l ten  austreiben,  w~hrend ein Wasserpoten t ia l  yon  
2026,0 Jou le /kg  t6dlich war.  

SUDAMA SINGtt a n d  K. K.  SRIVASTAVA 

Zusammen/assung. Das Ke imen  der Zuckerrohr-Achsel-  
knospen wurde  als v o m  Knotenwasserpo ten t ia l  beein- 
f lussbar beobachte t .  Die Sprossentwicklung erfolgte noch 
bei so ger ingem Wasserpoten t ia l  wie 1063,6 Jou le /kg  und 
selbst bei  Fehlen  jegl icher  Wasseraufnahme.  Ausge- 
schni t tene  Knospen  m i t  e inem Wasserpoten t ia l  von  
1063,5 bis 1823,4 Jou le /kg  konnten  nur  im Wasser  ge- 

Indian Institute o/Sugarcane Research, 
Lucknow-2 (India), 29 May 7969. 

9 Thanks are due to Dr. KISttAN SINGH, Indian Institute of Sugar- 
cane Research, for his valuable suggestions and kindly going 
through the manuscript. 

Caffeine-Induced Contractures and Related Calcium Movements  of Muscle in Hypertonic Media 

Hyper ton ic  solutions marked ly  reduce the  mechanica l  
responses of frog skeletal  muscles to electrical  s t imuli  
while t hey  leave t h e  act ion po ten t ia l  normal  1-4. The  
present  paper  describes effects of caffeine on cont rac ture  
deve lopmen t  and  related ~sCa m o v e m e n t s  in skeletal  
muscles in hyper ton ic  media  and media  of normal  ton ic i ty  
and shows t h a t  45Ca stil l  can be released by  the  act ion of 
caffeine on muscles in hyper ton ic  media,  a l though 
caffeine con t rac tu re  deve lopment  largely is blocked. 

Methods. Afte r  excision the  sartori i  of the  frog (Rana 
pipiens) were equi l ibra ted  for about  1 h in normal  
Ringer ' s  solut ion before use. Normal  Ringer ' s  solution 
contained,  in mmoles  per  l i ter  of deionized water :  108 
NaCI, 1.6 KC1, 1.0 CaC12, 2 Tris (hydroxymethyl )  amino-  
methane-HC1 buffer  at  p H  7.1, and 2 • 10 -2 g/1 of curare  
( I>tubocurar ine chloride). Hyper ton ic  Ringer ' s  solut ion 
was prepared  e i ther  by adding 330 m M  sucrose to normal  
Ringer ' s  or else by  using 2.5 t imes  as much  NaC1 and KC1 
as in normal  Ringer 's .  Convent ional  massive s t imula t ion  5 
was used and isometr ic  tension was recorded wi th  a 
S t a t h a m  (-E 4 oz) s t rain gauge and Sanborn  amplif ier  and 
char t  recorder.  An a tomic  absorpt ion spec t rophotomete r  
(Perk in-Elmer  303) was used for to ta l  calcium analyses 6. 
45Ca m o v e m e n t s  were s tudied by  s tandard  techniques~-S 
and work  was done at  room t empera tu re  (about 23 ~ 
Caffeine (Eas tman  Organic Chemicals) was added to 
Ringer ' s  solut ion as the  free base. 

Results. Exposure  of muscles to the  hyper ton ic  sucrose 
Ringer ' s  solut ion itself caused a cont rac ture  of 1-3 g (i.e. 
abou t  1 -3% o f  m a x i m a l  te tanic  tention,  P0), which began 
wi th in  the  first  minute ,  reached a m a x i m u m  wi th in  3 min,  
and then  s tar ted  to decline af ter  about  10 rain (after 1 h 
the  cont rac ture  tension was reduced by  about  half-  
max imum) .  Af ter  the  complet ion  of this work  a paper  by  
D. K .  I-tILL 9 was publ ished t h a t  also describes contrac-  
tures of frog sartori i  in hyper ton ic  sucrose (al though these 
are called 'changes of rest ing tension due to changes of the  
ton ic i ty  of the  solution') .  No such cont rac tures  were 
observed in the  N a - K  hyper ton ic  Ringer ' s  solution. 

Table  I shows tha t  muscles in normal  Ringer ' s  solution 
e x p o s e d  to caffeine (10 mM) develop a cont rac ture  tension 
of about  40% P0, whereas  muscles pre-soaked in e i ther  
form of hyper ton ic  Ringer ' s  solution and then  exposed 
to caffeine (10 mM) added to the  hyper ton ic  Ringer ' s  
develop much  less cont rac ture  tension. This  block by  
hyper ton ic i ty  of caffeine cont rac ture  (and twi tch  and 
te tanic  responses as well) appeared wi th in  10 rain af ter  the  

muscles had been immersed  in the  hyper tonic  Ringer ' s  
and was a lmost  complete  by  1 h. Caffeine cont rac tures  of 
normal  magn i tude  were obta ined  by  re turn ing  a muscle 
to normal  Ringer ' s  solution af ter  a soak in hyper ton ic  
Ringer ' s  solution. 

Using fresh frog sartorii,  I tes ted for effects of hyper-  
t0nic i ty  on the  to ta l  calcium con ten t  and the  up take  and 
release of 4~Ca. Figures  1 and 2 demons t ra te  t h a t  hyper-  
tonic media  (either wi th  sucrose or ex t ra  Na and K) can 
cause a two- to three-fold increase in the  ra te  of release of 
45Ca from frog sartorii.  Control  exper iments  show no such 
effect in the  Achilles tendon of frog, so p resumably  in the  
whole muscle the  45Ca release represents  an effect on the  
muscle fibers per  se. Fur thermore ,  the  effects of ttyper- 
tonic i ty  are shown in Figures i and 2 af ter  about  120 rain 
of washout  of 45Ca in normal  Ringer ' s  and thus  represent  
an effect on essential ly the  slow componen t  of ~sCa 
release tha t  is bel ieved to reflect  the  ra te  of release of Ca 
from an intracel lular  locus across the  surface membranes  
of the  muscle fibers s,1~ This effect of hyper ton ic i ty  on 
4~Ca efflux is sustained for 1 h (Figures 1 and 2) and is 
somewhat  be t te r  sustained in sucrose. 

Tile addi t ion of caffeine (10 m M ;  Figures 1 and 2) 
causes an increase in the  ra te  of 45Ca release in Ringer ' s  
of both normal  and increased tonici ty.  In  the  l a t t e r  case, 
the  increase in 45Ca release caused by  caffeine appears  
addi t ional  to t ha t  caused by the  hyper ton ic i ty  itself. 

Table  I I  compares  the  to ta l  calcium con ten t  and the  
a m o u n t  of 45Ca uptake  of frog sartori i  t ha t  were exposed 
to ~Ca for 10 rain in ei ther  normal  Ringer ' s  solution (C) 
or in hyper ton ic  Ringer ' s  solut ion (E). Sta t is t ica l ly  there  
is a significant  increase of 0.22 ixmoles of ca lc ium per  

1 A. L. HODGKIN and P. HOROWICZ, J. Physiol. 136, 17P (1957). 
2 j .  V. HOWARTH, J. Physiol. ldd, 167 (1958). 
3 j .  TIGYI and F. SHIH-FANG, Acta Physiol. Acad. Sci. Hung. 22, 

293 (1962). 
4 p. VARGA-MANYI and J. TIGYI, Acta Physiol. Acad. Sci. Hung. 22, 

287 (1962). 
5 i .  SANDOW and A. ISAACSON, J. gem Physiol. 49, 937 (1966). 

A. ISAACSON and A. SANDOW, J. gem Physiol. 50, 2109 (1967). 
7 C. P. BIANCHI and A. M. S~ANES, J. gen. Physiol. 42, 803 (1959}. 
s A. ISAACSON and A. SANDOW, J. Pharmae, exp. Ther. 155, 376 

(1967). 
9 D. I5:. HILL, J. Physiol. 199, 637 (1968). 

1o A. M. SHANES and C. P. BIANCHI, J. gen. Physiol. 42, 1123 (1959). 
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Fig. 1. The average rate coefficient of 45Ca release (in % per rain) 
from frog sartoriilabeled for 3 h in ~SCa 1 {ze/ml, before start  of wash- 
out. At 120 min, hypertonic Ringer's solution (plus 330 m M  sucrose) 
replaces the normal Ringer's solution for the experimental set, E 
(open circles). At 180 min, caffeine (10 mM) is added to both the 
experimental (hypertonie) and control muscles. The data shown are 
the averages of 3 eontralateral pairs of frog sartorii, i.e. 3 experi- 
mental  and 3 control muscles. 

c : :  
E 

z 

,,., 0.'7 

0.~ 

0.3 t=m 
~o 

N 0.2 

0.1 

0.07 

0.05 

ormat RinnBr's ~ [Ringer's 

+10 mM 
~affein~ = 

i i t i " ~ r I i C I  i p 

40 B0 1~0 180 ~,0O Z40min 

Fig. 2. The same conditions as those in Figure 1, except tha t  the 
experimental muscles (E) are exposed to Ringer's solution made 
hypertonic with 2.5 times as much Na and K as in normal Ringer's. 
The data  shown are the average of 2 muscles (control) and 3 muscles 
(experimental). 

g r a m  of  m u s c l e  (wet  w e i g h t )  in  t h o s e  m u s c l e s  t r e a t e d  w i t h  
h y p e r t o n i c  R i n g e r ' s  c o n t a i n i n g  s u c r o s e  b u t  n o  s i g n i f i c a n t  
c h a n g e  in  t h o s e  t r e a t e d  w i t h  N a  a n d  K .  S i nce  t h e  45Ca 
i n f l u x  i n t o  t h e  m u s c l e  f i b e r s  is c a l c u l a t e d  f r o m  t h e  4~Ca 

r e m a i n i n g  i n  t h e  m u s c l e  a f t e r  t h e  1 2 0 - m i n  w a s h o u t  o f  t h e  
e x t r a c e l l u l a r  s p a c e  7, I c o n c l u d e  f r o m  T a b l e  I I  t h a t  t h e r e  
is n o  s t a t i s t i c a l l y  s i g n i f i c a n t  i n c r e a s e  i n  i n f l u x  of  45Ca i n  
h y p e r t o n i c  R i n g e r ' s .  B u t  t h e  l a r g e  s c a t t e r  i n  t h e s e  d a t a  
m a y  h i d e  a s i g n i f i c a n t  i n c r e a s e  i n  45Ca u p t a k e .  

Discussion.  T h e  b l o c k  of  c a f f e i n e  c o n t r a c t u r e  o w i n g  to  
h y p e r t o n i c i t y  ( T a b l e  I) a g r e e s  w i t h  r e p o r t s  of  PODOLSKY 
a n d  SUGIl l  a n d  APRIL a n d  REUBEN 1~. I d i d  n o t  o b s e r v e  
a n y  e n h a n c e m e n t  of  t h e  c a f f e i n e  c o n t r a c t u r e s ,  w h i c h  
CAPUTO 13 r e p o r t e d ,  e v e n  w h e n  t h e  t e s t s  w e r e  m a d e  a t  t h e  
s a m e  c o n c e n t r a t i o n s  o f  c a f f e i n e  (3.9 m M )  a n d  t h e  s a m e  
d e g r e e  of  h y p e r t o n i c i t y  ( two- fo ld  Na )  t h a t  h e  u s e d .  

S ince  a n  i n c r e a s e d  r e l e a s e  of  45Ca b y  c a f f e i n e  w a s  
o b s e r v e d  e v e n  i n  h y p e r t o n i c  m e d i a  ( F i g u r e s  1 a n d  2), I 
i n f e r  t h a t  u n d e r  t h e s e  c o n d i t i o n s  c a f f e i n e  s t i l l  is a b l e  to  
c a u s e  a n  i n c r e a s e  in  f ree  c a l c i u m  w i t h i n  t h e  m y o f i b r i l l a r  
space ,  p r o b a b l y  b y  a c t i n g  On t h e  s a r c o p l a s m i c  r e t i c u l u m  
t h a t  n o r m a l l y  b i n d s  c a l c i u m  in  r e s t i n g  m u s c l e  6, s, ~,~4, ts. 
T h e  b l o c k  of  c a f f e i n e  c o n t r a c t u r e  b y  h y p e r t o n i c  m e d i a  
(Tab l e  I) ,  e v e n  w h e n  t h e  m y o f i b r i l s  a r e  b y  i n f e r e n c e  ex -  
p o s e d  t o  a n  i n c r e a s e d  a m o u n t  of  f ree  c a l c i u m ,  s u p p o r t s  
t h e  c o n c l u s i o n  of  APRIL e t  al.  1~ t h a t  a n  i n c r e a s e  in  ion ic  
s t r e n g t h  i n  t h e  i n t e r i o r  o f  m u s c l e  f i be r s  is t h e  e f f ec t  o f  
h y p e r t o n i c i t y  t h a t  c a u s e s  t h e  b l o c k  in  c o n t r a c t u r e  t e n -  
s ion .  

T h u s  I i n f e r  t h a t  t h e  m a j o r  e f f e c t  of  h y p e r t o n i c i t y  in  
b l o c k i n g  t w i t c h  r e s p o n s e s  o c c u r s  a t  a l a t e  p h a s e  in  
e x c i t a t i o n - c o n t r a c t i o n  (E-C) c o u p l i n g ,  i.e. a f t e r  Ca++ h a s  

TabIe I. Contracture tension (% P0) in caffeine (10 raM) in hyper- 
tonic and normal Ringer's 

Normal Ringer's Hypertonie Ringer's 

Pre-soak time in S 2.5 X (Na + K) 330 m M  
hypertonic Ringer's sucrose 
(rain) 

39 

45 

37 b 

0 36 - 

0 28 - 

8 12 - 

10 10 - 

10 1 - 

60 2 - 

60 - 6 

60 - 2 

These muscles after equilibration and recording of. P0 and twitch 
tension in normal Ringer's were pre-soaked in hypertonie Ringer's 
for the periods shown; caffeine (10 mM) then was added to the hyper- 
tonic Ringer's and the eontraetures were recorded. The control 
muscles were kept in Ringer's of normal tonieity throughout (except 
for the eventual additioi~ of caffeine, 10 mM). Control values of Po 
and twitch tension were obtained before adding caffeine. ~ After a 
10-min exposure to hypertonie sucrose Ringer's followed by 2-h 
reversal in normal Ringer's. 

11 R. J. PODOLSKu and H. SUGI, J .  hen. Physiol. 50, 2496 (1967). 
12 E. AI'I~IL and J. P. R~UBEN, Fedn. Proc. 27, 375 (1968). 
13 C. CAPIJTO, J. gen. Physiol. 50, 129 (1966). 
14 A. W~B~I~ and R. HERZ, J. hen. Physiol. 52, 750 (1968). 
1~ C. P. BIANCI~I, J.  hen. Physiol. dd, 845 (1961). 
1~ E. APRIL, P. W. BRANDT, J. P. REIJBE~ and H. GRIJNDFEST, 

Nature 220, 182 (1968). 
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been released f rom the  sarcoplasmic  re t iculum.  This does 
no t  exclude a lesser effect  of h y p e r t o n i c i t y  a t  an earlier 
s tage of E-C coupling, e.g, t he  reduc t ion  in the  a m o u n t  of 
calc ium released a t  t he  surface m e m b r a n e s  of muscle 
fibers r epor ted  by  HO~SHER and BRIG,S ~7, a l though  no t  
observed  by C~J:~T~s ~. 

The ac t iva t ion  of con t rac tu res  by  hyper ton ic  sucrose 
media  m a y  resul t  f rom the  increase in to ta l  calcium 
con t en t  (0.22 [zmoles/g, Table  II) in frog sartorii .  This is 

Table II. Uptake of 4~Ca and analysis of total calcium (in ~tmoles 
Ca/g) of muscles exposed to ~Ca in hypertonic or normal Ringer's 
for 10 min~ 

Time of Normal Ringer's 
washout (C) 
(min) 

Hypertonic Ringer's (E) 

330 mM sucrose 2.5 • (Na + K) 

~vCa uptake 

0 0.299 =E 9.018 0.434 :k 0.056 
(E-C)/C = 45.3% 
P o= 0.05 

120 0.0375 ~_ 0,0119 0,0641 :t= 0.0267 
(F~-C)IC = 71.1% 
o.I< P<0 .2  

suff ic ient  calcium to cause considerable  ac t iva t ion  of con- 
t r ac t ion  19 if i t  is b o u n d  to  the  myofibri ls .  The increase in 
the  ra te  of ~sCa release in the  slow c o m p o n e n t  in hyper -  
tonic  Ringer ' s  solut ion (Figures 1 and  2) m a y  be an in- 
d i rec t  effect  of t he  change  in ex te rna l  ton ic i ty  t h a t  should 
cause a rise in t he  in te rna l  ionic s t rength .  Rais ing the  
ionic s t r eng th  (with KC1) causes a decrease in t he  a m o u n t  
of calc ium bound  to sarcoplasmic  re t icu lum prepara -  
t ions  2~ and  the  same process  m a y  occur wi th in  i n t ac t  
fibers. An addi t iona l  effect  of the  h y p e r t o n i c i t y  migh t  be 
an increase in Ca ++ concen t ra t ion  resul t ing  f rom shr inkage 
of t he  fibers, a l though  the  direct  effect  of even removing  
60% of t he  fiber wa te r  would  not  i tself  increase the  
concen t ra t ion  of  Ca++ enough to cause contracture2X. The  
en la rgement  of the  e lements  of the  sarcoplasmic  re t icu lum 
shown by  7DvDY~csKA and  WILKIE 2~ to  occur in  hype r -  
tonic  media  suggests  t h a t  t he  pe rmeab i l i t y  p roper t ies  of 
cell m e m b r a n e  sys tems  also m a y  be af fec ted  b y  hype r -  
tonici ty .  LOTTGAU and  OETLIKER 23 view the  T- tubu la r  
sys t em (TTS) as the  si te of ac t ion of caffeine. I f  t h e y  are 
correct ,  swelling of the  TTS in hype r ton ic  Ringer ' s  m a y  
al ter  these  hypo the t i ca l  TTS sites for caffeine, t h e r e b y  
reducing its effect iveness  in causing cont rac ture .  

The  increase in to ta l  calcium co n t en t  which  occurs  in 
Ringer ' s  solut ion m a d e  hyper ton ic  w i th  sucrose pre-  
s u mab l y  accounts  for the  small  con t rac tures  found  in th is  
medium.  No such increase was observed  in hyper tonJc  
Ringer ' s  hav ing  2.5 t imes  the  normal  concen t ra t ions  of 
Na  and K, nor  was a con t rac tu re  de t ec t ed  in th is  solution.  
A d o s e  reading  of Hil l 's  con t r ibu t ion  9 suggests  t h a t  he  
found a con t rac tu re  in excess N a - K  Ringer ' s ,  as he m o s t  
cer ta in ly  did in sucrose hype r ton ic  R inger ' s  solution.  
B u t  t he  sens i t iv i ty  of his tens ion  recording was  far  grea te r  
t h a n  in t he  p r e s en t  work,  and th is  m a y  account  for t he  
difference 24, % 

0 0.231 :L 0.021 

120 0.0103 -~ 0.0015 ~ 

0.320 ~ 0.017 
( E - C ) / C  = 38.7% 

P<0,Ol 

0.0170 =h 0,003 ob 

(E-C)/C = 64.4% 
0.05< P<O.I 

Zusammen[assung. Die m i t  Koffe in  e rzeugten  K o n t r a k -  
t u ren  des M. sar tor i i  yon  2ana pipiens waren  meis tens  
gehemmt ,  wenn  die Ringer-LTsung en twede r  mi t  330 m M  
Rohrzucker  oder  mi t  2.5 • no rma le r  Dosis yon  Na  und  K 
hyper ton i s i e r t  wurde.  Koffe in  kann  die Geschwindigkei t  
der  i sCa-Abgabe yon  Muskeln  in hype r ton i sche r  oder  
normale r  Ringer -LTsung  erhShen.  

A. ISAACSON ~ 

Total calcium analysis 
120 2.54 -4- 0.16 2.75 ~2 0.18 

(E-C) = + 0.22 =k 0.076 
P-< 0.05 

Division o[ Physiology, fnstitute [or Muscle Disease, Inc., 
New York (N.Y.  10021, USA), 4 June 1969. 

120 2.23 :~ 0.37 2.01 :~ 0.25 
(E-C) = -- 0.22 

~: 0.13 
0.1< P<0 .2  

After exposure to 4~Ca, the muscles were washed out for 120 rain in 
normal Ringer's. Calcium concentrations are given per gram of final 
wet weight of muscles after 120 rain in normal Ringer's. Dispersions 
are given by the standard error. Uptake of 4nCa is calculated from the 
45Ca space (ml/g) of the muscles (at 0 and 120 rain) multiplied by the 
calcium concentration in the Ringer's (1 b~mole/ml). Total calcium 
analysis is given for the same sets of muscles, b 5 muscles were used 
in general except in this instance where 4 were used, . P values are 
calculated from the t-test for paired variates. 

17 E. HOMSHE~ and N. BRIGGS, FedB, Proc. 27, 375 (1968). 
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20 A. P. CARVALHO and B. LEo, J. gem Physiol. 50, 1327 (1967). 
21 A. WEBER, R. HERZ and I. REISS, Proc. R. Soc. B. 760, 489 (1964). 
22 M. DVDYNSKA and D, R. WILmE, J. Physiol. 769, 312 (1963). 
2a H. C. LeTTOAU and H. OETLIKER, J. Physiol. 794, 51 (1958). 
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