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D e t e c t i o n  a n d  e s t im a t io n  o f  c a r n o s in e ,  a n s e r in e  a n d  n o v e l  i m i d a z o l e s  in  
c a r d ia c  a n d  s k e le ta l  m u s c l e  o f  s e v e r a l  s p e c i e s  by h ig h - p e r fo r m a n c e  liqu id  
c h r o m a t o g r a p h y

B y  C h r i s t i n e  L a m o n t . D.  .J. M i l l e r . J .  .J. O 'D o w d  a n d  0 .  A. T h o m s o n . Ins t i tu te  o f  
Physio logy . Glasgow U nivers i ty  G12 SQQ

W e h a v e  r e p o r t e d  t h a t  im id a zo le -c o n ta in in g  c o m p o u n d s  c a rn o s in e  a n d  A '-acetyl 
h i s t id in e  (e n d o g e n o u s  to  m uscle) ,  in c o m m o n  w ith  im idazo le  d r u g s  (such as  caffeine 
a n d  su lm azo le ) ,  increase  th e  ca lc iu m  se n s i t iv i ty  o f  th e  c o n t ra c t i le  p ro te in s  (H a r r iso n  
et al. 1986). T o  r e la te  t h e  oc cu r re n ce  o f  those  su b s ta n c e s  to  c o n t ra c t i le  c h a ra c te r i s t ic s ,  
new  s e p a r a t io n  a n d  d e te c t io n  m e th o d s  for h igh- |>erformanoe  liquid  c h r o m a to g r a p h y  
(H P D C ) a r e  u n d e r  d e v e lo p m e n t .  W e h a v e  m ad e  a s u rv e y  o f  sk e le ta l  a n d  c a rd iac  
m usc le ,  a n d  t is su e s  such  as  lung  a n d  k id n ey ,  from severa l  species  in c lu d in g  frog. ra t .  
a n d  r a b b i t ,  b o d y -w a l l  m usc le  f rom  th e  m edic ina l  leech (H irudo  m ed ic ina l  i s ) a n d .  for 
h e a r t  m usc le  a lone ,  g u in ea -p ig  a n d  m an .

T is su es  s a m p le s  (r. 100 m g  wet wt.) a re  h o m o g en ized  in 8 0 %  e th a n o l .  2 0 %  w a te r  
a t  20 °C a n d  th e n  e x t r a c t e d  in th e  sa m e  m ix tu r e  a t  60 °C for 90 m in .  E x t r a c t s  a re  
c en t r i fu g e d ,  th e  s u p e r n a t a n t  re m o v e d ,  e v a p o r a te d  to  d ry n e s s  a n d  su s p e n d e d  in 
0 1  M -p h o sp h a te  buffer,  pH  7 0, for e x a m in a t io n  w i th  a n a ly t ic a l  H P L C  (isocrat ic  
s y s t e m ;  m o b i le  p hase ,  0-1 M -phosphate .  pH  2-0. s t a t i o n a r y  phase ,  S p h c r i so rb  OD S,
5 f i m ;  d e te c t io n  a t  210 nm ). T h is  c o m b in a t io n  o f  e x t r a c t i o n  a n d  d e te c t io n  m e th o d s  
is se lec t ive  for th e  c o m p o u n d s  o f  in te res t .  A b so rb an c e  p eak s  h a v e  been c o m p a re d  
w i th  c o m m e rc ia l  s t a n d a r d s  (carnosine ,  A '-ace ty l  h is t id in e  ‘N A H  ’, anse r in e ,  h is t id ine ,  
m e th v l - h i s t i d in e .  a lan in e ,  ty ro s in e  a n d  o th e rs )  o r  som e  sy n th e s ize d  specifically 
(A '-acetyl fo rm s  o f  c a rn o s in e  'N A G ' ,  a n se r in e  ‘ X A A ',  1 -m ethv l  h is t id in e  X A M H ")  
us ing  th e  m e th o d  o f  S o b u e  et al. (1976). Se lec t ive  d if fe ren tia l  s t a in in g  t e c h n iq u e s  for 
s u b s t i t u t e d  a n d  n o n - s u b s t i t u te d  im idazo les  (a f te r  V an  B algooy  & R o b e r ts .  1972) 
su p p o r t  t h e  id en t i f ic a t io n s  by H P L G .

As in e a r l ie r  r e p o r t s  (see ( ' ru sh ,  1970), we find high levels o f  c a rn o s in e  a n d  anse rine  
in ske le ta l  m uscle ,  w i th  fast  fibres (e x te n so r  d ig i to ru m  longus,  E D L .  from  rat and  
r a b b i t )  b e ing  h ig h e r  t h a n  slow fibres (soleus from r a t  a n d  r a b b i t ) .  T h e  m ix ed  muscle  
( E D L .  4 0 %  fast  o x id a t iv e .  4 5 %  fast, g lyco ly t ic .  EG, fibres) h ad  h igher  levels th an  
th e  ' p u r e '  ( 9 0 - 9 5 %  KG) ten so r  fascia la tae .  C a rd iac  m uscle ,  a n d  h u m a n  a t r i u m  in 
p a r t i c u l a r ,  h a s  lower c o n c e n t r a t io n s  o f  these  c o m p o u n d s .  H o w e v e r ,  we hav e  
p ro v is io n a l ly  identified X A H ,  p rev ious ly  on ly  r e p o r te d  in frog h e a r t  (K u r o d a  & 
I k o m a ,  1966), a n d  XAC, XA A a n d  X A M H  (not p rev io u s ly  r e p o r te d )  in th e  h e a r t s  
a n d  in s e v e ra l  o f  th e  ske le ta l  m uscles .  T h e  l a t t e r  c o m p o u n d s  c o n s t i t u t e  a su b s ta n t ia l  
f r ac t io n  o f  th e  to ta l  m uscle  im idazo les ,  p a r t i c u la r ly  in h e a r t .  F o r  13 h u m a n  a tr ia l  
sa m p le s ,  e s t im a te d  to ta l  c o n te n t  o f  im idazo les  was be tw een  2 a n d  8 m m o l  k g -1 
we t .  w t.  C o n f i rm a t io n  o f  th ese  id en t i f ic a t io n s  re q u ire s  an a ly s is  w ith  a  second 
c h r o m a to g r a p h i c  sy s te m  which is being dev e lo p ed .  T h e  effects o f  severa l  o f  these  
nove l  c o m p o u n d s  on th e  c o n t r a c t i le  m a c h in e ry  re m a in  to  be in v es t ig a te d .

We thank the MRC and the British Heart Foundation for financial support.
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H y p e r to n ic  sh r in k a g e  o f  the la t t ice  s p a c in g  o f  c h e m i c a l l y  sk in n ed  c a r d ia c  
m u s c l e  in c r e a s e s  Ca s e n s i t iv i ty  an d  peak  fo rce

B y  C h k i s t i n k  L a m o n t  a n d  D a v id  .1. M i l d l c k .  I n s l i l u l c  o f E/n/sioloijij. Elas<j<nr  

C nircrxili/. ( i'/asgoic C12 SQQ

( ’h an g e s  in to n ic i ty  o f  th e  so lu t ions  L a th in g  in tac t  muscle fibres have  a range o f  

effects on  force p ro d u c t io n .  G od t  & M a u g h an  (1981) show ed  th a t  ( ‘a se n s i t iv i ty  o f  

sk in n e d  ske le ta l  fibres was increased  w hen  to n ic i ty  was increased by high m olecular  
weight (MW  400000)  D e x t r a n .  a 5°<> so lu t ion  h av in g  m a x im u m  effect. We have 
ob se rv e d  a s im ila r  sh i f t  in Da se n s i t iv i ty  an d  a s u b s ta n t ia l  increase in m a x im u m  
D a -a c t iv a te d  force in T r i to n - e x t r a c te d  t ra b e c u la e  from rat ca rd iac  muscle, ( ‘a 
s e n s i t iv i ty  is inc reased  by a b o u t  0 2  pCa u n i ts  (at h a l f  m a x im u m  a c t iv a t io n )  and 
m a x im u m  D a -a c t iv a te d  force (Dmax) by  l f > ° 0 w ith  a l l 1',, so lu tion  o f  5<i(i(Hi() MW 
D e x tra n .  Dig. 1.4 show s an  e x a m p le  o f  th e  red u c t io n  in Dtnax when the  high MW

High m ol. w t. Low mol.

Kig. I . Fffects of alt (‘ring osm olar i ty  w i t h  h i g h  M W  (a(Ml0 00 )  a n d  l< iw M W  I >i-x i r a n  {' .moo 
hot h 3 sol ut ion) on a T r i to n - t rea te d  r a t  v e n t r i c l e  t r a l i e c u l a .  ( F o r  d e t a i l s  < il me t  In id a n d  
sol ut ion composit ion  see Miller & S m i th . 1 9 S a . )  . 1 . (di ce  d e v e l o p e d  at  p( 'a 4 (I ( I u m m t < ■ t ;d 
K( i'l’A) first wit It high then low M W 1 )ext r a n .  S e a l e  h a  i s  r e p r e s e n t  1 m i n  (horiy.> mt  a 11 a ml  
a mg. wt (vertical).  Ii .  the  normalized p C a - t e n s i o n  r e l a t i o n s h i p  o h t a i m - d  u n d e r  t h e  t w *■ 
condit ions  high ( # )  and  low ( ■ )  MW. 2(1 °C.  S a r c o m e r e  l e n g t h  I S / o n .

is ex c h a n g e d  f o r a  low M W  (9000) D e x t ra n  ( il11,,). T h e  s h i f t  in Da s e n s i t i v i t y  fo r  t h e  

sa m e  p r e p a ra t io n  is i l lu s t ra te d  in Dig. I E .  A .‘D ’(1 s o l u t i o n  of low  MM D e x t r a n  h a s  
no (.‘fleet on  e i th e r  p eak  force o r  Ca s e n s i t iv i ty  c o m p a r e d  w i t h  c o n t r o l  s o l u t i o n s .  T h e  
m a jo r  p a r t  o f  th e  effect on p ea k  force (D ig .  I .4) a n d  C a  s e n s i t i v i t y  d e v e l o p s  w i t h i n  
a m in u te  o r  so. b u t  a p p r o x im a te ly  20 m in is r e q u i r e d  f o r  e q u i l i b r a t  inn  ( p r c p a r a t  io n s  
8 0 //m  i'n d ia m e te r ) .  Both  effects  o cc u r  a t  s a r c o m e r e  l e n g t h s  of I-N--2-2 c m .  T h e s e  
c o n c e n t ra t io n s  o f  high M W  D e x t ra n  h av e  beam s h o w n  t o  s h r i n k  t h e  m y o l i l a m c n t  
la t t ice  in chem ica l ly  sk in n e d  ske le ta l  fibres, w h e r e a s  t h e  lo w  MM will n o t  ( M a t s u h a r a .  

U m a z u m i & Vagi, 1985). W e conc lude  t h a t  t h e  a l t e r e d  p r o x i m i t y  o f  t h e  t h i c k  a n d  

th in  f i lam en ts  a l te r s  Ca se n s i t iv i ty  in th e  hear t  as in s k e l e t a l  m u s c le .

Financia l su p p o r t  from the  British Heart  Founda t ion  a n d  M . !! . ( ' .  is g r a t e f u l l y  a c k n o w l e d g e d .
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O sc i l la t io n s  in  s e le c t iv e ly  c h e m i c a l l y  s k in n e d  rat c a r d ia c  m u s c le

B y  C h r i s t i n e  L a m o n t  a n d  D. ,J. . M i l l e r .  Inst i tut e o f  P hysiology. U n iversity  of  
G lasgow , Glasgow GP2 SQQ

Q uiescen t m a m m a l ia n  ca rd iac  m uscle has been widely  rep o r ted  to d isp lay  ’ch a o t ic '  
o sc il la to ry  b e h a v io u r  (e.g. L a k a t t a  & Lappe ,  1981). We observe  th is  a c t iv i ty  using 
d if fe ren tia l  in te rfe rence  c o n t ra s t  m ic roscopy  on ven tr ic le  t r a b e c u la e  (ca. 100 y m  
d ia m e te r .  2 m m  length)  from th e  ra t  (Miller, S incla ir ,  S m ith  & S m ith ,  1982). T he  
e x p e r im e n ta l  c h a m b e r  p e rm i ts  so lu t ion  e x c h an g e  to g e th e r  w ith  isom etric  force 
m e a s u r e m e n t  a n d  o b se rv a t io n  of  the  sa rcom ere  p a te r n  con t in u o u s ly .  Im ag e  d isp lay  
on a  m o n o c h ro m e  TV  m o n i to r  e n h a n ce s  th e  o th e rw ise  lo w -co n tra s t  view. P r e p a r a ­
t io n s  a re  se lec tive ly  chem ica l ly  ‘s k i n n e d ’ w ith  sap o n in ,  rende r ing  th e  s a rc o lem m a 
p e rm e a b le  to  sm all ions an d  molecules b u t  leav ing  th e  in t ra ce l lu la r  m e m b ra n e  
sy s te m s  (sa rcop lasm ic  re t icu lum , SR  an d  m ito c h o n d r ia )  functional.  In  th is  s ta te ,  
m ore  co -o rd in a ted  osc il la to ry  b eh a v io u r  can be evoked  (H arr iso n  & Miller, 1984; F ry  
& Miller, 1986). T h e  d e m o n s t r a t io n  i l lu s tra te s  t h a t  th e  force osc illa tions o f  a b o u t  
0 2 - 1  H z  (20 °C) a re  associa ted  w ith  w aves  of  localized sh o r ten in g  w hich  p ro p a g a te  
sm o o th ly  a long  th e  p rep a ra t io n .  P re p a ra t io n s  are  in it ia l ly  exposed  to a [Ca2+] below 
th e  th re sh o ld  for s te a d y - s ta te  force p ro d u c t io n  (ab o u t  1 //m un d er  p rese n t  cond it ions  
o f  p H ,  pMg, etc).  T h is  [Ca2+] is only  n om ina l  since th e  level o f  C a -E G T A  buffer used 
is k e p t  low (0-2 m.M). I f  the  [Ca2+] is raised  s l igh tly ,  to  nea r  or  ju s t  ab o v e  th resho ld ,  
reg u la r  force osc illa tions occur:  th e  ce llu lar  o rgane lles  have  sufficient Ca-buffering 
c a p a c i ty  to  con tro l  the  [ C a - ]  locally w ith in  the  p re p a ra t io n .  W aves  generally  s t a r t  
a t  one end  o f  th e  muscle, bu t occas ionally  in tw o  subsec tions  of  th e  p re p a ra t io n  
p ro p a g a t io n  occurs  in opposite  d irec tions .  R e d u c t io n  of [Ga2_rJ or [ X a +] te rm in a te s  
th e  osc illa tions a b r u p t l y ;  b lock ing  r e s p i r a t io n - d e p e n d e n t  m ito ch o n d r ia l  C a -u p tak e  
slows th e m . These, an d  the  effects of  inc reas ing  [ X a +] (H a rr iso n  & Miller, 1985) or  o f  
a d d in g  ca rnosine  (H arr ison .  L a m o n t  & Miller, 1986), will be d e m o n s tr a te d .  B o th  
in te rv e n t io n s  increase the  frequency , a n d  gene ra l ly  the  am p l i tu d e ,  of th e  oscillations, 
in d ic a t in g  an invo lvem en t  of  b o th  th e  m i to c h o n d r ia  an d  S R  in th e  processes co n t ro l ­
ling th e  oscilla tions.
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H ysteresis in the Ca vs. tension relationship of ch em ica lly  ‘sk inned’ rat 
cardiac m uscle
B y  S. M. H a r r i s o n , C h r i s t i n e  L a m o n t  a n d  D. J .  M i l l e r . In s titu te  o f  P hysio logy, 
U niversity  o f  Glasgow, Glasgow G12 8QQ

F o rc e  is n o t  a  u n iq u e  fu n c t io n  o f  t h e  sa rc o p la sm ic  free C a  c o n c e n t ra t io n  ([Ca2+] ; 
— lo g [ C a 2+] =  pCa) because  o f  h y s te re s is  in th e  p C a - te n s io n  r e la t io n sh ip  (R idgw ay ,  
G o rd o n  & M a r ty n ,  1983). W e o bse rve  th e  sa m e  p h e n o m e n o n  in r a t  v e n t r ic u la r  
t r a b e c u la e  a f te r  p a r t i a l  o r  co m ple te  chem ica l  ‘ sk in n in g  ’ (w ith  sa p o n in  o r  T r i to n  X-100, 
respec tive ly ) .  Fig. 1 i l lu s t ra te s  a  ty p ic a l  resp o n se ;  s t e a d y - s ta t e  te n s io n  a t  ea ch  pC a 
is h ig h e r  as  [Ca2+] is r e d u c e d  th a n  w h e n  i n c r e a s e d ; t h e  p C a - te n s io n  re la t io n sh ip  sh if ts  
0 1 —0-2 p C a  u n i ts  a t  h a l f -m a x im u m  te n s io n  (^Cmax; ran g e  for  seven  muscles, sa rcom ere  
le n g th  (SL) 2-2 p m  d e te rm in e d  by  l ig h t  m ic roscopy) .  H y s te re s is  is red u c ed  w hen  
[Ca2+] s te p s  a re  reversed  from  s u b m a x im a l  a c t iv a t io n  levels, b u t  e n h a n c e d  a t  lower 
s a rc o m e re  leng ths ,  w h en  p ea k  force is lower. T h is  sugges ts  t h a t  hys te res is  (i) is n o t  
d u e  to  th e  level o f  force per se b u t  r a th e r  to  th e  [Ca2+] ex p e r ien ced  b y  th e  C a-b ind ing  
p ro te in s  a n d  (ii) it  is n o t  th e  consequence  o f  th e  s c a t t e r  o f  S L s  v a ry in g  d u r in g  force 
p ro d u c t io n .  H y s te re s is  is unaffec ted  b y  10 mM-caffeine w hich  increases  Ca se n s i t iv i ty  
by  0 -2 pC a  u n i ts  a t  K ^nax- P re l im in a ry  o b se rv a t io n s  su g g e s t  t h a t  hys te res is  is 
v i r tu a l ly  a b s e n t  a t  SL a b o v e  2-3-2-4 p m ; on  th e  a scen d in g  lim b o f  th e  len g th —tension 
cu rve ,  th e  effect o f  S L  on C a -sen s i t iv i ty  is r e s t r ic te d  to  th e  upgo ing  p a r t  o f  th e  
h y s te re t ic  C a - te n s io n  re la t ionsh ip .  R e la x a t io n  o f  th e  h e a r t  t h u s  requ ires  a  g re a te r  
r e d u c t io n  o f  [Ca2+] th a n  p rev iously  a s su m ed .

Financia l  su p p o r t  by the  M.R.C. and  B ri tish  H e a r t  F o u n d a t io n  is g ra te fu lly  acknowledged.

pCa pCa
4-93 15-1515-3219-101 9-105-15 I 4-93 4 0 2 4-935 - 3 2

2 min

0-1 mN

Fig. 1. Response of T ri ton -sk inned  r a t  ventricle  t rab ecu la  (diam. 130/zm) to [Ca2+] steps 
(10 mM-EGTA, 2-2 m.\i-Mg2+). A 2 min section is o m i t t e d  a t  each break in the  trace. Broken 
lines show the s teady  tension achieved when [Ca2+] is s tepped upw ard .  Arrows indicate  
t h a t  tension is higher when [Ca2+] is s tepped  do w n w ard .  Fo r  pCa calcula tions and  solution 
composit ion ,  see Miller & Sm ith  (1984). Sarcom ere  length  2-2 /im.
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R e a l - t im e  a n a l y s i s  of sa rco m e re  leng th  during 
act iva t ion  of chemically-skinned cardiac muscle

V A Moss, D J  Miller and C Lamont
Department of Physiology, The University,  Glasgow
G12 8QQ.

Experiments are being made to study the factors  
controlling the calcium-sensi t ivi ty of cardiac muscle. 
Sarcomere length (SL) has a major ef fec t  in two 
di s t inc t  ways; low SL re su l t s  in lower Ca-sens i t iv i ty ,  
a t  SL below abou t  2 ’2 pm h y s t e r e s i s  in the  
Ca-sens i t iv i ty  develops which becomes g rea te r  a t  
sho r te r  SL. The SL of cardiac muscle is  more varied in 
a given region of muscle than most skeletal  f ibres .  
For these reasons  we needed to check th a t  during 
cycles of act ivat ion and relaxation SL distr ibution did 
not a l te r  s ignif icantly.

Sarcomere lengths are measured by monitoring the 
d i fferentia l  interference cont rast  image (optical 
magnification -xlOOO) with a te lev ision  camera on the 
microscope.  The image a n a l y s e r  (Magiscan 2, 
Joyce-Loebl) has been programmed to digi t ise and 
analyse each frame from a standard  625 line, 25 
f rame/sec  television camera. Frame capture occupies 
37 msec, leaving just  3 msec to carry out the ini t ial  
processing.

The sarcomeres in the muscle appear as  a pa t te rn  
of dark and light bands. A window (typically 512x12 
pixels) is  specified over the region of in teres t .  For 
each frame the grey values (64 levels) of the pixels 
are averaged to a single line of 512 pixels  by summing 
the 12 values at  each posit ion along the length of the 
window. This line is then saved before capturing the 
next frame. A sequence of up to 1024 frames can be 
collected (41 sec). To analyse f a s t  movement a t  50 
frame/sec ,  each frame is sp l i t  into i t s  two interlaces  
by summing al te rna te pixels to give two l ines of 
pixels  from each frame.

The analysis  is completed by scanning the sto red  
values to find the posit ions on each frame of the 
minima or maxima (middle of the A or I bands 
respectively) . With 35 sarcomeres being measured 
each sarcomere is only about 15 pixels long. In order 
to measure small length changes accurately i t  is  
therefore necessary to interpolate the posi t ions using 
the pixels each side of the extreme values.

The pa t te rn  of calculated sarcomere posi t ions is 
verif ied to correct for any missing or spurious bands. 
The d i s t r i b u t i o n  of s a rcomere  l e n g th s  can be 
displayed to show the time course of any change.
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Carnosine and other natural im idazo les enhance m uscle  Ca sensitivity and 
are m im icked  by caffeine and AR-L 115BS
B y  S. M. H a r r i s o n , C h r i s t i n e  L a m o n t  a n d  D. J .  M i l l e r . In s titu te  o f  P hysio logy, 
Glasgow U niversity , Glasgow G12 8QQ, U .K .

R e p o r t s  o f  inc reased  c o n t ra c t i le  p ro te in  Ca s e n s i t iv i ty  p ro d u c e d  by  th e  imidazole- 
c o n ta in in g  c o m p o u n d s  caffeine (W e n d t  & S te p h e n so n ,  1983) a n d  A R - L  115BS 
(sulm azole)  (Herzig , Feile  & R uegg ,  1981) led us to  cons ider  th e  poss ib il i ty  o f  a 
p hysio log ica l  co r re la te  for th is  ac t ion .  T h e  chem ica l  re la t io n sh ip  o f  caffeine w ith  o th e r  
im idazo les  in te rm s  o f  co n t ra c t i le  effect w as  n o te d  by  C h a p m a n  & Miller (1974). W e 
h a v e ,  the re fo re ,  in v e s t ig a te d  th e  effects o f  n a tu r a l ly  occu rring  sa rcop lasm ic  
im idazo les ,  such  a s  ca rn o s in e  (Crush, 1970) a n d  A -a c e ty l  h is t id ine  ( K u r o d a  & Ik o m a ,  
1966) on  th e  Ca se n s i t iv i ty  o f  chem ica l ly  sk in n e d  ca rd iac  a n d  ske le ta l  m uscle  (F ry  
& Miller, 1985). A re d u c t io n  o f  0 T 5  to  0*2 log10 u n i t s  in th e  [Ca2+] requ ired  for 
h a l f -m a x im a l  tens ion  is obse rved  w ith  ca rn o s in e  a n d  Af-acety l h is t id ine ,  eq u iv a le n t  
to  t h a t  r e p o r te d  for s im ila r  doses  o f  caffeine. M a x im u m  force is e n h a n c e d  s l igh tly  (to 
103-5 %  ( s . d .  4-5 % )  m e an  o f  th e  m e an  effect in five m uscles  w ith  15 mM) by  th e  n a tu ra l  
im idazo les  a n d  s t ro n g ly  (to o ver  1 2 0 % )  by  su lm azo le  (A R -L  115BS, a  b enzim idazole ,  
a t  1 mM) b u t  depressed  by im idazole  i ts e lf  (to a b o u t  8 0 %  w ith  15 mM). Ca load ing  
o f  t h e  s a rcop lasm ic  re t ic u lu m  (SR) a n d  m i to c h o n d r ia  in sk in n e d  ca rd iac  fibres is also 
s t r o n g ly  fac i l i ta te d  by  ca rnosine .  O veral l ,  th is  r esu l ts  in a  sh i f t  u p w a rd  a n d  to  lower 
[Ca2+] o f  th e  cu rve  r e la t in g  th e  [Ca2+] used  to  load  th e  S R  a n d  a m p l i tu d e  o f  th e  
caffeine c o n t r a c tu r e ;  s ign if ican t  load ing  o f  th e  S R  occurs  a t  pCa 7-2 w ith  carnosine,  
w h erea s  v i r tu a l ly  none  occurs  w i th o u t  it. R e p o r t e d  differences in th e  Ca sens i t iv i ty  
o f  d if fe ren t  skeletal m uscle  fibre ty p e s  f rom  s tu d ie s  on sk in n e d  fibres can  be p a r t ia l ly  
e x p la in e d  by  th e  lack  o f  ca rnos ine  from  th e  e x p e r im e n ta l  m ed ia :  f a s t  fibres have  
s u b s t a n t i a l  levels in vivo (15-60 mM) a n d  slow fibres ve ry  l i t t le  (Crush, 1970). T he  
p r e s e n t  f indings sugges t ,  for ex a m p le ,  t h a t  th e  low ca rnos ine  levels in d y s t ro p h ic  
m usc le  (S te p a n o v a  & Grinio, 1968) will r e su l t  in reduced  Ca sensit iv i ty ,  p ea k  force 
a n d  S R  func t ion ,  each  c o n t r ib u t in g  to  d im in ish e d  m usc le  perfo rm ance .  Since bo th  
m y o f i la m e n t  r e g u la to ry  p ro te in s  an d  m e m b r a n e - b o u n d  Ca p u m p s  a re  affected by 

- c e l lu la r  im idazoles  o th e r  Ca-sensit ive  sy s te m s  in m uscle  a n d  non-m uscle  cells m igh t  
be s im ila r ly  influenced.

W e th a n k  the  M.R.C. and  the  S m i th -K l in e  F o u n d a t io n  for financial support ,  an d  Boehringer-  
Inge lhe im  for the  gift o f  A R -L  1 15. S .H .  holds an  M.R.C. scholarship.
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Summary

F o rc e  p r o d u c t io n  by c a r d i a c  m uscle  can be a l t e r e d  by 

ch a n g in g  e i t h e r  t h e  c a lc iu m  a v a i l a b l e  t o  t h e  c o n t r a c t i l e  p r o t e i n s  

o r  t h e i r  s e n s i t i v i t y  t o  c a lc iu m .  The work o f  t h i s  t h e s i s  

p r i n c i p a l l y  c o n c e rn s  an  i n v e s t i g a t i o n  o f  f a c t o r s  a f f e c t i n g  th e  

c a lc iu m  s e n s i t i v i t y  o f  t h e  c o n t r a c t i l e  p r o t e i n s  o f  c a r d i a c  

m uscle .

The c a lc iu m  s e n s i t i v i t y  o f  t h e  c o n t r a c t i l e  p r o t e i n s  was 

examined u s in g  c h e m ic a l ly - s k in n e d  m uscle  m a in ly  from r a t  h e a r t .  

C o m p le te ly  and p a r t i a l l y  sk inned  p r e p a r a t i o n s  were u s e d .  The 

c o m p le te ly  c h e m ic a l ly - s k in n e d  p r e p a r a t i o n s  had t h e i r  c e l l u l a r  

membranes d i s r u p t e d  by e x p o su re  t o  t h e  n o n - io n ic  d e t e r g e n t  

T r i to n - X 1 0 0 . This  shou ld  le a v e  th e  i s o l a t e d  c o n t r a c t i l e  p r o t e i n s  

in  t h e i r  p h y s i o l o g i c a l  c o n f i g u r a t i o n .  The second ty p e  o f  

p r e p a r a t i o n  u s e s  s a p o n i n - t r e a t m e n t . Saponin i s  an a g e n t  which 

p r e c i p i t a t e s  c h o l e s t e r o l  m o le c u le s  from membranes. As th e  

sarcolemma i s  r i c h e r  in  c h o l e s t e r o l  th a n  th e  s u b c e l l u l a r  

membranes, b r i e f  e x p o su re  o f  p r e p a r a t i o n s  t o  sap o n in  p u n c tu re s  

th e  sarcolem ma w h ile  l e a v in g  t h e  s u b c e l l u l a r  membranes i n t a c t  and 

f u n c t i o n a l .  I n  b o th  ty p e s  o f  p r e p a r a t i o n  th e  ’ i n t r a c e l l u l a r ’ 

c o n d i t i o n s  a r e  u n d e r  e x p e r im e n ta l  c o n t r o l  s in c e  t h e  b a th in g  

s o l u t i o n  i s  e f f e c t i v e l y  an e x te n s i o n  o f  t h e  s a rc o p la s m .  These 

p r e p a r a t i o n s  can be used  t o  e s t a b l i s h  t h e  r e l a t i o n s h i p  betw een 

' i n t r a c e l l u l a r '  c a lc iu m  and t e n s i o n  by m easu r ing  t h e  t e n s i o n

- x v i i -



p roduced  a t  a  ran g e  o f  f r e e  c a lc iu m  c o n c e n t r a t i o n s .

Four g e n e r a l  a s p e c t s  o f  t h e  ca lc iu m  s e n s i t i v i t y  o f  th e  

c o n t r a c t i l e  p r o t e i n s  w ere  i n v e s t i g a t e d ,  (1) h y s t e r e s i s  i n  t h e

c a lc iu m  s e n s i t i v i t y  o f  c a r d i a c  m u sc le ,  (2) t h e  changes in  c a lc iu m  

s e n s i t i v i t y  w i th  sa rcom ere  l e n g t h ,  (3) t h e  e f f e c t  o f  a l t e r i n g  

m y o f i la m e n ta l  l a t t i c e  s p a c in g  by h y p e r to n ic  s h r in k a g e  and (4) t h e  

e f f e c t  o f  im id a z o l e - c o n t a i n in g  compounds on ca lc iu m  s e n s i t i v i t y

C h a p te r  1 and 2 r e p o r t  on an i n v e s t i g a t i o n  o f  t h e  h y s t e r e s i s  

i n ,  and t h e  l e n g t h  dependence  o f ,  t h e  p C a - te n s io n  r e l a t i o n s h i p .  

H y s t e r e s i s  means t h a t  a  m uscle  can m a in ta in  a  h ig h e r  t e n s i o n  

l e v e l  th a n  i t  can  c r e a t e  de novo a t  any f r e e  c a lc iu m  l e v e l .  This  

phenomenon has o n ly  been r e p o r t e d  i n  s k e l e t a l  m uscle t o  da te s  

t h i s  t h e s i s  p r o v id e s  t h e  f i r s t  ev id e n c e  f o r  h y s t e r e s i s  i n  h e a r t  

m u sc le .  I t  i s  p roposed  t h a t  h y s t e r e s i s  i s  a s p e c i a l  m a n i f e s t a t i o n  

Of t h e  le n g th -d e p e n d e n c e  o f  ca lc iu m  s e n s i t i v i t y .  The c a lc iu m  

s e n s i t i v i t y  o f  t h e  c o n t r a c t i l e  p r o t e i n ’ s i n c r e a s e s  a s  t h e

sa rcom ere  l e n g t h  i s  i n c r e a s e d .  I  p ropose  t h a t  b o th  phenomenon a r e  

t h e  r e s u l t  o f  r e d u c e d  m yofi lam en t  s e p a r a t i o n  ( i )  b ro u g h t  a b o u t  i n  

t h e  c a s e  o f  h y s t e r e s i s  by f o rc e  p ro d u c t io n  and ( i i )  by th e  change 

in  l e n g t h  i n  t h e  c a se  o f  len g th -d ep e n d e n c e  o f  C a - s e n s i t i v i t y .  

E xper im en ts  d e s ig n e d  t o  t e s t  t h i s  p ro p o sa l  a r e  d e s c r ib e d  in

c h a p t e r  2 . L a t t i c e  sp a c in g  was a l t e r e d  in d e p e n d e n t ly  o f  f o r c e

p r o d u c t io n  o r  sa rcom ere  l e n g t h  change by th e  u s e  of  h y p e r to n ic  

s h r in k a g e  t e c h n i q u e s .  This  t e c h n iq u e  in v o lv e s  a d d i t i o n  o f  lo n g  

c h a in  po lym ers  (D ex tran  M.Wt.>40,000) t o  th e  b a th in g  s o l u t i o n s

- x v i i i -
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G enera l  I n t r o d u c t i o n

Most o f  t h e  work o f  t h i s  t h e s i s  in v o lv e s  t h e  u se  o f  

c h e m ic a l ly  sk in n e d  c a r d i a c  m uscle  t o  i n v e s t i g a t e  th e  c a lc iu m  

s e n s i t i v i t y  ( C a - s e n s i t i v i t y )  o f  t h e  c o n t r a c t i l e  p r o t e i n s ,  t h a t  i s  

th e  r e l a t i o n s h i p  between t h e  f r e e  c a lc iu m  c o n c e n t r a t i o n  ( [C a ^ +])  

and t e n s i o n  p r o d u c t i o n .

T hree  a r e a s  have been i n v e s t i g a t e d :  (1) H y s t e r e s i s  i n  t h e  

p C a - te n s io n  r e l a t i o n s h i p ,  (2) th e  l e n g th  dependence o f  

C a - s e n s i t i v i t y  and (3) t h e  i n f l u e n c e  o f  i m i d a z o le - c o n ta in in g  

com pounds.

The p r e p a r a t i o n s  used were c a r d i a c  t r a b e c u l a e  ’ s k in n e d '  by 

chem ica l  m eans. Two ty p e s  o f  c h e m ica l  sk in n in g  were employed, 

c o m p le te  c h e m ica l  s k in n in g  u s in g  th e  n o n - io n ic  d e t e r g e n t  

T r i to n -X 1 0 0 ,  and s e l e c t i v e  ch em ica l  s k in n in g  u s in g  th e  

c h o l e s t e r o l - p r e c i p i t a t i n g  a g e n t  s a p o n in .  F ig u re  1

s c h e m a t i c a l l y  i l l u s t r a t e s  t h e  two ty p es  o f  p r e p a r a t i o n .

The r i g h t  hand p a n e l  i l l u s t r a t e s  t h e  T r i t o n - t r e a t e d  s t a t e .  

In  t h i s  c o n d i t i o n  a l l  t h e  c e l l u l a r  membranes a r e  d i s r u p t e d  

(H e le iu s  & Simons, 1975) by th e  d e t e r g e n t  l e a v in g  e s s e n t i a l l y  t h e  

i s o l a t e d  c o n t r a c t i l e  p r o t e i n s ,  in  what i s  p resum ably  t h e i r  

p h y s i o l o g i c a l  c o n fo rm a t io n  ( M i l l e r ,  E ld e r  & S m ith ,  19 85)

-x x -
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The l e f t  hand p a n e l  i l l u s t r a t e s  th e  s a p o n i n - t r e a t e d  s t a t e .  

S aponin  p r e c i p i t a t e s  c h o l e s t e r o l  m o le c u le s  from  m embranes. The 

sarcolemma i s  r i c h e r  in  c h o l e s t e r o l  th a n  th e  i n t r a c e l l u a r  

membrane s y s te m s ,  so  b r i e f  e x p o su re s  t o  sap o n in  r e n d e r  t h e  

f i b r e ’s sarolemma perm eab le  t o  sm all  io n s  and m o le c u le s  w h ile  

l e a v in g  i t s  s a r c o p la s m ic  membrane sys tem s f u n c t i o n a l l y  i n t a c t  

(Endo & K i ta z a w a ,  1978; H a r r i s o n ,  1985). The s a p o n i n - t r e a t e d  

p r e p a r a t i o n  a l lo w s  i n v e s t i g a t i o n  o f  ca lc iu m  u p ta k e  and r e l e a s e  by 

th e  p resum ab ly  f u n c t i o n a l l y  i n t a c t  s u b c e l l u l a r  o r g a n e l l e s .  The 

c a lc iu m  r e l e a s e d  by th e  f i b r e ’ s o r g a n e l l e s  can be a s s e s s e d  

i n d i r e c t l y  as  t h e  f o r c e  produced by th e  f i b r e .

The im p o r tan ce  o f  t h e  ca lc iu m  s e n s i t i v i t y  o f  t h e  c o n t r a c t i l e  

p r o t e i n s  t o  t h e  c o n t r a c t i l e  f o r c e  o f  t h e  h e a r t

>It i s  g e n e r a l l y  assumed t h a t  a l l  t h e  m y o c a rd ia l  c e l l s  

c o n t r a c t  d u r in g  e v e ry  c a r d i a c  c y c l e .  M odula tion  of f o r c e  mast 

o c c u r  a t  t h e  c e l l u l a r  l e v e l ,  u n l ik e  s k e l e t a l  m uscle  where 

i n c r e a s e d  f o r c e  i s  th o u g h t  to  be p red o m in an t ly  a c h ie v e d  by 

r e c r u i t m e n t  o f  m otor u n i t s .  At t h e  c e l l u l a r  l e v e l ,  f o r c e  

p ro d u c t io n  can be m od if ied  by a l t e r i n g  e i t h e r  th e  a v a i l a b i l i t y  o f  

c a lc iu m  t o  t h e  c o n t r a c t i l e  p r o t e i n s  o r  t h e  r e l a t i o n s h i p  betw een 

c a lc iu m  and t e n s i o n ,  l o o s e l y  term ed C a - s e n s i t i v i t y .  The work o f  

t h i s  t h e s i s  in v o lv e s  i n v e s t i g a t i o n  o f  some o f  t h e  f a c t o r s  which 

m odify  th e  m u s c le 's  a p p a re n t  C a - s e n s i t i v i t y ,  t h a t  i s  t o  say  a l t e r  

t h e  r e l a t i o n s h i p  betw een i n t r a c e l l u l a r  ca lc iu m  and t e n s i o n



p r o d u c t i o n .

Changes i n  C a - s e n s i t i v i t y  can  be b ro u g h t  a b o u t  by a 

m u l t i t u d e  o f  f a c t o r s  in c lu d in g  th e  o r g a n i s a t i o n ,  th e  

p h o s p h o r y l a t i o n  s t a t e  and t h e  i o n i c  e n v ironm en t o f  t h e  

m y o f i la m e n ts .

I n  t h i s  t h e s i s  t h e  o r g a n i s a t i o n  o f  t h e  c o n t r a c t i l e  f i l a m e n t s  

w i th  r e s p e c t  t o  l e n g th  and l a t t i c e  s p a c in g  have been i n v e s t i g a t e d  

i n  S e c t i o n  1. The i n f l u e n c e  o f  im id az o le  c o n ta i n in g  compounds 

a r e  i n v e s t i g a t e d  in  S e c t io n  2 .



The r e l a t i o n s h i p  betw een c a lc iu m  and t e n s i o n

The r o l e  o f  c a lc iu m  in  a c t i v a t i o n  o f  m uscle  c o n t r a c t i o n  i s

w e l l  e s t a b l i s h e d  (H e i lb r u n n ,  1 9 4 0 ;E b a sh i ,  Endo & O h t s u k i , 1969,).In

s t r i a t e d  m u sc le ,  t h i s  o c c u rs  th ro u g h  c a lc iu m  b in d in g  t o  t r o p o n i n .

T h is  makes p o s s i b l e  a  s e r i e s  o f  s t e p s  l e a d i n g  t o  th e  i n t e r a c t i o n

o f  t h e  myosin c r o s s - b r i d g e s  w i th  a c t i n ,  p ro d u c in g  f o r c e .  The

r e l a t i o n s h i p  between th e  i n t r a c e l l u l a r  f r e e  c a lc iu m  c o n c e n t r a t i o n

and t h e  f o r c e  produced  has been  w id e ly  i n v e s t i g a t e d  u s in g  sk in n ed

m usc le  p r e p a r a t i o n s .  With t h e s e  p r e p a r a t i o n s  t h e  ’ i n t r a c e l l u l a r ’ 

2 +[Ca ] can  be v a r i e d ,  a l lo w in g  i n v e s t i g a t i o n  o f  t h e  r e l a t i o n s h i p  

between ca lc iu m  and t e n s i o n .

The C a - te n s io n  r e l a t i o n s h i p  o b ta in e d  from  sk inned  f i b r e s  can 

be p l o t t e d  in  s e v e r a l  w ays, t h r e e  o f  which a r e  i l l u s t r a t e d  In 

f i g u r e  2 .  The d a t a  a r e  f r e q u e n t l y  f i t t e d  t o  t h e  H i l l  e q u a t io n .

Where C i s  s t e a d y - s t a t e  f o r c e ;  C i s  maximal c a lc iu m
ULclX

c
cmax 1 * Ca [Ca2+]h

a c t i v a t e d  f o r c e ,  KCa ( u n i t s  M h ) i s  an a p p a re n t  a f f i n i t y  c o n s t a n t

and ’ h ’ i s  th e  H i l l  c o e f f i c i e n t .

- x x i i i -
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F ig u re  2

A t y p i c a l  s e t  o f  d a t a  ( s t e a d y - s t a t e  t e n s i o n  a t  a s e l e c t i o n  
o f  c a lc iu m  l e v e l s )  p l o t t e d  in  t h r e e ^ w a y s . In  (A) th e  d a t a  a r e  
p l o t t e d  a s  r e l a t i v e  t e n s i o n  a g a i n s t  [Ca ] ,  i n  ( B) a s  r e l a t i v e  
t e n s i o n  a g a i n s t  pCa ( - lo g [C a  +] ) and in  (C) as  a H i l l  p l o t ,  log  
(T -T /T ) a g a i n s t  pCa, where T i s  t h e  r e l a t i v e  t e n s i o n  and Tq i s  
th e  maximum t e n s i o n  p roduced .

©-

4 .0



T h is  e q u a t i o n  p r o v id e s  a  method o f  d e s c r i b in g  t h e  C a - te n s i o n  

r e l a t i o n s h i p  as  two num bers; t h e  KCa and th e  H i l l  c o e f f i c i e n t  

( ' h ' ) ,  making q u a n t i f i c a t i o n  o f  th e  d i f f e r e n c e s  betw een c u rv e s  

s im p l e r  and o b j e c t i v e .  However, p roblem s a r i s e  when a t t e m p t s  a r e  

made t o  c o r r e l a t e  t h e s e  p a ra m e te r s  (Kq and ' h ' ) w i th  f u n c t i o n .  

S ta te m e n ts  su c h  a s . . . .  ff̂ Qa r e p r e s e n t s  t h e  o v e r a l l  a p p a r e n t  

a s s o c i a t i o n  c o n s t a n t  o f  t h e  t e n s i o n  m o d u la t in g  s i t e  and i s  t h e  

p r o d u c t  o f  t h e  i n d i v i d u a l  a f f i n i t y  c o n s t a n t s  f o r  t h e  c a lc iu m  

b in d in g  s i t e s .  ' h f t h e  H i l l  c o e f f i c e n t  of th e  c u rv e  g iv e s  an 

e s t i m a t e  o f  t h e  minimum number o f  Ca2+ io n s  which combine w i th  

e a ch  m o d u la t in g  s i t e . "  a r e  found f r e q u e n t l y  in  t h e  l i t e r a t u r e .  

U n f o r tu n a t e l y  t h i s  may n o t  be t r u e  as  f a c t o r s  o t h e r  th an  

C a -b in d in g  haite been p roposed  t o  in f lu e n c e  th e  p o s i t i o n  and 

n a t u r e  o f  t h i s  p C a - te n s io n  r e l a t i o n s h i p .

£ e r  exam ple , B ra n d t ,  Cox, Kawai & Robinson (19^2) p ropose  

t h e  s lo p e  and p o s i t i o n  o f  t h e  p C a - te n s io n  r e l a t i o n s h i p  r e l a t i v e  

t o  t h e  u n d e r l y i n g  p C a-ca lc iu m  b in d in g  r e l a t i o n s h i p  t o  be 

i n f lu e n c e d  by r a t i o  o f  t h e  c -b  c y c l i n g  tim e ( t h e  tim e  a c -b  t a k e s  

t o  c y c le  back t o  th e  r e l a x e d  s t a t e  once a c y c le  i s  i n i t i a t e d )  t o  

t h e  mean l i f e t i m e  o f  t h e  t r o p o n i n  C-Ca^+ complex (TnC-Ca^+) # They 

p ropose  t h a t  th e  p C a - te n s io n  r e l a t i o n s h i p  can be s h i f t e d  t o  t h e  

l e f t  ( i . e  ' i n c r e a s e d  C a - s e n s i t i v i t y ' )  by i n c r e a s i n g  t h e  tim e c -b s  

spend a t t a c h e d .  I f  c a lc iu m  rem a ins  bound t o  TnC w i th  a mean 

l i f e t i m e  t h a t  i s  s h o r t e r  th a n  th e  d u r a t i o n  o f  a c -b  c y c l e ,  e . g .  

th e  c o n c e n t r a t i o n  o f  c a lc iu m  r e q u i r e d  to  produce h a l f  maximal

- x x i v -
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The dashed  l i n e s  r e p r e s e n t  a f a m i ly  o f  h y p o t h e t i c a l  
p C a - te n s io n  c u rv e s  p a r a l l e l  t o  t h e  C a -b in d in g  c u rv e  assum ing 
c a r d i a c  TnC b in d s  one c a lc iu m  ( i . e .  'h* o f  1 ) .  The a p p r o p r i a t e  
c u rv e  would depend upon th e  c -b  a t t a c h e d  tim e ( th e  a v e rag e  
l i f e t i m e  o f  t h e  TnC-Ca + complex i s  assumed t o  be c o n s t a n t ) .  The 
lo n g e r  t h e  c -b  spen d s  a t t a c h e d  th e  f u r t h e r  t o  th e  l e f t  would be 
t h e  a p p r o p r i a t e  c u r v e .  I f  c -b  a t t a c h e d  time in c r e a s e d  as  t e n s i o n  
In c re a s e d  th e  n e t  r e s u l t  would be f o r  th e  p C a - te n s io n  
r e l a t i o n s h i p  t o  p a s s  from one cu rv e  t o  t h e  n e x t  on th e  l e f t  a s  
t e n s i o n  i n c r e a s e d ,  o v e r a l l  t h i s  would r e s u l t  in  a c u rv e  w ith  a 
s t e e p e r  s lo p e  and a h ig h e r  a p p a r e n t  ca lc iu m  s e n s i t i v i t y  i . e  a 
p C a - te n s io n  r e l a t i o n s h i p  l i k e  t h e  s o l i d  l i n e .



f o r c e  w i l l  be l e s s  th a n  t h a t  t o  h a l f - s a t u r a t e  t h e  r e g u l a t o r y

s i t e s  on TnC: t h e  K̂ , o f  t h e  p C a - te n s io n  r e l a t i o n s h i p  w i l l  be

h i g h e r  th a n  t h a t  f o r  t h e  C a -b in d in g  c u r v e .  T h is  n o t i o n  was based

on t h e  o b s e r v a t io n  o f  J o h n s o n ,  C h a r l t o n  & P o t t e r  (1979) t h a t

c a lc iu m  rem a ins  bound t o  TnC f o r  a p e r io d  s h o r t e r  t h a n  t h e  mean

c -b  c y c le  t im e .  I f  c -b  c y c le  t im e  i s  c o n s t a n t  t h e  p C a - te n s io n

r e l a t i o n s h i p  w i l l  p a r a l l e l  t h e  C a -b in d in g  c u rv e  and th e  p o s i t i o n

r e l a t i v e  t o  t h e  b in d in g  c u rv e  w i l l  depend on th e  ( c o n s t a n t )  r a t i o

betw een c y c le  t im e  and c a lc iu m  bound t im e .  However, i f  some

f a c t o r  does change th e  c -b  c y c l i n g  r a t e ,  e . g .  i f  t h e  t im e i t

t a k e s  a  c -b  t o  com ple te  a c y c le  i n c r e a s e s  p r o g r e s s i v e l y  w ith

i n c r e a s e d  t e n s i o n ,  t h e  e x p e r i m e n t a l l y  o bse rved  p C a - te n s io n

r e l a t i o n s h i p  would be a c o m pos i te  c u rv e  produced by s h i f t i n g

th ro u g h  a f a m i ly  o f  c u r v e s .  T h is  f a m i ly  c o n s i s t s  o f  c u rv e s  a l l

p a r a l l e l  t o  t h e  C a -b in d in g  c u rv e  b u t  w i th  m id p o in ts  s h i f t e d  t o

t h e  l e f t  depend ing  on th e  c -b  c y c l in g  t im e .  A p r o g r e s s iv e

d e c re a s e  in  th e  r a t e  o f  c -b  c y c l i n g  would r e s u l t  in  s h i f t  t o  th e

l e f t  i n  t h e  cu rv e  r e l a t i n g  c a lc iu m  t o  t e n s i o n ,  say  a s  t e n s i o n

i n c r e a s e d ,  th e  n e t  r e s u l t  be ing  an  a p p a r e n t l y  g r e a t e r

C a - s e n s i t i v i t y  and s te e p e n in g  t o  t h e  p C a - te n s io n  r e l a t i o n s h i p

i . e .  a va lue , f o r  t h e  H i l l  c o e f f i c i e n t  g r e a t e r  th a n  t h a t  from th e

s lo p e  o f  t h e  b in d in g  cu rve  on which th e  r e l a t i o n s h i p  i s  b a s e d .

T h is  id e a  i s  i l l u s t r a t e d  s c h e m a t i c a l l y  in  f i g u r e  3 . While i t  i s

l o g i c a l l y  c o r r e c t  one c r i t i s i s m  o f  B randt e t  a l ' s  a n a ly s i s  i s

t h a t  t h e r e  i s  ev id en ce  f o r  s t r i a t e d  n u s c le  and c a r d i a c  musle in

p a r t i c u l a r  t h a t  V i n c r e a s e s  w i th  [Ca^+] (H erz ig  & Ruegg, 19 80;^ max
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P o d o l in  & F o r d , 1983) .  S in ce  V i s  u s u a l l y  t a k e n  a s  an  index  o fmax J

c -b  c y c le  r a t e ,  t h i s  s u g g e s t s  t h a t  t h e  p r o lo n g in g  o f  a t t a c h e d

t im e  r e q u i r e d  i n  B rand t e t  a l s  scheme may n o t  o c c u r .  However, t h e

r e l a t i o n s h i p  o f  V t o  a t t a c h m e n t  t im e  i s  o b s c u r e ,  max

The a p p a re n t  C a - s e n s i t i v i t y  o f  th e  c o n t r a c t i l e  p r o t e i n s  h a s  

been  examined i n  t h i s  p r o j e c t  in  te rm s o f  changes i n  s t e a d y - s t a t e  

p C a - te n s io n  r e l a t i o n s h i p s .  T h is  s e c t i o n  has  been i n s e r t e d  t o  

em phas ise  t h a t  a l th o u g h  t h e  H i l l  e q u a t io n  p ro v id e s  a  method o f  

d e s c r i b i n g  th e  r e s u l t s ,  i t  does  n o t  n e c e s s a r i l y  p ro v id e  

i n f o r m a t io n  a b o u t  th e  number o f  C a -b in d in g  s i t e s ,  t h e i r  d eg ree  o f  

c o o p e r a t i v i t y  o r  t h e i r  o v e r a l l  a f f i n i t y  f o r  c a lc iu m  a s  i s  sometimes 

s u g g e s t e d .  F r e q u e n t l y  in  th e  l i t e r a t u r e  a s h i f t  i n  t h e  p o s i t i o n  

o f  t h e  p C a - te n s io n  r e l a t i o n  i s  r e f e r e d  t o  a s  a  change in  t h e  

C a - s e n s i t i v i t y  o f  th e  p r e p a r a t i o n  and by i m p l i c a t i o n  a change in  

t h e  C a -b in d in g  t o  t r o p o n i n .  However, i f  f a c t o r s  o t h e r  th an  

C a -b in d in g  a l t e r  t h e  p o s i t i o n  o f  th e  p C a - te n s io n  r e l a t i o n  ( e . g .  

t h e  i n f l u e n c e  o f  c -b  c y c l in g  tim e changes)  changes in  t h e  

r e l a t i o n s h i p  do n o t  n e c e s s a r i l y  r e f l e c t  changes in  C a -b in d in g  as 

t h e  te rm  C a - s e n s i t i v i t y  i m p l i e s .  Th is  i s  why th e  te rm  ’a p p a re n t  

C a - s e n s i t i v i t y '  has  been employed in  t h i s  s tu d y .

F o r  t h e  u n d e r ly in g  mechanism o f  s h i f t s  i n  t h e  p o s i t i o n  o f  

th e  p C a - te n s io n  r e l a t i o n  o f  sk inned  f i b r e s  t o  be u n d e rs to o d  

c o r r o b o r a t i v e  ev id e n c e  from o t h e r  t e c h n iq u e s  i s  r e q u i r e d ,  e . g .  

C a -b in d in g  s t u d i e s .



M a te r i a l s  and Methods

Male W is ta r  r a t s  ( 1 4 5 -1 5 5 g .w t .)  w ere  k i l l e d  by a  blow t o  t h e  

h e a d .  The h e a r t  was r a p i d l y  e x c is e d  and f l u s h e d  th ro u g h  w ith  

R in g e r ’ s S o l u t i o n  a t  room te m p e ra tu re  (20 -2 4 °C ):  c o m p r is in g  NaCl 

150mM, KC1 5mM, MgCl2 1mM, CaCl2 2mM, and 5mM HEPES b ro u g h t  t o  a 

P.Ha ( - l o g i  0^H+^ a c t i v i t y ^  ? .0 0  NaOH ( a p p r o x im a te ly  1mM).

The a t r i a  were removed and t h e  r i g h t  v e n t r i c l e  opened ,

c u t t i n g  as  n e a r  a s  p o s s i b l e  t o  t h e  i n t e r v e n t r i c u l a r  sep tum . Most 

e x p e r im e n ts  were c a r r i e d  o u t  on s m a l l ,  f r e e  ru n n in g  t r a b e c u l a e  

i s o l a t e d  from th e  r i g h t  v e n t r i c l e .  The m a j o r i t y  o f  p r e p a r a t i o n s  

were t a k e n  from th e  base  o f  t h e  r i g h t  v e n t r i c l e  n e a r  t h e  v a lv e .  

The t r a b e c u l a e  used were g e n e r a l l y  1-3mm long  w i th  an a v e rag e  

d ia m e te r  o f  7 0 -120um when mounted a t  a s . l .  o f  a p p ro x im a te ly

2.0jum.

In  some e x p e r im e n ts ,  f r o g  ( Rana t e m p o r a r i a ) . cod (Gadus

m orhua) , sh o re  c ra b  (C a rc in u s  m aenus) and clawed to a d  ( Xenopus

l a e v i s ) s k e l e t a l  f i b r e s  were u s e d .  W ith th e  b a t r a c h i a n s ,  s e c t i o n s  

o f  s i n g l e  f i b r e s ,  o r  sm a l l  b u n d le s  o f  f i b r e s  were i s o l a t e d  from 

t h e  s a r t o r i u s  o r  s e m i te n d in o su s  m u s c le s .  S in g le  f a s t  f i b r e s  o r  

s m a l l  bu n d les  o f  two t o  s i x  slow f i b r e s  were d i s s e c t e d  from th e  

myotomal m uscle o f  th e  c o d .  A l l  th e  s k e l e t a l  f i b r e s  were 

d i s s e c t e d  and mounted unde r  l i g h t  l i q u i d  p a r a f f i n .



A l l  p r e p a r a t i o n s  were mounted f o r  i s o m e t r i c  f o rc e  

m easurem ent in  th e  assem bly  i l l u s t r a t e d  i n  f i g u r e  1A.

M ounting and f o r c e  m easurement

The p r e p a r a t i o n s  were a t t a c h e d  t o  an Akers AE 875 t r a n s d u c e r  

a t  one  end and t o  t h e  f i x e d  p o i n t  a t  t h e  o t h e r  by s n a r e s  ( s e e  

f i g u r e  1A).

The s n a re s  were made. from s t a i n l e s s  s t e e l  tu b in g  ( o u t s id e  

d ia m e te r  200pm, w a l l  t h i c k n e s s  50pm, Goodfellow s m e ta ls  l i m i t e d ,  

no .F E 2 2 7 105/1 , C am bridge). 3-4cm l e n g t h s  o f  t h i s  tu b in g  were 

th r e a d e d  w i th  a ny lon  m onofilam ent (d ia m e te r  25pm) c r e a t i n g  a 

s n a r e  which cou ld  be t i g h t e n e d  from th e  t o p .  One o f  t h e s e  tu b e s  

was a t t a c h e d  t o  th e  f i x e d  p o i n t  (a  s t e e l  ro d )  and a n  o t h e r  t o  th e  

t r a n s d u c e r .  Three  a d d i t i o n a l  l e n g t h s  o f  t h i s  tu b in g  were g lu ed  t o  

th e  s id e  o f  t h e  s n a re  tube  p r o v id in g  added r i g i d i t y  in  t h e  p lane  

i n  which th e  m uscle e x e r t s  f o r c e .  T h is  method o f  s t i f f e n i n g  th e  

m ounting k e p t  i t  narrow  in  t h e  p la n e  o f  t h e  long  a x i s  o f  th e  

m usc le  p e r m i t t i n g  e n t r y  o f  t h e  mounted m uscle  t o  t h e  a d ap ted  

m ic ro sc o p e  s t a g e  o f  t h e  D i f f e r e n t i a l  I n t e r f e r e n c e  C o n t r a s t  (DIC) 

m ic ro sco p e  ( s e e  f i g u r e  1B). T h is  mounting method means t h a t  o n ly  

t h e  s n a r e  tu b e s  e n t e r  th e  e x p e r im e n ta l  s o l u t i o n s  m in im is in g  th e  

s o l u t i o n  change a r t e f a c t s  and m en iscus  e f f e c t s .
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T r a n s d u c e r  F ix e d
Point

v.
//

S na red  Ends

F ig u re  1

(A) P r e p a r a t i o n  mounting and t r a n s d u c e r  a sse m b ly .  Schem atic  view 
o f  th e  m ounting f o r  p r e p a r a t i o n s .  Nylon m o n o -f i lam en t  s n a re s  hold 
t h e  m u sc le .  The tu b e  d ia m e te r  (200pm) i s  i n f a c t  g e n e r a l l y  tw ice  
t h a t  o f  th e  p r e p a r a t i o n .  (B) Chamber f o r  m ic ro sc o p ic  o b s e r v a t io n  
o f  a mounted t r a b e c u l a .  Schem atic  v iew o f  th e  chamber used in  t h e  
DIC m ic ro scope  f o r  s . l .  m easu rem en ts .  The gap o f  1.5mm between 
t h e  g l a s s  f a c e s  (two c o v e r s l i p s )  a l lo w s  th e  mounting t o  g a in  
a c c e s s  t o  t h e  b a th  w h ile  b e in g  narrow  enough f o r  th e  o p t i c a l  
r e q u i r e m e n ts  o f  h igh  m a g n i f i c a t i o n  DIC. The s ta g e  can be 
te m p e ra tu re  c o n t r o l l e d  by f lo w in g  w a te r  th ro u g h  th e  j a c k e t  
( a r ro w e d ) .  The f l u i d  c o n ta in e d  i n  t h e  o b s e r v a t io n  chamber can be 
changed v i a  tu b e s  which open a t  i t s  l i p  and base  n o t  shown.



The com pliance  o f  t h e  m ounting was a s s e s s e d  by m easu r ing  th e

d is p la c e m e n t  o f  t h e  p i n s  when known w e ig h ts  were a p p l i e d .  From

t h e s e  m easurem ents a  maximum o f  0 .3 $  change in  o v e r a l l  muscle

l e n g t h  would be e x p e c te d  w ith  a  p r e p a r a t i o n  p ro d u c in g  50mg.wt. 
(5pm/50mg.wt.)

The t r a n s d u c e r  and th e  f i x e d  p o i n t  were b o th  mounted on 

N a ra sh ig e  MM3 m ic ro m a n ip u la to r  a l lo w in g  movement in  t h r e e  p l a n e s .  

T h is  p e rm i t t e d  a c c u r a t e  c o n t r o l  o f  t h e  m uscle  l e n g t h ,  which was 

c r u c i a l  as  sa rcom ere  l e n g t h  ( s . l . )  was f r e q u e n t l y  one o f  th e  

e x p e r im e n ta l  v a r i a b l e s .

Measurement o f  sa rcom ere  l e n g t h

P r e c i s e  knowledge o f  t h e  s . l .  i s  c r i t i c a l  in  t h e s e  

e x p e r im e n ts .  I t  i s  w e l l  e s t a b l i s h e d  t h a t  t h e  c o n t r a c t i l e  

p r o t e i n ’ s c a lc iu m  s e n s i t i v i t y  i s  i n c r e a s e d  a t  l o n g e r  s . l .  (Endo, 

1972; Endo, 1973; H ibberd  & J e w e l l ,  1982), and th e  e x te n t  o f  

C a -up take  a n d /o r  r e l e a s e  by t h e  SR i n  sk inned  p r e p a r a t i o n s  i s  

l e n g t h  s e n s i t i v e  ( F a b i a t o ,  1980).

Sarcom ere l e n g t h  was m easured by D i f f e r e n t i a l  I n t e r f e r e n c e  

C o n t r a s t  (DIC) l i g h t  m ic ro sc o p y .  T h is  m ic ro scope  method a llow s  a 

good check  on l o c a l  v a r i a t i o n s  in  sa rcom ere  p a t t e r n ,  a s  w e l l  a s  

e n a b l in g  one t o  a s s e s s  th e  d im ens ions  o f  th e  m uscle  and any 

damage.
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The d im ens ions  o f  t h e  p r e p a r a t i o n  w ere  r o u t i n e l y  d e te rm in e d  

by m easu r in g  th e  d ia m e te r  a t  t h e  m id d le  and to w a rd s  each  end o f  

t h e  p r e p a r a t i o n ,  i n  two p la n e s  a t  r i g h t  a n g l e s .  Values quoted i n

t h e  t e x t  a r e  a v e ra g e s  o f  t h e s e  v a l u e s .

The m ic roscope  used  was a m o d if ie d  V ick e rs  M-17, u s in g  th e

DIC sys tem  a f t e r  S n i th  (1 9 6 9 ) .  The m ic ro sco p e  l i e s  s u p in e  t o

f a c i l i t a t e  a c c e s s  t o  t h e  space  be tw een  th e  o b j e c t i v e  and th e  

c o n d e n s e r .  The s t a g e  has  been r e p l a c e d  by th e  chamber i l l u s t r a t e d  

i n  f i g u r e  1B.

The s o l u t i o n s  i n  t h e  chamber (volume 0 .3m l) can  be changed 

by s y r in g e s  co n n e c te d  t o  sm a l l  tu b e s  which open a t  i t s  base and 

l i p  ( n o t  shown). The r e l a t i v e l y  low c o n t r a s t  o f  t h e  DIC image

o b ta in e d  from c a r d i a c  m uscle  was enhanced  by v iew in g  th e  image on 

a monochrome TV m o n i to r .  In  a l l  e x p e r im e n t s ,  t h e  s . l .  was 

a d ju s t e d  t o  th e  d e s i r e d  v a lu e  w h i le  v iew in g  th e  m uscle in  t h i s  

chamber; t h e  p r e p a r a t i o n  was th e n  t r a n s f e r r e d  t o  th e  s o l u t i o n  

change sy s te m . From tim e  t o  t im e  d u r in g  th e  ex p e r im en t  t h e  s . l .  

was re c h e c k e d ;  u s u a l l y  no s i g n i f i c a n t  a d ju s tm e n ts  were r e q u i r e d .  

The g r a t i c u l e  in  t h e  m ic ro scope  was c a l i b r a t e d  w ith  d i f f r a c t i o n  

g r a t i n g s (15 ,O O O lines / inch  ~1.69pm s p a c in g ;  4 ,0 0 0 1 in e s / in c h  and 

8 ,0 0 0 1 in e s / in c h )  viewed a t  t h e  same m a g n i f i c a t i o n  as  th e  m usc le .  

The g r a t i n g  was p o s i t i o n e d  where t h e  mounted m uscle  would be 

v iew ed in  th e  chamber shown i n  f i g u r e  1B.
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In  some e x p e r im e n t s ,  s . l .  was m o n ito re d  c o n t i n u o u s ly

t o g e t h e r  w i th  t e n s i o n  th ro u g h o u t  a  s e r i e s  o f  s o l u t i o n  c h a n g e s .  

The image was r e c o rd e d  on a s ta n d a r d  dom es tic  v id e o  r e c o r d e r  f o r  

s u b s e q u e n t  s tu d y  by c o m p u t e r - a s s i s t e d  image a n a l y s i s  ( s e e  C h a p te r  

1, 'A n a l y s i s  o f  sa rco m ere  l e n g t h  changes by c o m p u te r -  a s s i s t e d  

image a n a l y s i s ' ) .

S o l u t i o n  exchange

A com puter  c o n t r o l l e d  b a th  system  was used  t o  change th e

b a th in g  s o l u t i o n  o f  t h e  p r e p a r a t i o n .  T h is  system  has been 

d e s c r ib e d  i n  d e t a i l  e ls e w h e re  ( M i l l e r ,  S i n c l a i r ,  Smith & S m ith ,  

1982; S m ith ,  1983).

The method i s  a  deve lopm ent o f  t h a t  o r i g i n a l l y  d e s c r ib e d  by

Ford & Podo lsky  (1972) and A sh ley  & M oisescu (1 9 7 7 ) .  The

e x p e r im e n ta l  s o l u t i o n s  were c a r r i e d  i n  a s e r i e s  o f  w e l l s  (5ml) i n  

a  p e rs p e x  b l o c k .  A s o l u t i o n  change i s  e f f e c t e d  by lo w e r in g  th e  

b lo c k  and s l i d i n g  i t  h o r i z o n t a l l y  t o  b r in g  t h e  new s o l u t i o n  u n d e r  

t h e  m u sc le .  The b lo c k  i s  th e n  r a i s e d  t o  re - im m erse  th e  m u sc le .  

These movements a r e  made by two s t e p p e r  m otors o p e r a t i n g  u n d e r  

m ic r o p r o c e s s o r  c o n t r o l  and t a k e  1-2s p e r  s o l u t i o n  c h a n g e .  The 

em ergence o f  th e  m uscle  though th e  s o l u t i o n  m en isc u s ,  a s  th e  b a th  

i s  lo w e re d ,  removes any  s i g n i f i c a n t  a d h e r in g  d r o p l e t s .  Checks 

c o n f i rm  t h a t  t h e  volume t r a n s f e r r e d  from b a th  t o  b a th  a r e  

s t r i c t l y  n e g l i g i b l e  (D r .G .L .S m i th , p e r s o n a l  co m m u n ica t io n ) .  The 

s o l u t i o n s  a r e  s t i r r e d  c o n t in u o u s ly  by a sm a l l  p a d d le .  T h is  system
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p e r m i t t e d  a c c u r a t e  t im in g  o f  s o l u t i o n  changes i n  pre-programmed 

ru n s  and e n s u re d  t h a t  t h e  m uscle  was immersed t o  e x a c t l y  th e  same 

d e p th  in  each  b a th  which i s  e s s e n t i a l  f o r  r e p r o d u c i b i l i t y  o f  

t e n s i o n  l e v e l s .

Chem ical s u p p l i e s

Most o f  t h e  c h e m ic a ls  were o b ta in e d  from  t h e  Sigma Chemical 

Company L t d ,  E n g lan d ,  t h a t  i s ;  c a m o s i n e ,  N -a c e ty l  h i s t i d i n e ,  

c a f f e i n e ,  c r e a t i n e  p h o s p h a te  ( C r P ) , a d e n o s in e  t r i p h o s p h a t e  (ATP), 

s a p o n in ,  c r e a t i n e  p h o sp h o k in ase  (CPK) and E th y le n e  g ly c o l  b i s  (B 

a m in o e h ty l  e t h e r ) - N - N - t e t r a  a c e t i c  a c id  (EGTA).

In  most e x p e r im e n ts  d isod ium  ATP and CrP were used  , t h e s e  

w ere  c h e a p e r  and more s t a b l e  th a n  th e  p o ta ss iu m  o r  T r i s  s a l t s  

c o m m e rc ia l ly  a v a i l a b l e .  The d isod ium  ATP was ’o b ta in e d  from 

e q u in e  m uscle p re p a re d  t o  be s u b s t a n t i a l l y  vanadium f r e e ' . A few 

e x p e r im e n ts  were c a r r i e d  o u t  w i th  p h y s i o l o g i c a l  sodium l e v e l s ,  in  

p a r t i c u l a r  th o s e  i n v o lv in g  th e  s u b c e l l u l a r  o r g a n e l l e s  which a r e  

h i g h l y  sodium s e n s i t i v e  (H a r r i s o n  1985, F ry  & M i l l e r  1985). In  

t h e s e  e x p e r im e n ts  T r is^ C rP  and K^ATP were u s e d .

The HEPES (N -2 -H y d ro x y e th y lp ip e ra z in e -N ’- 2 - e th a n e s u lp h o n ic  

a c i d )  and T r iton -X 100  ( s p e c ,  p u r i f i e d  f o r  membrane r e s e a r c h )  were 

o b ta in e d  from B o eh r in g e r  Mannheim GmbH -  West Germany
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The HDTA ( 1 ,6 - D ia m in o h e x a n e - N ,N ,N ' ,N '- t e t r a a c e t i c  a c i d ) ,  

i m i d a z o l e ,  1-m ethyl i m i d a z o l e ,  2 -m ethy l  im id a z o le  and 4 ( 5 ) -m ethy l  

im id a z o le  were o b ta in e d  from  F lu k a  AG S w itz e r la n d

HC1, KOH, and NaOH ’Convol* c o n c e n t r a t e d  v o lu m e tr ic  

s o l u t i o n s ,  1 .0  M olar CaCl2 and MgCl2 S tock  s o l u t i o n ,  NaCl, KC1 

’AnalaR’g ra d e  BDH C hem ica l ,  E ng land .

D e x tra n s  T9, T70 and T500 w ere  o b ta in e d  from Sigma and 

P h a rm a c ia .  F o r  d e t a i l s  s e e  C h a p te r  2 .

S o l u t i o n  c o m p o s i t io n

The s o l u t i o n s  were made by m ixing  a p p r o p r i a t e  volumes o f  

c o n c e n t r a t e d  s to c k  s o l u t i o n s ,  t h a t  i s ,  1M KC1, 100mM MgCl2 ,

K2EGTA, K2CaEGTA, f^HDTA, 500mM HEPES and 50mM C a f f e in e .

The K2EGTA and K2HDTA were made by d i s s o l v i n g  th e  r e q u i r e d  

amount o f  EGTA o r  HDTA ( w i th  t h e  a p p r o p r i a t e  com pensa tions  f o r  

t h e  EGTA p u r i t y )  i n  tw ic e  t h e  amount o f  KOH. The s o l u t i o n s  were 

made up t o  n e a r  f i n a l  volume w ith  d i s t i l l e d  w a te r .  They were th e n  

h e a te d  ( t o  60°C) and th o ro u g h ly  s t i r r e d  f o r  around one h o u r ,  

u n t i l  a l l  t h e  EGTA was d i s s o l v e d .  The s o l u t i o n  was th e n  made up 

t o  f i n a l  volume w i th  d i s t i l l e d  w a t e r .  Ca2EGTA was made in  a 

s i m i l a r  manner b u t  eq u im o la r  CaCO^ was added w i th  th e  EGTA t o  t h e  

KOH. C02 i s  r e l e a s e d  l e a v in g  Ca2EGTA. This  r e q u i r e d  lo n g e r  

h e a t i n g  and s t i r r i n g  t o  e n s u re  t h a t  a l l  th e  C02 had been 

r e l e a s e d .  The ATP and CrP s a l t s  a r e  added as powder. The f i n a l
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c o m p o s i t io n  o f  t h e  s o l u t i o n s  a r e  l i s t e d  in  t a b l e s  1, 2 and 3 f o r  

r a t  c a r d i a c ,  o r  f r o g ,  to a d  and c ra b  s k e l e t a l  m uscle  r e s p e c t i v e l y .

The w a te r  was s i n g l e  d i s t i l l e d  a s  Glasgow’s w a te r  s u p p ly  i s  

v e r y  low i n  m in e ra l  and o rg a n ic  c o n te n t  making doub le  d i s t i l l i n g  

u n n e c e s s a r y .

TABLE 1 So l u t i o n s  f o r  r a t  c a r d i a c  m uscle  ( c o n c e n t r a t i o n s  i n  mM)

S o l u t i o n  1 0 A c t iv a t in g  1ORelaxing 0 .2 R e la x in g  C a f fe in e

KC1 
MgCl 
K EGTA 
fCHDTA 
Ca EGTA 
Na^ATP 
Na^CrP 
Hepes 
C a f f e in e  
KOH

100.0 100.0 100.0 100.0
7 .0 7 .0 7 .0 7 .0

~ 10.0 0 .2 0 .2
— 9 .8 9 .8

10.0
5 .0 5 .0 5 .0 5 .0

15.0 15.0 15.0 15.0
2 5 .0 25 .0 2 5 .0 2 5 .0

~ 10.0
15.0 15.0 15.0 15.0

T a b le  2 S o lu t io n s  f o r  Frog s k e l e t a l  m uscle 
( c o n c e n t r a t i o n s  in  mM)

S o l u t i o n  1O A ctiva ting  1ORelaxing 0 .2 R e la x in g  C a f f e in e

KC1 
MgCl 
K EGTA 
K^HDTA 
CaK EGTA 
Na ATP 
Na^CrP 
Hepes 
C a f f e in e  
KOH

6 0 .0 6 0 .0 6 0 .0 6 0 .0
7 .0 7 .0 7 .0 7 .0

~ 10.0 0 .2 0 .2
~ ~ 9 .8 9 .8

10.0 ~
5.0 5 .0 5 .0 5 .0

15.0 15.0 15.0 15.0
40 .0 40 .0 40 .0 40 .0

~ ~ 10.0
15.0 15.0 15.0 15.0
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T ab le  3 S o lu t io n s  f o r  Crab s k e l e t a l  m uscle  
( c o n c e n t r a t i o n s  in  mM)

S o l u t i o n  1 0 A c t iv a t in g  1ORelaxing 0 .2 R e la x in g

KC1
MgCl
K EG?A 
K^HDTA

100 . 0
7 .0

100.0
7 .0

20 .0

100.0
7 .0
0 . 2

19.8
C aK  KOTA 2 0 . 0

5 .0
15.0
5 0 .0Hepes

C a f f e in e
KOH

5.0
15.0
5 0 .0

5 .0
15.0
5 0 .0

14.0 14.0 14.0

KOH r e q u i r e d  to  b r in g  th e  pH t o  7 .0 0  v a r i e d  s l i g h t l y  
( 1 0 -2 OmM)

A l l  s o l u t i o n s  c o n ta in e d  0.1mg/ml o f  CPK, which was added t o  

e a ch  w e l l  in  th e  f i n a l  s o l u t i o n  t r a y .

In  th o s e  e x p e r im e n ts  where t o n i c i t y  was a l t e r e d ,  D extran  

s o l i d  was added t o  th e  f i n a l  s o l u t i o n  l i s t e d  above . This  

m a in ta in e d  c o n s t a n t  volume m o l a l i t y  f o r  Ca^+ (and o f  t h e  o t h e r  

io n ic  s p e c i e s ) ,  s in c e  th e  volume o c cup ied  by th e  aqueous phase 

rem a in s  c o n s t a n t  (Moore, 1976; Godt & Maughan, 1981). D ex tran  was 

used  a s  i t  i s  b i o l o g i c a l l y  i n e r t  and h a s  no c h a rg e  so  does n o t  

p roduce  io n ic  s t r e n g t h  c o m p l ic a t io n s .

The ca lc ium  c o n c e n t r a t i o n  ra n g e  was ach ie v e d  by m ix ing  th e  

' a c t i v a t i n g '  and ' r e l a x i n g '  s o l u t i o n s  in  v a r i o u s  r a t i o s .
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In  some e x p e r im e n ts  ' o s c i l l a t i o n  s o l u t i o n s '  were u s e d .  These 

were 0 .2  R e lax ing  s o l u t i o n s  w i th  added c a lc iu m  (added a s  C a C l^ ) . 

As t h e  EGTA in  0 .2  R e la x in g  s o l u t i o n  i s  n o t  s a t u r a t e d  th e  

a d d i t i o n  o f  c a lc iu m  r e s u l t e d  i n  hydrogen  io n  r e l e a s e .  At t h i s  pH 

a lm o s t  e x a c t l y  2H+io n s  a r e  r e l e a s e d  p e r  Ca-bound (Sm ith  & M i l l e r ,  

1985 ) .  KOH w as , t h e r e f o r e ,  added a t  tw ice  t h e  c o n c e n t r a to n  o f  th e  

c a lc iu m ,  so  m a in ta in in g  t h e  pH o f  t h e  f i n a l  s o l u t i o n .  These 

' o s c i l l a t i o n '  s o l u t i o n s  were used  t o  p rovoke CICR, c y c le s  o f  

C a - r e l e a s e  and C a-up take  o c c u r r in g  when th e  s a p o n in - t r e a t e d  

p r e p a r a t i o n  was exposed t o  t h e s e  w eak ly  b u f f e r e d  s o l u t i o n s  w ith  

ca lc iu m  l e v e l s  p ro d u c in g  an  i n t e r m e d i a t e  l e v e l  o f  a c t i v a t i o n .

pH

The a c t i v i t y  o f  t h e  c o n t r a c t i l e  p r o t e i n s  and s u b c e l l u l a r  

o r g a n e l l e s  (F a b ia to  & F a b i a t o , 1978c) and th e  m eta l  ion  b in d in g  

c o n s t a n t s  o f  EGTA and ATP a r e  s t r o n g l y  i n f lu e n c e d  by hydrogen ion  

c o n c e n t r a t i o n  ( M i l l e r  & S n i t h ,  1984). This  makes t h e  pH, and 

c o n s i s t e n c y  o f  pH, c r i t i c a l  i n  t h e  s o l u t i o n s  used  i n  t h i s  work.

HEPES, a Good 's  b u f f e r  (Good, W inget,  W in te r ,  C o n n o l ly ,  

Izaw a & S in g h ,  1966), was used  i n  most e x p e r im e n ts .  The u s e f u l  

b u f f e r i n g  ran g e  o f  HEPES 6 .5 - 8 . 5  (pK =7.5 a t  20 C I  =0.1M), i t s  

low m e ta l  b in d in g  c o n t a n t s ,  and la c k  o f  b i o l o g i c a l  s id e  e f f e c t s  

make i t  v e ry  s u i t a b l e .  C a m o s in e  and N - a c e ty l  h i s t i d i n e  which a r e  

a l s o  pH b u f f e r s  were a l s o  u se d  in  some of  th e  e x p e r im e n ts .  For 

f u r t h e r  d i s c u s s i o n  o f  th e s e  p o i n t s  se e  C h a p te rs  3 and 4.
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Measurement o f  pH

I l l i n g w o r t h  (1981) p o in te d  o u t  t h a t  l i q u i d - j u n c t i o n  

a r t e f a c t s  a r e  a  w id e sp re a d  s o u rc e  o f  s u b s t a n t i a l  e r r o r s  in  t h e  

m a j o r i t y  o f  g e n e r a l  l a b  pH d e t e r m i n a t i o n s .  The ce ram ic  p l u g s ,  a 

u n i v e r s a l  f e a t u r e  o f  co m b in a t io n  e l e c t r o d e s ,  a r e  th e  s o u rc e  o f  

t h e s e  e r r o r s .

The v a r i o u s  c o m b in a t io n  e l e c t r o d e s  in  use  in  t h e  l a b o r a t o r y  

were t e s t e d  u s i n g  a  p r o to c o l  s u g g e s te d  by I l l i n g w o r t h  (1 9 8 1 ) .  The 

e l e c t r o d e  was immersed i n  s t a n d a r d  pH (BDH) 4 .0  s o l u t i o n  w ith  

g e n t l e  s t i r r i n g  u n t i l  t h e  r e a d in g  s t a b i l i s e d ;  th e  m eter  was s e t  

t o  r e a d  pH 4 .0 0 .  I t  was th e n  immersed in  BDH pH 9 .00  and th e  

s lo p e  a d ju s tm e n t  o f  th e  m ete r  s e t  t o  g iv e  a r e a d in g  o f  9 .0 0 .  pH 

7 .0 0  s o l u t i o n  was used  t o  c h eck  th e  c a l i b r a t i o n .  I f  th e  pH 7 .0  

s o l u t i o n  d id  n o t  g iv e  a r e a d in g  o f  7 .0 0  + / -  0 .0 1 u n i t s  th e

p ro c e d u re  was r e p e a t e d . Some o f  t h e  e l e c t r o d e s  t e s t e d  d id  n o t  

g iv e  s t a b l e  r e a d in g s  and were abandoned a t  t h i s  s t a g e .

W ith t h e  newly ' c a l i b r a t e d 1 e l e c t r o d e ,  b u f f e r s  1 ,4 ,6  and 9 

( s e e  t a b l e  3) were t e s t e d  in  random o r d e r ,  w ith  r i n s e s  in  

d i s t i l l e d  w a te r  be tw een  m easu rem en ts .  Checks f o r  ze ro  s h i f t s  were 

made by f r e q u e n t l y  r e t u r n i n g  t o  b u f f e r  5 (T ab le  4)
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T ab le  4 ( a f t e r  I l l i n g w o r t h  (1981))

B u f fe r  no. C om posit ion pH
50mM-Potassium hydrogen p h t h a l a t e  4 .040
250mM-KH PCL/250mM-Na HPO. 
25mM-KH P0./25mM-Na HPO.
2. 5mM-KH2P0. / 2 . 5mM-Na2HP0i| 
1OmM-Disodium t e t r a b o r a t e

6.520
6 .865
7 .065
9.175

Using t h i s  t e s t  o n ly  two o f  t h e  s ix  e l e c t r o d e s  t e s t e d  gave 

r e s u l t s  c lo s e  t o  th o s e  e x p e c te d  w i th  changes i n  th e  io n ic  

s t r e n g t h .  The u n p r e d i c t a b l e  b e h a v io u r  o f  most o f  t h e  co m b in a tio n  

e l e c t r o d e s  when th e  i o n i c  s t r e n g t h  was changed p u t s  i n to  s e r i o u s  

doub t  th e  c a l i b r a t i o n  o f  t h e  e l e c t r o d e s  f o r  0.2M b i o l o g i c a l  

sam ples  when th e  e l e c t r o d e s  w=re c a l i b r a t e d  (a s  i s  s ta n d a rd  

p ro c e d u re  in  m ost l a b o r a t o r i e s )  u s in g  t h e  0 . 0 5M comm ercial 

s t a n d a r d s .  The r e s u l t s  improved when a s e p a r a t e  r e f e r e n c e  c e l l  (a 

ca lo m el  e l e c t r o d e )  was employed (C o rn in g ,  Calomel R efe rence  

E le c t r o d e  003 11 6 0 2 h ) . Checks o f  t h i s  k in d  were r e p e a t e d ,  and

e l e c t r o d e s  r e p l a c e d  o r  c le a n e d  as n e c e s s a r y ,  a t  r e g u l a r  i n t e r v a l s  

th ro u g h o u t  t h i s  s t u d y .

-  12 -



pH s t a n d a r d

To m in im ise  t h e  in co n v e n ien c e  a s s o c i a t e d  w i th  t h e  a c c u r a t e

m easurem ent o f  pH, th e  e l e c t r o d e  (w i th  s e p a r a t e  r e f e r e n c e )  was

r o u t i n e l y  c a l i b r a t e d  a g a i n s t  a  s ta n d a rd  a p p r o p r i a t e  t o  t h e  media

u se d  in  t h e s e  e x p e r im e n t s .  T h is  com prised  a s o l u t i o n  o f  25mM

HEPES, 197mM KC1 and 6.003mM KOH (from  f r e s h  1M t i t r a t i o n

s t a n d a r d ,  BDH) w hich we c a l c u l a t e  t o  have an io n i c  s t r e n g t h  on

0.206M, pH o f  7 .0 0  and a pH o f  7 .1 3 4 .  The thermodynamic pK o f  c a  c.

7 .6 2 9  a t  20°C r e p o r t e d  by Vega and B a te s .  (1976),was u s e d ,  g iv in g  a

pK o f  7 .4 9 4  a t  I  =0.2M. The use  of  t h i s  s ta n d a rd  meant t h a t  app e

t h e  e x p e r im e n ta l  media were s u b je c t e d  t o  a n u l l  d e t e c t o r  method 

o f  pH m easurem ent.

I o n i c  s t r e n g t h

I o n ic  s t r e n g t h  ( I )  has been  d e f in e d  a c c o rd in g  t o  E q u a t io n  1 

f o r  t h e  work r e p o r t e d  h e re  s in c e  M i l l e r  & Smith (1985) found t h a t  

i t  g iv e s  a  b e t t e r  d e s c r i p t i o n  o f  s o l u t i o n s  o f  th e  ty p e  used  h e re  

th a n  th e  more common d e f i n i t i o n  o f  I  ( se e  a l s o ,  Smith & M i l l e r  

(1985) and Sm ith (1983) f o r  a more d e t a i l e d  a n a l y s i s  o f  t h e s e  

p o i n t s .  This  a p p ro a c h  has  been  c o r r o b o r a te d  by F in k ,  S tephenson  & 

W il l ia m s ,  1986) I o n ic  s t r e n g t h  i s  d e f in e d  a s  t h e  t o t a l  o f  i o n i c  

e qui v a le n t  s , I e :

E q u a t io n  (1)
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where C i s  t h e  c o n c e n t r a t i o n  o f  t h e  j t h  i o n i c  s p e c i e s ,  z .
J J

i s  i t  v a le n c y  ( M i l l e r  & Sm ith  1985) .  In  a c co rd an ce  w i th  B a te s ,  

Roy & Robinson (1973) t h e  z w i t t e r i o n  o f  HEPES ( t h e  p redom inan t 

form a t  pH<pK^) i s  assumed t o  have no e f f e c t  on io n ic  s t r e n g t h .  

The b a s ic  s o l u t i o n s  o u t l i n e d  in  t a b l e  1 have an i o n i c  s t r e n g t h  o f  

a b o u t  0 . 1 9M on t h e  b a s i s  o f  E q u . 1.

P u r i t y  o f  th e  EGTA.

The q u e s t io n  o f  t h e  p u r i t y  o f  com m ercial s u p p l i e s  o f  EGTA 

has  been e x t e n s i v e l y  i n v e s t i g a t e d  ( M i l l e r  & Sm ith , 1984; Smith 

and M i l l e r  1985; B e r s , 1982) t h e  s o l u t i o n s  used  in  t h i s  p r o j e c t  

t a k e  f u l l  accoun t  o f  t h e s e  f i n d i n g s .

I t  i s  s ta n d a r d  p r a c t i c e  in  t h i s  l a b o r a t o r y  t o  p re p a re  

c a lc iu m  b u f f e r s  by m ixing  two s o l u t i o n s ,  C a - f r e e  EGTA and Ca-EGTA 

( i . e ^ ’ t h e  ’r e l a x i n g '  and ’a c t i v a t i n g '  s o l u t i o n s  in  t a b l e s  1 and 

2 ) .  The l a t t e r  i s  p roduced  by m ix in g  e x a c t l y  equ im o la r  CaCO^ and 

C a - f r e e  EGTA.

EGTA b in d s  m e ta l  i o n s ,  o t h e r  than  c a lc iu m ,  t o  v a r io u s  

d e g r e e s .  The a f f i n i t y  c o n s t a n t s  f o r  EGTA and th e  o t h e r  l ig a n d s  in  

t h e  s o l u t i o n s  (ATP, CrP, C a m o s in e )  must be known in  o r d e r  t o  

a s s e s s  th e  amount o f  c a lc iu m  bound to  th e  EGTA a n d ,  t h e r e f o r e ,  t o  

gauge th e  f r e e  ca lc iu m  c o n c e n t r a t i o n  o f  t h e  EGTA c o n ta in in g  

s o l u t i o n s .  The s o l u t i o n  c h e m is t ry  of EGTA f o r  p h y s i o l o g i c a l l y  

r e l e v a n t  m eta l  io n s  has been d e s c r ib e d  i n  d e t a i l  (Sm ith  1983). A
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com puter  program w r i t t e n  by G .L .S m ith  and D . J . M i l l e r  was used  t o  

c a l c u l a t e  th e  f r e e  c a lc iu m  c o n c e n t r a t i o n  o f  a l l  t h e  s o l u t i o n s  

used  i n  t h i s  t h e s i s  ( s e e  f i g u r e  2 ) .

I n  t h i s  p rogram  th e  a f f i n i t i e s  o f  EGTA and th e  o t h e r  

l i g a n d s  f o r  c a lc iu m  and th e  o t h e r  m eta l  io n s  have been 

i n c o r p o r a t e d ,  g i v in g  a co m p le te  p r o f i l e  f o r  f r e e  m eta l  io n s  

c o n c e n t r a t i o n s  and l ig a n d - m e ta l  c o n c e n t r a t i o n s  in  t h e  s o l u t i o n s .  

The b in d in g  c o n s t a n t s  used  i n  t h e  REACT program ” a r e  d e t a i l e d  in  

t a b l e  5 and c o r r e c t e d  f o r  i o n i c  s t r e n g t h ,  pH and t e m p e ra tu re ,  

( s e e  M i l l e r  and Sm ith 1984, Sm ith  and M i l l e r  1985).
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I N P U T  C O N S T A N T S  
F R O M  F I L E

O P T I O N S

T Y P E  OK P R I N T  
C O N S T A N T S

ITERATION

C A L C U L A T E  t:

IONIC STR EN C

C O M PU T E  ERROR

NO

! N E W  Cl  O R 
• C H A R G E  D A L A N C E

O P T I O N S

P R I N T  O R  T Y P  
R E S U L T S

X 1 N E W  M E T A L  OR 
i C H A R G E  B A L A N C E

INPUT CONSTANTS 
FROM  KEYBOARD

A S S U M E :

L = IL /A

INPUT DESIRED  
FREE M ETAL  

CONCENTRATION

INPUT NEW 
LIGAND 

CONCENTRATION

CALCU LATE NEW 
ESTIM ATES OF 

IM AND L

IN PU T  INIT IAL DATA

CORRECT CONSTANTS 
FOR DESIRED  

IONIC STRENGTH

F ig u r e  2 Flow d iag ram  o f  th e  REACT progam.

The REACT program  (S m ith ,  1983) was used t o  c a l c u l a t e  th e  
c o n c e n t r a t i o n  o f  f r e e  m eta l  io n s  in  a l l  t h e  s o l u t i o n s  used  in  
t h i s  t h e s i s .



TABLE 5 l o g 1A o f  t h e  s to i c h i o m e t r i c  a f f i n i t y  c o n s ta n t  
•10 1 = 0 . 1 ,  T=20°C.

Hydrogen r> , p  ,
C o n s ta n ts Ca Mg

EGTA K1 9.625 11.118 5.509
K2 9.000 5 .300 3 .4 7 0
K3 2.813
K4 2.117

ATP K1 6 .950 3.982 1.80 0
K2 4.050 4.324 2 .740
K3 1.000 0.903
K4 1.000 0.944

CrP K1 12.000 1.150
K2 4.508 1.300
K3 2.700

C a m o s in e K1 9.320 3.220
K2 6 .7 5 0 3 .100

HEPES K2 7.629

HDTA K1 10.810 4 .600 3 .700
K2 9.790 4.800 3.660
K3 2.700
K4 2.200

From 'S m ith  and M a r t e l l  (1974) e x c e p t ,  EGTA (Sm ith  and M i l l e r  
1985).
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Calcium contam ination

An e s t i m a t e  o f  t h e  c a lc iu m  c o n ta m in a t io n  in  t h e  n o m in a l ly  

c a lc iu m  f r e e  s o l u t i o n s  was d e r iv e d  by a pH -m etr ic  m ethod. T y p ic a l  

r e s u l t s  a r e  p l o t t e d  i n  f i g u r e  3 .

In  t h i s  example b o th  s o l u t i o n s  w ere  i n i t i a l l y  t i t r a t e d  w ith  

KOH t o  a pH o f  a b o u t  9 . 0 .  At t h e  s t a r t  o f  t h e  t i t r a t i o n  t h e  pH 

f a l l s ,  a s  H io n s  a r e  r e l e a s e d  f o r  c a lc iu m  bound. Around 1.5 H+ 

io n s  ( S n i t h ,  1983) a r e  r e l e a s e d  f o r  e a c h  c a lc iu m  io n  bound a t  

t h i s  pH. An end p o i n t  can be d i s t i n g u i s h e d  from th e  p l o t  of  

volume o f  EGTA added a g a i n s t  pH. At t h i s  p o in t  th e  c o n ta m in a t in g  

c a lc iu m  i s  c o m p le te ly  bound. The su b s e q u e n t  i n c r e a s e  in  pH i s  

s im p ly  due t o  th e  h i g h e r  pH o f  t h e  t i t r a t i n g  s o l u t i o n .  From t h i s  

ty p e  o f  m easurement v a lu e s  o f  20pm c o n ta m in a t in g  ca lc ium  were 

o b ta in e d  from r e l a x i n g  s o l u t i o n s  w i th o u t  t h e i r  EGTA o r  f u l l  pH 

b u f f e r  c a p a c i t y .

C a m o s in e ,  HDTA and D ex tran  were a l s o  checked f o r  p o s s i i b l e  

c a lc iu m  c o n ta m in a t io n .  None o f  t h e s e  coiqpounds c o n ta i n e d  any 

d e t e c t a b l e  ca lc iu m  c o n ta m in a t io n  ( i . e .  <1jjm f o r  a 50mM s o l u t i o n ) .

Knowledge o f  t h e  c o n ta m in a t io n  ca lc ium  l e v e l  i s  e s s e n t i a l  in  

c a l c u l a t i o n s  o f  t h e  f r e e  c a lc iu m ,  e s p e c i a l l y  t h e  c a lc ium  ' f r e e '  

r e l a x i n g  s o l u t i o n s .  There rem ains  a  d eg ree  o f  u n c e r t a i n t y  abou t 

t h e  f r e e  c a lc iu m  l e v e l s ,  e s p e c i a l l y  in  th o se  s o l u t i o n s  in  which 

th e  EGTA c o n c e n t r a t i o n  i s  low . In  t h e s e ,  even a  s m a l l  change in  

t h e  c o n ta m in a t io n  c a lc iu m  l e v e l  w i l l  a l t e r  t h e  f r e e  ca lc ium
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s u b s t a n t i a l l y .

F r e e  c a lc iu m  l e v e l s  c a l c u l a t e d  u s in g  React 3 u n d e r  t h e  c o n d i t i o n s  
a r e  d e t a i l e d  on th e  r i g h t  o f  t a b l e  6 .

TABLE 6

F r e e  C alc ium  l e v e l s  C a lc u la te d  u s in g  REACT 3

R a t io
1 = 0 .19M 
K+=0.14M

: t i v a t i n g : R e l a x i n g pCa Na+=0.04M 
Mg =0.007M1:1 6 .246

3:1 5.746 Cl~=0.114M
5:1 5.524 pH =6.866
8:1 5 .319 T=C20°C

10:1 5 .222
15:1 5 .0 4 8
25:1 4.836

A c t iv a t in g 4 .1 9 9
F u l l 3.997

R e lax in g 8.927
R e la x in g 7 .184

Assuming 20pm Calcium  c o n ta m in a t io n

F u l l  i s  an A c t iv a t in g  s o l u t i o n  w i th  0.1mM e x c e ss  f r e e  c a lc iu m  
added t o  i t .

Chemical s k in n in g  p ro c e d u re

The mounted m uscle  was i n i t i a l l y  exposed t o  ' r e l a x i n g '  

s o l u t i o n  ( se e  t a b l e  1) i n c l u d in g  e i t h e r  t h e  c h o l e s t e r o l  

p r e c i p i t a t i n g  a g e n t  sa p o n in  (50pg/m l)  o r  T r i t o n  X-100 (1$ v /v )

f o r  2 0 - 3 0 m in u te s . The ch e m ica l  s k in n in g  a g e n t  was th e n  removed by 

im m ersing t h e  m uscle  in  t h e  r e l a x i n g  s o l u t i o n  b e f o r e  t h e  f i r s t  

t e s t  c a lc iu m  was a p p l i e d .
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l i& V r e  3 T i t r a t i o n  o f  20ml o f  1M KC1, 1mM HEPES w i th  2mM K EGTA 
1mM HEPES. 2 ’

8 .92

PH.a

8 . 8 8 -

66ul o f  2mM EGTA _= 6.6f*M ca lc ium

c o n ta m in a t io n  in  1M KC1

8 . 8 6 .

(jal) 2mM EGTA ( ImM HEPES)



D ata  h a n d l in g

The t e n s i o n  s i g n a l  was r o u t i n e l y  d i g i t i s e d  ( 1 2 b i t )  a t

a p p r o p r i a t e  r a t e s  (50-200ms p e r  s a m p le ) .  The s ig n a l  was

p r e f i l t e r e d  t o  avo id  a l i a s i n g  e r r o r s  w i th  an a c t i v e  f i l t e r

( r o l l - o f f  12dB p e r  o c t a v e ,  3dB c u t  o f f  a t  15 o r  25Hz) and

a m p l i f i e d  t o  u se  th e  f u l l  dynamic range  o f  t h e  A-D c o n v e r t e r .

E x p e r im e n ta l  d a ta  and c a l i b r a t i o n  s ig n a l s  were s t o r e d  on d i s c  on

a  PDP-11 34 com puter  f o r  s u b seq u e n t  a n a l y s i s .  A c o n t in u o u s  c h a r t

r e c o r d in g  ( L in s e i s  1800, f u l l  s c a l e  d e f l e c t i o n  f re q u e n c y  r e s p o n s e

f l a t  from DC t o  1Hz, 3dB c u t  o f f  a t  4Hz) was a l s o  made. T ens ion

r e s p o n s e s  a r e  shown c a l i b r a t e d  in  e i t h e r  o r  b o th  a b s o lu t e  f o rc e

and r e l a t i v e  f o r c e .  For t h e  l a t t e r ,  t e n s i o n  was n o rm a l ise d  t o

maximum ca lc iu m  a c t i v a t e d  f o r c e  (C ) which was d e te rm in ed  a tmax

i n t e r v a l s  th ro u g h o u t  th e  e x p e r im e n t .  T h is  was done u s in g  e i t h e r  

a c t i v a t i n g  s o l u t i o n  o r  a c t i v a t i n g  s o l u t i o n  w i th  e x c e s s  ca lc iu m  

added ( ' F u l l 1 , t a b l e  6 ) .  P rov ided  t h a t  r e l a t i v e l y  s h o r t  tim e 

i n t e r v a l s  e la p s e d  betw een n o r m a l is in g  maxima, a l i n e a r  

i n t e r p o l a t i o n  was found t o  d e s c r ib e  a d e q u a te ly  th e  d e c l i n e  o f  

t e n s i o n .  The mean r a t e  o f  d e c l i n e  o f  peak f o r c e  f o r  10 

p r e p a r a t i o n s  was 0 .178$/m in  ( ran g e  0 .024-0 .045 /6);  more r a p i d  

d e c l i n e  was t a k e n  a s  i n d i c a t i v e  o f  damage and th e  r e s u l t s  were 

n o t  u sed  f o r  q u a n t i t a t i v e  work. T h is  f i g u r e  compares w e l l  w i th  a 

mean o f  1 .256 p e r  m inute  r e p o r t e d  by J e w e l l  and K e n t is h  (1981) f o r  

T r i t o n -  t r e a t e d  r a t  v e n t r i c l e  p r e p a r a t i o n s ;  th e  r e d u c t io n  in  th e  

r a t e  o f  d e c l i n e  th e y  r e p o r t  w i th  d i t h i o t h r e i t o l  ( t o  0 .12$ )  

s u g g e s t s  t h a t  ou r  p r e p a r a t i o n s  m a in ta in  c o n t r a c t i l e  perfo rm ance
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w e l l ,  d e s p i t e  t h e  absence  o f  SH p r o t e c t i n g  a g e n t s .

H i l l  e q u a t io n

In  t h e s e  p r e p a r a t i o n s ,  t h e  p C a - te n s io n  r e l a t i o n s h i p ,  i s  w e l l  

d e s c r i b e d  by th e  H i l l  e q u a t io n  ( M i l le r  and S n i t h ,  1985; F ry  & 

M i l l e r ,  1985).

C = K [Ca2+] h
    E q u a t io n  ( 2 ) .
Cmax 1 + K_ . [Ca2+]Ca

Where C= s t e a d y - s t a t e  t e n s i o n ,  Cmax i s  maximum ca lc ium

h.a c t i v a t e d  f o r c e .  K ( u n i t s  M~ ) i s  an a p p a re n t  a f f i n i t y  c o n s ta n t
O  c l

and fh '  i s  t h e  H i l l  c o e f f i c i e n t .  The c u rv e s  were f i t t e d  by a 

l e a s t  s q u a re s  f i t t i n g  p ro c e d u re  ( a f t e r  Levenberg & M arquat see  

Brown and D ennis  1972). T h is  p r o v id e s  a two v a lu e  d e s c r i p t i o n  o f  

t h e  cu rv e  r e l a t i n g  p C a - te n s io n  making q u a n t i f i c a t i o n  o f

d i f f e r e n c e s  in  th e  r e l a t i o n s h i p s  s im p le r .

_ i
I n  t h e  t e x t  K ( u n i t s  M ) has g e n e r a l l y  been  used  as  an app

a l t e r n a t i v e  t o  L  . K i s  n u m e r ic a l ly  e q u a l  t o  t h e  J K . KCa app v oa app

i s  t h e  r e c i p r o c a l  o f  t h e  ca lc iu m  c o n c e n t r a t i o n  r e q u i r e d  to  

a c t i v a t e  t h e  p r e p a r a t i o n s  h a l f  m axim ally . See f i g u r e  2 o f  t h e  

i n t r o d u c t i o n

pK i s  t h e  pCa f o r  h a l f  maximal a c t i v a t i o n ,  
app
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S t a t i s t i c s

In  t a b l e  1.1 a  s t a t i s t i c a l  method o f  p a i r e d  com parison  was 

a p p l i e d  t o  th e  pK up and down, (d e te rm in e d  from  t h e
A

p C a - te n s io n  r e l a t i o n s h i p  a s  [Ca +] was s t e p p e d ,  upwards and

downwards r e s p e c t i v e l y )  and th e  H i l l  c o e f f i c i e n t s  up and down.

The n u l l  h y p o th e s i s  was t h a t  ' u p 1 and 'down' v a lu e s  a r e  t h e  same,

i . e .  pK up=pK down. To t e s t  t h i s  t h e  d i f f e r e n c e  betw een th e  app app

p a i r s  o f  d a ta  was compared t o  z e r o .  The n u l l  h y p o th ese s  was 

r e j e c t e d  when th e  mean d i f f e r e n c e  betw een th e  p a i r s  o f  d a t a  was 

s i g n i f i c a n t l y  d i f f e r e n t  from ze ro  a t  t h e  5% l e v e l .  The s t a t i s t i c  

u sed  was th e  t - t e s t .  T h is  t e s t  i s  based  on th e  a ssu m p tio n  t h a t  

th e  d a t a  a r e  n o rm a l ly  d i s t r i b u t e d .  However, t h e  t - t e s t  i s  r o b u s t  

i . e .  n o t  h i g h ly  s e n s i t i v e  t o  d e p a r t u r e s  from th e  a ssu m p tio n  o f  

n o r m a l i t y .  The r o b u s t  n a tu r e  o f  t h e  t - t e s t  i s  im p o r ta n t  as  w ith  

t h e  s m a l l  sam ples examined t h e  n o r m a l i t y  can n o t  be

s a t i s f a c t o r i l y  c o n f i rm e d .  Where n i s  t h e  number o f  o b s e r v a t i o n ^ .

X - J l

where th e  mean (x)

n

2
and s ta n d a r d  d e v i a t i o n  ( s  )
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s2 = _1 ix2- !(2x)2l
n-1 ( n J

W ith r e f e r e n c e  t o  t h e  t - t a b l e s , t o  a c h ie v e  a s i g n i f i c a n c e  a t  t h e  

5% l e v e l  w i th  8 de g re e s  o f  freedom  (n -1 )  r e q u i r e s  a  t - v a l u e  o f  

2 .3  o r  m ore. The t e s t e d  d a t a  marked * i n  Table  1.1 had a mean 

d i f f e r e n c e  g r e a t e r  th a n  0 , w i th  a  p r o b a b i l i t y  o f  g r e a t e r  th an  

0 .0 5 .

A l l  t h e  e x p e r im e n ts  r e p o r t e d  h e r e  were c a r r i e d  o u t  a t  

room t e m p e r a tu r e  (2 0 -2 5 °C ) .  _  _____ __
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S e c t io n  1

H y s t e r e s i s  i n .  and th e  l e n g t h  dependence o f  

c a lc iu m  s e n s i t i v i t y
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C h ap te r  1

H y s t e r e s i s  in  th e  p C a - te n s io n  r e l a t i o n s h i p  

I n t r o d u c t i o n

The r e l a t i o n s h i p  betw een i n t r a c e l l u l a r  f r e e  ca lc ium  

c o n c e n t r a t i o n  ( [Ca^+]^)  and t e n s i o n  has been  e x t e n s i v e l y  

i n v e s t i g a t e d  b o th  in  i n t a c t  m uscle c e l l s  u s in g  C a - i n d i c a t o r s  such  

a s  a e q u o r in  ( B l in k s ,  W eir ,  Hess & P r e n d e r g a s t ,  1982) and in  

sk in n n e d  m uscle were th e  sarcolemma i s  removed by m echan ica l  

( N a t o r i ,  1954J F a b ia to  & F a b i a t o ,  1973) o r  chem ica l  means 

( J u l i a n ,  1971; S o l a r o , W ise, S h in e r  & B r ig g s ,  1974). The form o f  

t h i s  r e l a t i o n s h i p  i s  c e n t r a l  t o  th e  i n t e r p r e t a t i o n  o f  c o n t r a c t i o n  

and r e l a x a t i o n ,  p a r t i c u l a r l y  when e x p e r im e n ta l  i n t e r v e n t i o n s  a r e  

l i k e l y  t o  i n f lu e n c e  [Ca^+] .

I t  has been  t a c i t l y  assumed t h a t  t h e  p C a - te n s io n  

r e l a t i o n s h i p  o f  s t r i a t e d  m uscle i s  un ique  f o r  any p a r t i c u l a r  s e t  

o f  i o n i c  c o n d i t i o n s .  However, i t  has r e c e n t l y  been r e p o r t e d  t h a t  

a  h y s t e r e s i s  e x i s t s  in  t h i s  r e l a t i o n s h i p :  t h a t  i s ,  th e

c o n t r a c t i l e  p r o t e i n s  a r e  more s e n s i t i v e  t o  ca lc iu m  as [Ca ] i s  

be in g  reduced  th a n  a s  i t  i s  be ing  r a i s e d  (Ridgway, Gordon & 

M a r ty n , 19 83).
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H y s t e r e s i s ,  i n  t h e  p r e s e n t  c o n t e x t ,  means t h a t  a  submaximal 

c a lc iu m  l e v e l  can m a in ta in  a h ig h e r  t e n s i o n  l e v e l  th a n  i t  can 

c r e a t e .  T h is  h y s t e r e s i s  was f i r s t  r e p o r t e d  by Ridgway, Gordon & 

M artyn (1983) in  sk inned  b a rn a c le  s k e l e t a l  m u sc le ,  and confirm ed  

i n  v e r t e b r a t e  s k e l e t a l  muscle (Gordon, Ridgway & M artyn , 1984). 

Ridgway e t  a l  d i s c o v e re d  t h i s  phenomenon w h i le  a t t e m p t in g  t o  f i n d  

o u t  i f  c o n t r a c t i o n  a f f e c t s  C a -b in d in g  t o  t h e  r e g u l a t o r y  p r o t e i n s .  

The e x i s t e n c e  o f  an  e f f e c t  o f  c o n t r a c t i o n  on C a - s e n s i t i v i t y  had 

been  su g g e s te d  on t h e o r e t i c a l  g rounds ( A d e l s t e in  & E is e n b e r g ,  

1980; T a y lo r ,  1979) and t h e r e  was ev idence  f o r  i t  f o r  m y o f i b r i l s  

in  t h e  absence  o f  ATP (Bremel & Weber, 1972; F u c h s ,  1978). 

Ridgway e t  a l ' s  r e s u l t s  were t h e  f i r s t  ev idence  f o r  an e f f e c t  o f  

c o n t r a c t i o n  on C a - s e n s i t i v i t y  in  i n t a c t  and sk inned  m uscle f i b r e s  

u n d e r  p h y s io l o g i c a l  c o n d i t i o n s .  T h e i r  c o n c lu s io n  was t h a t  th e  

r e l a t i o n s h i p  between [Ca^+] and f o r c e  depends upon th e  h i s t o r y  o f  

t h e  'm uscle , th e  m u s c le 's  C a - s e n s i t i v i t y  b e in g  in c r e a s e d  by 

c r o s s - b r i d g e  ( c - b )  fo rm a t io n .

The e x i s t e n c e  o f  h y s t e r e s i s  has n o t  been g e n e r a l l y  a c c e p te d .  

T here  a r e  n e g a t iv e  r e p o r t s  f o r  s k e l e t a l  (P a g a n i ,  Shemin & J u l i a n ,  

1986; B ra n d t ,  G luck , Mini & C e r r i ,  1985; W il liam s & S tep h en so n ,  

1983 ,)  and c a r d i a c  muscle ( F a b ia to ,  1985).
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In  t h i s  c h a p t e r ,  I  w i l l  r e p o r t  on  th e  f i r s t  o b s e r v a t io n s  o f  

h y s t e r e s i s  in  t h e  p C a - te n s io n  r e l a t i o n s h i p  o f  c a r d i a c  m u sc le ,  and 

p r o v id e  some e x p la n a t io n  why i t s  o c c u r r e n c e  has n o t  been  more 

w id e ly  o b s e rv e d .
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R e s u l ts

The b a s ic  phenomenon

The r e s u l t s  p r e s e n te d  h e re  p ro v id e  t h e  f i r s t  p o s i t i v e

ev id en ce  f o r  h y s t e r e s i s  in  th e  p C a - te n s io n  r e l a t i o n s h i p  o f

sk in n ed  c a r d i a c  m u sc le .  F ig u re  1.1 shows a s e c t i o n  o f  t e n s i o n

t r a c e  from a T r i t o n - t r e a t e d  r a t  c a rd ia c  t r a b e c u l a .  In  t h i s

se q u e n c e ,  which s t a r t e d  from t h e  a c t i v a t e d  s t a t e  t h e  [Ca^+] was

f i r s t  r e d u c e d ,  th en  in c r e a s e d  and f i n a l l y  reduced  a g a i n .  At each

c a lc iu m  c o n c e n t r a t i o n ,  t e n s i o n  was a llow ed t o  e q u i l i b r a t e  f o r

s e v e r a l  m inu tes  t o  e n s u re  t h a t  a  s t e a d y  t e n s i o n  l e v e l  was

a c h ie v e d .  The b roken  l i n e s  i n d i c a t e  t h e  s t e a d y - s t a t e  t e n s i o n

l e v e l  a s  [Ca^+] was in c r e a s e d  s t e p w is e ,  which I  s h a l l  term

' u p g o in g ! . C l e a r l y ,  th e  t e n s i o n  l e v e l  m a in ta in e d  as th e  [Ca^+]

was reduced  ( ' downgoing.1) was h ig h e r  ( i n d i c a t e d  by th e  a rro w s)

th a n  as  t h e  ca lc ium  c o n c e n t r a t i o n  was in c r e a s e d  (u p g o in g ) .

R e s u l t s  from sequences  s i m i l a r  t o  th o s e  shown in  F ig u re  1.1 a r e

p l o t t e d  as  s t e a d y - s t a t e  t e n s i o n  a g a i n s t  [Ca^+] in  F ig u re  1 .2A.

The a b s c i s s a  i s  - lo g [C a 2+] c , t h e  o r d in a t e  i s  s t e a d y - s t a t e  r e l a t i v e

t e n s i o n .  The t e n s i o n  has been no rm a l ise d  t o  th e  maximal

C a - a c t iv a t e d  f o r c e  (C ) ( s e e  methods f o r  d e t a i l s ) .  C wasmax max

a b o u t  60mg . w t . (310.6mN) in  t h i s  se q u en c e .  The a rrow s  i n d i c a t e  

w h e th e r  th e  d a t a  were o b ta in e d  as [Ca2+] was be ing  in c r e a s e d  

( f i l l e d  c i r c l e s )  o r  d e c re a sed  (open c i r c l e s ) .  In t h i s  and 

su b se q u e n t  f i g u r e s  th e  p C a - te n s io n  r e l a t i o n s h i p s  were f i t t e d  t o  

t h e  H i l l  E qua tion  (E q u a tio n  2 ) ,  u s in g  th e  b e s t  f i t  p rocedu re
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p^a .  DCa

4.93 |5 .15 | 5.32 | 9.101 5.32 | 5.15 | 4.93 | 4.02 | 4.93 | 5.15 15.32 | 9.10

F ig u r e  1 .1

T en s io n  re c o rd e d  from a r a t  v e n t r i c l e  t r a b e c u l a
( T r i t o n - t r e a t e d )  showing th e  b a s ic  phenomenon of  h y s t e r e s i s .  The
m uscle  was n e a r l y  f u l l y  a c t i v a t e d  a t  t h e  s t a r t  o f  t h i s  t e n s i o n
t r a c e .  The c a lc ium  l e v e l  was th e n  s te p p e d  downward t o  a
s u b te n s i o n  ca lc iu m  l e v e l  and th e n  in c re a s e d  a g a in  t o  C , t h a tmaxi s  a  downgoing and th e n  an upgoing  h y s t e r e s i s  s e q u e n c e . The 
b ro k e n  l i n e s  mark th e  s t e a d y - s t a t e  t e n s i o n  l e v e l  a t  each  pCa on 
t h e  'u p g o in g 1 s e q u en c e .  D e c re a s in g  th e  ca lc iu m  a g a in  (downgoing) 
a s  i n  t h e  f i r s t  sequence y ie ld e d  t h e  same t e n s i o n  l e v e l s  a s  t h e  
f i r s t  (dow ngoing). Both o f  th e  downgoing s e q u e n c ie s  t e n s i o n  
l e v e l s  a r e  c l e a r l y  above th e  'u p g o in g ' s e q u e n c ie s  t e n s i o n  l e v e l s ,  
a s  i n d i c a t e d  by th e  a r r o w s .  The t e n s i o n  was a llow ed  t o  s t a b i l i s e  
a t  e a ch  o f  t h e  t e s t  pCa l e v e l s .  Breaks in  th e  t r a c e  a r e  g f  2 m in. 
The t e s t  [Ca ] a r e  e x p re s se d  as pCa t h a t  i s  - log{C a +] s . l .  
2.2jim, d ia m e te r  130pm.



d e s c r ib e d  in  th e  Methods s e c t i o n .  In  t h i s  exam ple. pK
’ app

in c r e a s e d  from 5*38 t o  5 .50  M \  a 0 .1 2  pCa u n i t  d e c re a s e  in  th e

[Ca^+] r e q u i r e d  f o r  h a l f  maximal a c t i v a t i o n  on th e  downgoing

l im b .  The H i l l  c o e f f i c i e n t  (* h 1) d e c re a sed  from  2 .4  on th e

upgoing  limb t o  1 .8  on t h e  downgoing l im b .

The r e s u l t s  shown in  f i g u r e  1.1 and 1 .2A a r e  t y p i c a l  o f  29 

p r e p a r a t i o n s .  In  a l l  e x p e r im e n ts  t h e  s h i f t  i n  t h e  p C a - te n s io n  

r e l a t i o n s h i p  as  ca lc iu m  was d e c re a s e d  was to  a  h ig h e r  a p p a re n t  

C a - s e n s i t i v i t y  and th e  H i l l  c o e f f i c i e n t  ' h ’ rem ained  c o n s t a n t  o r  

was red u c e d  on th e  downgoing limb o f  th e  h y s t e r e s i s  r e l a t i o n s h i p .  

Where t h e  p C a - te n s io n  r e l a t i o n s h i p  was d e te rm in e d  in  d e t a i l  

(n=12 ) .

t h e  mean pKapp 5 .303+0.116 ( s . d ) ,up —

th e  mean pKapp, 5 .322+ 0 .117 ,^ down -  0 ^ „
S . l .  range  2 .0 -2 .2 u m .

'h 'u p  = 4 .0 5 ± 1 .4 4 ,  __

’h'down = 3 .8 5 ± 1 .4 8 .

Only 12 o f  th e  p C a - te n s io n  r e l a t i o n s h i p s  were used in  t h i s

av e ra g e  as  i n  many ex p e r im en ts  o n ly  a two o r  t h r e e  submaximal

pCas were used t o  evoke t e n s io n :  w h ile  t h i s  a l lo w s  a f a i r

e s t i m a t e  o f  th e  pK t o  be made i t  does n o t  p ro v id e  a r e l i a b l e
app

d e f i n i t i o n  o f  th e  s lo p e  of t h e  H i l l  e q u a t io n .
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F ig u r e  1.2

(A) p C a - te n s io n  r e l a t i o n s h i p  f o r  a r a t  v e n t r i c l e  t r a b e c u l a  
( T r i t o n - t r e a t e d ) .  R e s u l t s  s i m i l a r  t o  th o s e  in  f i g u r e  1.1 a r e  
p l o t t e d .  The a b s c i s s a  i s  pCa, t h e  o r d i n a t e  s t e a d y - s t a t e  f o r c e ,  
w hich h a s  been n o rm a l ise d  t o  C . Peak f o r c e  i s  e q u iv a l e n t  t o  
26.0mg.wt. (=0.6mN a p p ro x im ate ly ^  i n  t h i s  s e q u e n c e .  The a rro w s  on
t h e  c u rv e s  i n d i c a t e  w hether  d a t a  were o b ta in e d  a s  c a lc iu m  was 
b e in g  s te p p e d  up o r  down. In  t h i s  and s u b seq u e n t  f i g u r e s  c u rv e s  
w ere  f i t t e d  a c c o rd in g  t o  th e  H i l l  E q u a t io n  (2) u s in g  th e  b e s t - f i t  
p ro c e d u re  d e s c r ib e d  in  th e  methods s e c t i o n .  pK =5.375 (M“ )
and ’h ’ =2.6 f o r  th e  upward, and 5 .5  and 1.8 th e  downward 
l im bs  r e s p e c t i v e l y ,  s . l .  1.9jmn d ia m e te r  175pm.

(B) Accumulated d a ta  r e p r e s e n t in g  t h e  e x te n t  o f  h y s t e r e s i s  o f  th e  
ty p e  shown in  1.2A. The r a t i o  o f  t h e  t e n s i o n  ach iev ed  i n  th e  
upward (T ) and downward (T . ) d i r e c t i o n  i s  p l o t t e d  on th e  
o r d i n a t e .  ^R o r d e r  t o  s t a n d a r d i s e  t h e  p lo t  f o r  t h e  d i f f e r e n c e s  in  
a b s o l u t e  C a - s e n s i t i v i t y  between i n d iv i d u a l  p r e p a r a t i o n s ,  t h e  
t e n s i o n  r a t i o s  a r e  p lo t t e d  a g a i n s t  a ca lc iu m  s c a l e  ( a b s c i s s a )  
r e p r e s e n t i n g  pCa-pK f o r  th e  i n d iv i d u a l  m uscles  (PKaDD was 
e s t a b l i s h e d ,  by t h l PP e s t  f i t  p roceedu re  d e s c r ib e d  in  c o n ju n c t io n  
w i th  E q u a t io n  2 , f o r  each experim en t  f o r  b o th  t h e  upgoing and 
downgoing c u r v e s ,  th e  l a t t e r  be ing  used  f o r  o b t a in in g  pK s in c e  
i t  i s  a lm os t  i n s e n s i t i v e  t o  s . l .  ( s e e  f i g u r e s  1 . 7 ) .  D a tapfrom 22 
p r e p a r a t i o n s  a r e  r e p r e s e n te d  h e r e .



The accum ula ted  d a t a  from 22 p r e p a r a t i o n s  a r e  p re s e n te d  in

F ig u re  1.2B. The r a t i o  o f  t h e  t e n s i o n s  ach ieved  in  t h e  upgoing

( V  and th e  downgoing (TdQwn) d i r e c t i o n s  a t  a  g iv e n  pCa a r e

p l o t t e d  on th e  o r d i n a t e .  In  o r d e r  t o  s t a n d a r d i s e  th e  p l o t  f o r

d i f f e r e n c e s  i n  t h e  a b s o lu t e  C a - s e n s i t i v i t y  between p r e p a r a t i o n s ,

t h e  t e n s i o n  r a t i o s  were p l o t t e d  a g a in s t  a ca lc ium  s c a l e  ( a b c i s s a )

r e p r e s e n t i n g  t e s t  pCa-pK f o r  each m u sc le .  (pK wasapp K app

e s t a b l i s h e d  by th e  b e s t  f i t  p ro ced u re  in  c o n ju n c t io n  w i th  t h e

H i l l  e q u a t i o n ,  f o r  each ex p e r im en t  f o r  bo th  upward and downward

c u r v e s ,  th e  l a t t e r  b e in g  used  f o r  o b ta in in g  pK a s  i t  i s  a lm o s tapp

i n s e n s i t i v e  t o  s . l .  a s  w i l l  be i l l u s t r a t e d  l a t e r  i n  f i g u r e  1.7)

The cum ulated  d a t a  f a l l  in  a range between ( i )  l i t t l e  o r  no

h y s t e r e s i s ,  where th e  p o s i t i o n s ,  and hence th e  s lo p e s  o f  th e

upgoing  and downgoing c u rv e s  a r e  v e ry  s i m i l a r ,  and ( i i )  g r e a t e r

h y s t e r e s i s  ( se e  i n s e t ) ,  where th e  p o s i t i o n s  and s lo p e s  d i f f e r

a p p r e c i a b l y .  The t h e o r e t i c a l  l i n e s  on th e  main p l o t  a r e  d e r iv e d

from t h i s  exam ple. The lower l i n e  c o rre sp o n d s  t o  s u b s t a n t i a l

h y s t e r e s i s ,  and th e  u p p e r  l i n e  to  th e  absence  o f  h y s t e r e s i s ,

r e s p e c t i v e l y .  The cum ulated  r e s u l t s  f a l l  s a t i s f a c t o r i l y  w i th in

th e  g e n e r a l  a r e a  i n d i c a t e d  by th e s e  e x tre m e s .  This  p l o t  a l s o

c o n f i rm s  t h a t  h y s t e r e s i s  i s  (w i th  one e x c e p t io n )  always in  th e

d i r e c t i o n  T i s  l e s s  th an  o r  e q u a l  t o  a ^ a g iv e n  l e v e l  o f
u. p

[Ca2+] .

-  2 9  -



I s  h y s t e r e s i s  an  e x p e r im e n ta l  a r t e f a c t ?

( i )  C a r ry  ove r  o f  ca lc iu m  from th e  p re v io u s  s o lu t i o n ?

One p o s s i b l e  e x p la n a t io n  of h y s t e r e s i s  would be t h a t  i t  i s  

an a r t e f a c t  due t o  ca lc iu m  c a r r y - o v e r  from th e  p re v io u s  h ig h e r  

c a lc iu m  l e v e l .  However, t h e  t e n s i o n  measurements a r e  made in  t h e  

same s o l u t i o n  chamber on th e  upgoing  and downgoing sequences  a t  a 

g iv e n  pCa. The up-down sequence  i s  r e p e a t a b l e  as se en  in  f i g u r e

1 .1 ,  so  a  c a r r y - o v e r  o f  c a lc iu m  from th e  p re c e e d in g  h ig h e r  [Ca^+] 

can be d isc o u n te d  as  an  e x p la n a t i o n .  The volume t r a n s f e r r e d  from 

b a th  t o  b a th  i s  in  f a c t  v e ry  s m a l l ,  i n  t h e  o r d e r  o f  a few 

n a n o l i t r e s .  In  com b ina tion  w ith  th e  w e l l  s t i r r e d ,  s t r o n g l y  

c a lc iu m  b u f fe r e d  (EGTA 1QmM) s o l u t i o n s  t h i s  p r e c lu d e s  a ca lc iu m  

t r a n s f e r  l a r g e  enough t o  in c r e a s e  t h e  f r e e  ca lc iu m  l e v e l .
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( i i )  Are sa rcom ere  l e n g th  changes a s s o c i a t e d  w i th

h y s t e r e s i s ?

A second p o s s ib l e  e x p la n a t io n  o f  h y s t e r e s i s  would be t h a t  an 

a r t e f a c t  r e s u l t s  from a change in  s . l .  d i s t r i b u t i o n  when th e  

m uscle  c o n t r a c t s .  There a r e  s e v e r a l  r e p o r t s  i n  t h e  l i t e r a t u r e  

t h a t  s . l .  a l t e r s  a p p r e c ia b ly  d u r in g  f o rc e  p ro d u c t io n  u n d e r  

’p r e p a r a t i o n  i s o m e t r i c ’ c o n d i t io n s  (A l le n  & K e n t i s h ,  1985; 

K reuge r  & P o l l a c k ,  1975; K e n t i s h ,  t e r  K e u rs , R i c c i a r d i ,  Bucx & 

N ob le ,  1986). However, i f  any r e d i s t r i b u t i o n  o f  s . l .  was t o  o ccu r  

d u r in g  c o n t r a c t i o n  i t  would most l i k e l y  r e s u l t  in  a  s h o r t e r  s . l .  

i n  t h e  a c t i v e  m u sc le ,  i . e .  on t h e  downgoing c u rv e ,  a s  any damaged 

a r e a s  would be s t r e t c h e d  by th e  f u n c t i o n a l  a r e a s  c o n t r a c t i n g  

( t h i s  has i n  f a c t  been shown by K e n t is h  e t  a l , 1986). This  would 

n o t  r e s u l t  in  h y s t e r e s i s  in  th e  d i r e c t i o n  o b s e rv e d ,  a s  th e  

C a - s e n s i t i v i t y  would be low er  a t  s h o r t  s . l .  (H ibberd  & J e w e l l ,  

1982; K e n t i s h ,  t e r  K e u r s , R i c c i a r d i ,  Bucx & N ob le , 1986). One 

p r e p a r a t i o n  was d e l i b e r a t e l y  damaged c e n t r a l l y  by c ru s h in g  i t  

w i th  f o r c e p s .  This  p r e p a r a t i o n  d i s p la y e d  n e g a t iv e  h y s t e r e s i s  as 

p r e d i c t e d  ( t h a t  i s  l e s s  t e n s i o n  m ain ta ined  a t  each  ca lc iu m  l e v e l  

as th e  m uscle  i s  r e l a x e d ) .

However, i t  was im p o r ta n t  to  d e te rm ine  i f  t h e r e  was a 

r e d i s t r i b u t i o n  o f  s . l .  a s s o c i a te d  w ith  fo rc e  p r o d u c t io n ,  t h a t  i s  

t o  check  i f  t h e  c o n t r a c t i o n s  were ’ i s o m e t r i c ’ . C on tinuous  v id eo  

r e c o r d in g s  o f  sarcom ere  p a t t e r n  as observed  w i th  th e  DIC 

m ic roscope  d u r in g  h y s t e r e t i c  s e q u en c e s ,  were made. These d a t a
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were th e n  s u b je c t e d  t o  com puter—a s s i s t e d  image—a n a l y s i s  u s in g  th e  

M agiscan sy s tem  (Joyce -L oeb l  L td) w i th  t h e  a s s i s t a n c e  o f  Dr V A 

Moss (Moss, M i l l e r  & Lamont, 1986).

A n a ly s is  o f  sa rcom ere  l e n g th  changes by c o m p u te r - a s s i s t e d  

image a n a l y s i s

An a r e a  o f  sa rcom ere  p a t t e r n  was d e f in e d  f o r  a n a l y s i s  w i th

t h e  ru n  o f  sa rco m eres  p e rp e n d ic u la r  t o  th e  t e l e v i s i o n  r a s t e r

l i n e s .  The i n t e n s i t y  o f  th e  p i x e l s  (coded in  64 g re y  to n e s  =_ 6 b i t

r e s o l u t i o n )  were averaged  a c ro s s  th e  w id th  o f  t h i s  a r e a

( t y p i c a l l y  abou t  5 t o  10 r a s t e r  l i n e s )  and e x p re s s e d  f o r  each

p i x e l  a lo n g  i t s  l e n g t h ,  in  t h i s  case  65um, which amounted t o  3%
I See

o f  t h e  l e n g t h  o f  t h e  m u sc le . Sarcomere l e n g th  was e q u iv a l e n t  to  

a b o u t  10-15 p i x e l s  which g iv e s  r e s o l u t i o n  b e t t e r  th an  t h a t  

s t r i c t l y  a v a i l a b l e  from th e  image a t  w aveleng ths  in  th e  v i s i b l e  

s p e c t ru m .  T h is  in fo rm a t io n  was d isp la y e d  a s  a p l o t  o f  i n t e n s i t y  

a g a i n s t  d i s t a n c e  a lo n g  th e  muscle ( f i g u r e  1 .4A ). The program th en  

so u g h t  t h e  i n t e n s i t y  peaks (o r  t r o u g h s ) ,  found t h e i r  mid p o i n t s  

by an  i n t e r p o l a t i n g  a lg o r i th m  and gave th e  v a lu e s  f o r  th'e 

s e p a r a t i o n  o f  t h e s e  m id p o in ts ,  co rre sp o n d in g  t o  t h e  m id d les  of 

t h e  s u c c e s s iv e  I  ( o r  A) bands .  The m id -p o in t  p o s i t i o n s  a r e  

d i s p l a y e d  in  th e  f i g u r e  as a s e r i e s  o f  p o in t s  whose s e p a r a t i o n  

c o r r e s p o n d s  t o  t h e  s . l .  ( v e r t i c a l  s c a l e  in  f i g u r e  1 .4B ) .  With th e  

d i s c r i m i n a t i o n  c r i t e r i a  a d o p te d ,  f a i n t  bands were n o t  d e te c te d  by 

t h e  program  so an i n t e g e r  m u l t ip le  o f  th e  s . l .  r e s u l t s  (a  gap in
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F ig u r e  1 .3

A s c r e e n  dump o f  a  s e c t i o n  o f  r a t  c a r d i a c  m uscle viewed 

th ro u g h  th e  DIC m icso sco p e .  The pa le  bands co rre sp o n d  t o  th e  

A -bands ,  t h e  dark  bands t o  th e  I -b a n d s .  One l a r g e  g r a t i c u l e  

d i v i s i o n  c o r r e s p o n d s  t o  I6.9juni ( s . l .  a p p ro x im a te ly  2 .2pm ),  The 

b l a c k  b lo c k  id s  an a r e a  d i f i n e d  f o r  a n a l y s i s .



sarcom ere

length

tension

[EGTAtoJ  

(mM) 0.2 J
10 -9.0 —

F ig u r e  1.4

C o m p u te r - a s s i s te d  image a n a ly s i s  as  a check on s . l .  d u r in g  
f o r c e  p r o d u c t io n .

(A) I n t e n s i t y  a n a l y s i s  o f  a t y p i c a l  s . l .  p a t t e r n .  The 15 peaks 
r e p r e s e n t  t h e  m id - p o in t s  o f  t h e  I -b a n d s  under  a n a l y s i s ,  t h e  
t ro u g h s  r e p r e s e n t  th e  A -bands. (B) Two s e q u en c ie s  o f  a n a ly s i s  o f  
th e  type shown in  P ane l  A showing s . l .  ( o r d in a te )  a g a in s t  tim e 
( a b s c i s s a ) .  (C) The t e n s i o n  l e v e l s  ach ieved  by th e  muscle under  
a n a l y s i s .



t h e  a r r a y  o f  d o t s ) .  An example i s  i n d i c a t e d  by th e  h o r i z o n t a l  

a rro w s  i n  F ig u re  1.4A and 1.4B. S u c c e ss iv e  a n a ly s e s  over  a p e r io d  

o f  t im e  show any changes i n  s . l . ,  s . l .  d i s t r i b u t i o n ,  o r  any 

d isp la c e m e n t  o v e r a l l ,  w ith  r e s p e c t  t o  t im e .  F ig u re  1.4B shows two 

8 -second  s e c t i o n s  o f  a n a ly s i s  c a r r i e d  o u t  on th e  same sarcom eres  

w h i le  t e n s i o n  was a t  s t e a d y - s t a t e  on th e  upgoing  and downgoing 

p a r t  o f  t h e  h y s t e r e s i s  seq u en c e .

The t e n s i o n  t r a c e  (1.4C) shows t h a t ,  in  t h i s  c a s e ,  T, was7 down

1 .8  t im e s  g r e a t e r  th a n  T a t  pCa 5 .7 5 .  The t e n s i o n  re s p o n s e su p

r e a c h e d  a s t e a d y - s t a t e  l e s s  r a p i d l y  th a n  th o se  in  th e  s ta n d a rd  

e x p e r im e n ta l  chamber due t o  th e  r e l a t i v e l y  slow s o l u t i o n  

e x c h a n g e .

I n s p e c t i o n  o f  1 .4B shows t h a t  t h e r e  i s  l i t t l e  obv ious  

d i f f e r e n c e  i n  s . l .  between th e  'u p g o in g ' and 'downgoing ' 

s e c t i o n s .  A t i n y  l a t e r a l  t r a n s l a t i o n  o f  th e  s e c t i o n  under 

a n a l y s i s  o c c u r r e d ,  am ounting t o  a d isp la c em e n t  o f  abou t 1um in  

15min. T h is  can  be judged r e l a t i v e  t o  th e  e x a c t l y  h o r i z o n t a l  l i n e  

i n  t h e  m idd le  o f  each  p an e l  which co rre sp o n d s  to  th e  p o s i t i o n  of 

a g r a t i c u l e  l i n e  on th e  im age, a g a i n s t  which I -band  c e n t r e s  d r i f t  

upward ( i . e .  a long  th e  m u s c le 's  long  a x i s .  The mean s . l .  (_+ s . d . )  

f o r  t h e  whole o f  th e  sample p e r io d  o f  8 -seconds  ( a t  25 fram es p e r  

second)  was 2 .1 0 + 0 .2 5pn (upgoing) and 2.07+.0.17jim (downgoing). 

T h is  shows t h a t  t h e r e  i s  no s u b s t a n t i a l  s . l .  r e d i s t r i b u t i o n  o r  

a l t e r a t i o n  a s s o c i a t e d  w ith  t h i s  s u b s t a n t i a l  h y s t e r e s i s .
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T ab le  1.1

Image a n a l y s i s  o f  sa rcom ere  l e n g t h  and d i s t r i b u t i o n .

Mean (jim) s.d .(jam) No. o f  r e g io n s  
sampled (#)

R elaxed  s t a t e  2.06 0.21 6
b e f o r e  c o n t r a c t i o n

Upgoing a c t i v a t i o n  2 .07  0 .19  5
a t  pCa=5.75

F u l l  a c t i v a t i o n  Sarcomere p a t t e r n  n o t  s u f f i c i e n t l y
d i s t i n c t  t o  p e rm it  a n a l y s i s

a t  pCa=4.00

Downgoing a c t i v a t i o n  2 .0 2  0 .19  3
a t  pCa=5.75

Relaxed s t a t e  2 .08  0 .2 0  5
a f t e r  c o n t r a c t i o n

(*) Regions were 40-80jum in  l e n g th

The cum ulated  d a ta  from t h i s  a n a ly s i s  a r e  p re s e n te d  in  t a b l e

1 .1 .  Sarcomere l e n g th  and i t s  d i s t r i b u t i o n  were a s s e s s e d  in  a t  

l e a s t  3 l o c a t i o n s  on th e  m usc le .  The r e s u l t s  c o n f i rm ,  a s  t h e  

s i n g l e  a n a l y s i s  a t  one l o c a t i o n  on th e  muscle in  f i g u r e  1.4 

i l l u s t r a t e s ,  t h a t  mean s . l .  and s . l .  d i s t r i b u t i o n  d id  n o t  change 

s i g n i f i c a n t l y  between th e  upgoing and downgoing lim bs o f  th e  

h y s t e r e s i s  lo o p .  The t a b l e  a l s o  in c lu d e s  e s t im a te s  o f  t h e  s . l .  

and d i s t r i b u t i o n  in  th e  r e l a x e d  s t a t e s  b e fo re  and a f t e r  th e  

h y s t e r e s i s  seq u en ce ,  showing t h a t  th e  i s o m e tr ic  c o n d i t io n s  a r e  

w e l l  m a in ta in e d ,  i . e .  t h e r e  i s  no m ajor change in  th e  s . l .  o r  i t s  

d i s t r i b u t i o n  a s s o c i a t e d  w ith  fo rc e  p r o d u c t io n .  The s i g n i f i c a n c e  

o f  t h e s e  o b s e r v a t i o n s , which i s  in  marked c o n t r a s t  t o  o th e r s  in  

t h e  l i t e r a t u r e ,  w i l l  be c o n s id e re d  in  th e  D is c u s s io n  o f  t h i s
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C h a p te r .

( i i i )  I s  h y s t e r e s i s  due t o  l o s s  o f  some d i f f u s i b l e  c e l l u l a r

component?

A t h i r d  p o s s ib l e  e x p la n a t io n  o f  h y s t e r e s i s  would be would be 

t h a t  i t  was due t o  l o s s  of some c e l l u l a r  component when th e  

sarcolem m a i s  d i s r u p te d  o r  rem oved. In  s e v e r a l  p r e p a r a t i o n s  

h y s t e r e s i s  was observed  bo th  when th e  muscle was f i r s t  

s a p o n i n - t r e a t e d  and th e n  su b seq u e n t  t o  T r i t o n - t r e a t m e n t . The 

d e g re e  t o  which th e  c e l l u l a r  membranes were m a in ta in e d  had no 

e f f e c t  on th e  n a tu r e  o r  magnitude o f  th e  h y s t e r e s i s  o b se rv e d .  

T h is  i s  good ev idence  t h a t  th e  phenomenon i s  n o t  due to  l o s s  o f  

l a r g e r  c y to p la sm ic  c o n s t i t u e n t s  s in c e  i t  has been  shown t h a t  

s a p o n i n - t r e a t e d  p r e p a r a t i o n s  r e t a i n  most o f  t h e i r  c y to p la sm ic  

enzymes ( s e e  H a r r is o n  and M i l l e r  1984, H a r r i s o n  1985, F ry  and 

M i l l e r  1985, f o r  d e t a i l s ) .  A d d i t io n a l  ev idence  a g a i n s t  t h i s  

e x p l a n a t i o n  w i l l  be p re s e n te d  in  t h e  d i s c u s s io n .

Use o f  t h e  te rm  'H y s t e r e s i s '

H y s t e r e s i s  i s  d e r iv e d  from th e  Greek ' h y s t e r c i n '  which means 

' t o  come l a t e ' .  I t  i s  g e n e r a l l y  tak e n  to  mean a tim e la g  in  a 

p h y s i c a l  e f f e c t .  The ' h y s t e r e s i s '  d e s c r ib e d  h e re  i s  n o t  a slow 

a p p ro a c h  t o  t h e  same s te a d y  l e v e l  bu t  a  g e n u in e ly  d i f f e r e n t  

s t e a d y - s t a t e .  The h y s t e r e s i s  can be m ain ta ined  f o r  many m in u te s ,  

a s  in  f i g u r e  1 .1 .  When th e  time in  any one s o l u t i o n  was f u r t h e r
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i n c r e a s e d ,  t o  15min in  some c a s e s ,  no d e c re a se  in  th e  m agnitude  

o f  t h e  h y s t e r e s i s  was obse rved  (dete rm ined  as th e  d i f f e r e n c e  i n  

u p g o in g  and downgoing t e n s i o n  a t  a g iven  pC a). T h is  a rg u e s  

a g a i n s t  h y s t e r e s i s  b e in g  a v e ry  slow approach  t o  t h e  same s te a d y  

l e v e l ,  a s  t h e  u s e  o f  t h e  te rm  would s u g g e s t .  The n a tu r e  o f  t h e  

t e n s i o n  developm ent a l s o  su g g e s te d  a g e n u in e ly  d i f f e r e n t  

s t e a d y - s t a t e .  The t e n s i o n  appears  a s y m p to t i c a l l y  t o  app roach  th e  

downgoing t e n s i o n  l e v e l .  There i s  no s u g g e s t io n  o f  a c o n t i n u a l  

downward d r i f t  t o  th e  upgoing  t e n s i o n  l e v e l ,  n o r ,  a c o n t i n u a l  

upward d r i f t  i n  t h e  upgoing t e n s i o n  l e v e l .  I  have c o n t in u e d  t o  

u s e  t h e  te rm  h y s t e r e s i s  s i n c e ,  a l th o u g h  i t  i s  n o t  s t r i c t l y  

a p p r o p r i a t e ,  i t  i s  a l r e a d y  e s t a b l i s h e d  in  th e  l i t e r a t u r e .

P a r t i a l  h y s t e r e s i s

F ig u r e  1.5 i s  a s e c t i o n  from a c o n tin u o u s  t e n s i o n  t r a c e ,  

which shows t h a t  h y s t e r e s i s  i s  o n ly  p a r t i a l l y  r e v e r s e d ,  o r  

in d u c e d ,  when th e  muscle i s  n o t  f u l l y  r e l a x e d , o r  a c t i v a t e d ,  

r e s p e c t i v e l y .  The sm a ll  numbers i n d ic a te d  th e  s o l u t i o n  change 

num ber. In  t h i s  sequence [Ca2+] was r a i s e d  a g a in  a f t e r  t h e  

i n i t i a l  upgo ing  and downgoing sequence w ithou t  f i r s t  r e t u r n i n g  

th e  m usc le  t o  t h e  f u l l y  r e l a x e d  s t a t e  ( s o l u t io n  change ( 8 ) ) .  The 

submaximal t e n s i o n  ach iev ed  in  t h i s  second upgoing e x p o su re  t o  

pCa 5 .05  i s  s i g n i f i c a n t l y  h ig h e r  (arrowed) th an  t h a t  ach ieved  

i n i t i a l l y  ( 3 ) ,  o r  a t  t h e  end o f  th e  sequence (11) which s t a r t e d  

a g a in  from t h e  f u l l y  r e l a x e d  s t a t e .  S i m i l a r ly ,  as th e  l a s t  p a r t  

o f  t h e  t r a c e  shows ( s t e p s  11 t o  14) , when [Ca2+] i s  s tep p ed
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F ig u r e  1.5 

P a r t i a l  h y s t e r e s i s

A t e n s i o n  r e c o rd  from a r a t  v e n t r i c l e  t r a b e c u l a  ( T r i t o n - t r e a t e d ) .  
Breaks in  th e  t r a c e  a r e  o f  4 m in u tes  d u r a t i o n .  The broken l i n e s  
i n d i c a t e  th e  s t e a d y - s t a t e  ten so n  a t  each pCa on th e  i n i t i a l  
upgo ing  c u r v e .  The sm all  numbers i n d i c a t e  th e  s o l u t i o n  exchange 
number. The double arrows i n d i c a t e  where a f u l l  h y s t e r e s i s  i s  
o b s e rv e d .  The s in g l e  arrow s i n d i c a t e  where a p a r t i a l  h y s t e r e s i s  
i s  o bse rved  i . e .  when th e  muscle has n o t  been f u l l y  r e la x e d  o r  
f u l l y  a c t i v a t e d  ( se e  t e x t  f o r  d e t a i l s ) .



downwards a f t e r  submaximal a c t i v a t i o n  ( 1 1 ) ,  t h e  e x t e n t  o f  th e  

h y s t e r e s i s  i s  l e s s  ( s i n g l e  a r ro w s)  th an  when th e  muscle was 

im m e d ia te ly  p r e v i o u s ly  f u l l y  a c t i v a t e d  ( s t e p s  5 t o  8 ) .  Peak f o r c e  

i s  u n a f f e c t e d  by th e  r o u te  w ith  which i t  i s  ap p ro ach ed .  ’ P a r t i a l ’ 

h y s t e r e s i s  o f  t h i s  type  was observed  i n  f o u r t e e n  p r e p a r a t i o n s .

E f f e c t  o f  i n c r e a s i n g  m uscle ca lc iu m  s e n s i t i v i t y

I  was i n t e r e s t e d  t o  t e s t  w hether  an a l t e r a t i o n  in  t h e

C a - s e n s i t i v i t y  o f  t h e  c o n t r a c t i l e  p r o t e i n s  would in f lu e n c e  th e

m agn itude  o f  h y s t e r e s i s .  C a f fe in e  a t  m i l l i m o l a r  l e v e l s  i n c r e a s e s

C a - s e n s i t i v i t y  (Wendt and S tep h en so n ,  1983) an d ,  as  I  s h a l l

r e p o r t  in  c h a p te r s  3 and 4, im id az o le  and c e r t a i n  o t h e r  compounds

have s i m i l a r  e f f e c t s .  F ig u re  1.6 shows th e  r e s u l t s  from t h r e e

s e p a r a t e  runs  in  one experim en t  w ith  im id a z o le .  The

C a - s e n s i t i v i t y  was a l s o  i n c r e a s e d  by v i r t u e  o f  t h e  h ig h e r  pH

employed; 7 .2  in  t h i s  c a s e ,  as opposed t o  7 .0  employed in  most o f

t h e  e x p e r im e n ts .  As can  be s e e n ,  h y s t e r e s i s  i s  s t i l l  p rom inent

and th e  s h i f t  in  s lo p e  and pK a r e  q u a n t i t a t i v e l y  s i m i l a r  t oapp

th o s e  shown e a r l i e r .
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F ig u re  1.6

p C a - te n s io n  r e l a t i o n s h i p s  f o r  a r a t  v e n t r i c l e  t r a b e c u l a  
( s a p o n i n - t r e a t e d ) .  Data from t h r e e  s e p a r a te  runs  on th e  same 
p r e p a r a t i o n  a r e  shown. The s o l u t i o n s  a l l  in c lu d e  25mM im id a z o le ,  
r e p l a c i n g  HEPES. The pH was 7 .2 0  i n s t e a d  o f  th e  7 .0 0  used 
e l s e w h e re .  The v a lu e s  f o r  pK and *h * were 5 .9 8  and 2 .5  f o r  th e  
upgo ing  cu rv e  (c lo s e d  sym bolif^and  6 .15  and 1.9 f o r  the  downgoing 
cu rv e  (open sym bo ls ) ,  s . l .  2.1-2.2jum.



I s  h y s t e r e s i s  fo rc e  dependen t?

Gordon, Ridgway and Martyn (1984) su g g e s te d  from t h e i r  

ex p e r im e n ts  on sk inned  s k e l e t a l  f i b r e s  from b a rn a c le  t h a t  t e n s i o n  

p r o d u c t io n  p e r  se  i n c r e a s e s  t h e  C a - s e n s i t i v i t y ,  i . e .  h y s t e r e s i s  

i s  f o r c e  d e p e n d e n t .  Th is  c o n c lu s io n  might a l s o  be made on th e  

b a s i s  o f  th e  p a r t i a l  h y s t e r e s i s  d e s c r ib e d  above . A d i r e c t  t e s t  o f  

t h i s  h y p o th e s i s  was t o  a l t e r  th e  s . l . .  The p r e d i c t i o n  was t h a t  i f  

h y s t e r e s i s  i s  f o rc e  d ep e n d en t ,  i t  should  be d im in ish e d  a t  low 

s . l .  where a b s o lu t e  f o rc e  p ro d u c t io n  i s  r e d u c e d .

F ig u re  1 .7 shows t r a c e s  o b ta in e d  from a p r e p a r a t i o n  a t  two 

sa rcom ere  l e n g t h s .  The upper  t r a c e  shows th e  re sp o n se  a t  a s . l .  

j u s t  a t ,  o r  above th e  peak o f  t h e  l e n g th  t e n s i o n  c u r v e .  A 

r e l a t i v e l y  sm a l l  h y s t e r e s i s  d e v e lo p s .  The low er t r a c e  shows th e  

r e s p o n s e s  to  th e  same s o l u t i o n s  a t  a s h o r t e r  s . l .  Note t h a t  th e  

t im e^ b ase  i s  f a s t e r  th an  th e  uppe r  t r a c e .  As th e  s . l .  was reduced  

peak t e n s i o n  de c re a sed  by abou t  30%. T h is  was expec ted  from th e  

l e n g t h  t e n s i o n  r e l a t i o n s h i p  (Gordon, Huxley & J u l i a n ,  1966; 

J e w e l l ,  1974). The e x te n t  of  t h e  h y s t e r e s i s  .w a s ,  however, 

s u b s t a n t i a l l y  i n c r e a s e d .  Most s t r i k i n g l y ,  a t  pCa 5 .33  v e ry  l i t t l e  

t e n s i o n  deve lops  a s  [Ca2+] i s  s te p p e d  up , b u t  a h ig h e r  s te a d y  

l e v e l  i s  m a in ta in e d  as  [Ca2+] i s  s te p p e d  down. R e s u l t s  from t h i s  

experim en t  a r e  r e p l o t t e d  as  r e l a t i v e  t e n s i o n s  n o rm a l ise d  t o  th e  

peak ach iev ed  a t  each  s . l .  C o n s id e r  f i r s t  th e  upgoing c u r v e s .  The 

r e d u c t i o n  in  C a - s e n s t i v i t y  a t  th e  low s . l .  can be s e e n .  This 

r e d u c t io n  in  Ca—s e n s i t i v i t y  a t  low er s . l .  has been r e p o r te d  by
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(A) T e ns ion  re sp o n se s  from a r a t  c a r d i a c  v e n t r i c l e  t r a b e c u l a  
( s a p o n i n - t r e a t e d ) .  The u p p e r  t r a c e  was o b ta in e d  a t  a s . l .  o f  
2 . 2 - 2 . 3pm, t h e  low er t r a c e  a t  s . l .  o f  1 . 8 - 1 .9jum. The same 
s o l u t i o n s  were used  f o r  each  o f  th e  s e q u e n c e s .  Gaps in  th e  low er 
t r a c e  a r e  o f  3 m inu tes  d u r a t i o n  t o  co n fi rm  th e  f u l l  e q u i l i b r a t i o n  
o f  t e n s i o n .  (B) The r e s u l t s  from pane l  A a r e  r e p l o t t e d  as  
s t e a d y - s t a t e  f o r c e ,  n o rm alised  w ith  r e s p e c t  t o  maximum t e n s i o n ,  
a t  e a ch  s . l .  Open symbols f o r  s . l .  2.2jum, c lo se d  symbols f o r  s . l .  
1.8jum. The arrow s i n d i c a t e  w hether  ca lc ium  was be ing  s te p p e d  up 
o r  down.



o t h e r  a u th o r s  ( f o r  th e  a scen d in g  limb o f  t h e  l e n g t h - t e n s i o n  

r e l a t i o n s h i p  in  c a r d i a c  m uscle by Hibberd & J e w e l l ,  (1982) and 

K e n t i s h  e t  a l , 1986). However, i t  i s  s t r i k i n g ,  i n  t h i s  exam ple, 

t h a t  t h e  downgoing limb o f  th e  h y s t e r e t i c  r e l a t i o n s h i p  i s  a lm os t  

t h e  same a t  b o th  s . l . s  Thus, t h e  major e f f e c t s  o f  s . l .  on 

C a - s e n s i t i v i t y  (below Z.Zjim) seems t o  be r e s t r i c t e d  t o  t h e  

upgoing  limb o f  t h e  h y s t e r e s i s  r e l a t i o n s h i p .  This  p o i n t  i s  

r e i n f o r c e d  l a t e r .

T ab le  1 .2  p r e s e n t s  th e  pK and H i l l  c o e f f i c i e n t s  f o r  9 andapp

8 p r e p a r a t i o n s  a t  a s . l . s  of l e s s  th a n  2.0^im and a p p ro x im a te ly  

Z.Zjm  r e s p e c t i v e l y .  The d a ta  s u p p o r t  th e  p o i n t  t h a t  t h e  m agnitude 

o f  h y s t e r e s i s  i s  g r e a t e r  a t  low s . l .  The ave rage  s h i f t  in  th e  

p C a - te n s io n  r e l a t i o n s h i p  a t  a s . l .  o f  l e s s  th an  2.0/um was 0 .12  

and o n ly  0 .05  a t  a  s . l .  o f  Z.Zjm,.
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Table  1.2

The in f lu e n c e  o f  sa rcom ere  l e n g t h  on h y s t e r e s i s

Low s a rc o mere l e n g t h .  2.0um o r  l e s s

PK H i l l  c o e f f i c i e n tapp

Expt n o . Up Down D if f e r e n c e Up Down

93 5 .00 5 .18 +0.18 3 .4 2 .8
249 5.16 5.24 +0.08 3 .4 3 .3
250 5.57 5.65 +0 .0 8 3 .6 4 .3
202 5.46 5 .62 +0.16 2 .2 1.3
206 5 .4 2 5.70 +0.28 1.4 1.2
216 5.21 5.30 +0.09 3 .0 2 .5
276 5.21 5.25 +0.04 3 .0 3 .3
279 5.31 5.39 +0.08 4 .3 4 .5
252 5 .2 2 5.28 +0.06 3 .0 2.7

Mean 5 .28 ; 5.40 + 0 .1 2 * 3.0! 2 .8 !
s . d . 0 .17 0 .20 0 .08 0 .8 1.1

Sarcomere l e n g th  a p p ro x im a te ly  2.2pm

pKapp
H i l l  c o e f f i c i e n t

Expt nc>. Up Down D if f e r e n c e  Up Down Di]

93 5 .13 5.20 +0.07 2 .4 2 .4 0
215 5.48 5.54 +0.06 2.6 2 .3 -
247 5 .24 5 .29 +0.05 2 .8 2 .3 -
252 5.24 5.29 +0.05 2 .9 2 .8 -
219 5 .53 5 .62 +0.09 2 .6 2 .6 0
216 5.27 5.32 +0.05 2.7 2 .2 -
276 5 .25 5.28 +0.03 3 .6 3.7 +
279 5.38 5.39 +0.02 4 .5 4 .5 0

Mean 5.31 5.36 + 0 .0 5 * 3.0!- 2 .8 !
s .d 0.14 0.14 0 .02 0.7 0 .8
*= K

yp and Kdown
a re  s i g n i f i c a n t l y  d i f f e r e n t  a t P=0.005

! =not s i g n i f i c a n t l y  d i f f e r e n t
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H y s t e r e s i s  becomes u n d e te c ta b ly  sm a ll  when th e  muscle i s

s t r e t c h e d  beyond a s . l .  o f  2,2pm th o u g h ,  as r e p o r t e d  by o t h e r s ,

C a - s e n s i t i v i t y  c o n t in u e s  t o  i n c r e a s e  ( F a b ia to  & F a b i a t o ,  1978,

M oisescu  & T h ie le c z e k ,  1979). This  i s  i l l u s t r a t e d  in  f i g u r e  1.8

Three  s . l . s  were i n v e s t i g a t e d  in  t h i s  example; one below , one a t

and one above th e  peak o f  th e  l e n g t h - t e n s i o n  r e l a t i o n s h i p .  The

s te a d y  i n c r e a s e  in  C a - s e n s i t i v i t y  i s  e x e m p l if ie d  by th e  i n c r e a s e

in  t h e  a b s o lu t e  f o rc e  l e v e l  in  r e s p o n s e  t o  th e  f i r s t  exposure  t o

a subm axim ally  a c t i v a t i n g  l e v e l  o f  ca lc ium  (pCa 5 .52) in  t r a c e s

A, B & C. Maximum ca lc ium  a c t i v a t e d  f o rc e  r i s e s  between A and B

and th e n  f a l l s  a g a in  in  C as s . l .  i s  in c re a s e d  from 1 .8  t o  2 .2

and th e n  2.3^m. The d i f f e r e n c e  between th e  s t e a d y - s t a t e  t e n s i o n

a c h ie v e d  d u r in g  th e  f i r s t  (upgo ing) and second (downgoing)

exposure  t o  pCa 5.52 in  t r a c e s  A,B and C, i . e .  th e  m agnitude o f

t h e  h y s t e r e s i s ,  f a l l s  t o  z e ro .  This  f i g u r e  r e i n f o r c e s  t h e  p o in t

t h a t  " ab so lu te  f o rc e  does n o t  de te rm ine  the  amount o f  h y s t e r e s i s :

p a n e ls  A and C r e p r e s e n t  s i m i l a r  a b s o lu t e  f o rc e  l e v e l s  w i th

pronounced h y s t e r e s i s  in  A b u t  n o t  in  C. Trace B has th e  h i g h e s t

t e n s i o n  l e v e l  b u t  an in te r m e d ia t e  l e v e l  o f  h y s t e r e s i s .  D ata  f o r

t h i s  expe rim en t  (Prep B) and two l i k e  i t  a r e  p re s e n te d  in  Table

1 .2  a s  pK and H i l l  c o e f f i c i e n t s .  Peak f o r c e  i s  s lo w e r  t o  
app

de v e lo p  a t  low s . l . s  ( se e  f i g u r e s  1 .7A and 1 .8A). At th e  lower 

s . l . s  t h e  f i b r e ' s  C a - s e n s i t i v i t y  i s  r e d u c e d ,  so t h e  same ca lc ium  

s t e p  does  n o t  produce such  a sha rp  r i s e  in  t e n s i o n  as th e  

i n t e r m e d ia t e  ca lc ium  l e v e l s  which th e  muscle e x p e r ie n c e s  w i l l  

p roduce l e s s  r e l a t i v e  t e n s i o n .
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1 min
"I

sarcomere length ~J.8p.rn

5 mg.wt.

sarcomere length ~ 2 .2 p m

sarcomere length ~ 2 .3 p m

pCa >7.0 5.52 * . ~4.0 5.52

F ig u r e  1.8

R ed u c tio n  o f  h y s t e r e s i s  a t  long  s . l . s .  The same sequence  o f  
s o l u t i o n  changes i s  r e p e a te d  on th e  same p r e p a r a t i o n  a t  3 s . l . s ;  
p a n e l  A s . l .~ 1 .8 ju m , pane l  B s .l .~2 .2 jm n and pane l C s . l .~ 2 .3 jum . 
The pCa v a lu e s  a p p ly in g  t o  each  sequence a r e  i n d ic a te d  below th e  
t r a c e s .  The gap in  pane l  A was 1 m inu te .



Table  1.3 H y s t e r e s i s  a t  t h r e e  s . l . s

Sarcomere le n g th  l e s s  t h a n  ? _ ? n m

P r e p . pK up app F ptCappdown & C 'h 'u p 'h 'dow n

A(216) 5.21 5.30 +0.09 2.96 2 .48  -
B(276) 5.21 5.25 +0.04 3 .0 6 3 .2 8  +
C(279) 5.31 5.39 +0.08 4.26 4.46  +
Mean 0 .07

Sarcomere le n g th  a p p ro x im a te ly  2.2um

P r e p . pK up app pK down app £ pk ' h ' u p 'h 'dow n

A(216) 5.27 5.32 +0.05 2.69 2.19
B(276) 5 .25 5.28 +0.03 3.57 3.70  +
C(279) 5 .38 5.39 +0.01 4.49 4.46
Mean 0 . 0 3

Sarcomere l e n g th  g r e a t e r  th an  Z.Zjm

P r e p .  pK up app pK down app ipK 'h 'u p ' h ' down

AC216) 5.36 5.39 +0.03 2.37 1.67
B(276) 5.36 5.37 +0.01 4 .55 4 .3 0
C(279) 5.44 
Mean

5.44 +0.00
0.01

4.56 4.40

As in  th e  example shown in  f i g u r e  1 .8  t h e  m agnitude o f  th e  

h y s t e r e s i s  d e c re a sed  (d e f in e d  as  pKapp^own-pKappu p= & pK) as  th e  

m uscle  was s t r e t c h e d .  The mean s h i f t  in  th e  pKapp was 0.07 pCa 

u n i t s  a t  l e s s  th an  2.2^un, 0 .03  pCa u n i t s  a t  2.2pm, and o n ly  0.01 

a t  g r e a t e r  th a n  2.2pm.
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The d a t a  a l l  show th e  c o n t in u in g  in c r e a s e  in  C a - s e n s i t i v i t y  

w i th  i n c r e a s i n g  s . l .  For example p r e p a r a t i o n  C 's  pKapp
U P

i n c r e a s e d  from  5.31 t o  5 .38 as  th e  p r e p a r a t i o n  was s t r e t c h e d  

2.2pm and from 5 .38  t o  5.*14 a s  i t  was s t r e t c h e d  above t h i s  l e v e l .  

T h is  p r o to c o l  was o n ly  s u c c e s s f u l l y  ach iev ed  w ith  t h r e e  

p r e p a r a t i o n s  a s  s t r e t c h i n g  th e  p r e p a r a t i o n s  beyond a s . l .  o f  

2.2pm f r e q u e n t l y  i r r e v e r s i b l y  damaged th e  p r e p a r a t i o n .  F r e q u e n t ly  

once t h e  p r e p a r a t i o n  hadbe©n s t r e t c h e d  beyond 2,2pm  t h e  t e n s i o n s  

p roduced  were u n s t a b l e ,  th e  d e c l in e  in  peak t e n s i o n  b e in g  g r e a t l y  

a c c e l e r a t e d . O ther  workers have found t h i s  and i t  has  been 

a t t r i b u t e d  t o  a h ig h  i n t e r n a l  c o n n e c t iv e  t i s s u e  c o n te n t  in  

c a r d i a c  m u sc le .

Cumulated r e s u l t s  f o r  th e  e f f e c t  o f  s . l .  on h y s t e r e s i s  a r e

p l o t t e d  in  f i g u r e  1 .9 .  This  f i g u r e  i s  a p l o t  o f  th e  r a t i o  o f

r e l a t i v e  t e n s i o n  (T) a t  th e  2 s . l .  (2.2pm o r  l e s s :  e x p re s se d  as

T , . / T ,  ) ach ieved  on th e  upward (open symbols) and th es h o r t  long

downward ( f i l l e d  c i r c l e s )  p a r t s  o f  sequences o f  [Ca2+] changes

from  6 p r e p a r a t i o n s  (Cumulated r e s u l t s  from 6 p r e p a r a t i o n s  in

which th e  t e n s i o n  was de term ined  by a t  l e a s t  4 [Ca2+] ) .  The f i r s t  

t h r e e  p a n e ls  s c h e m a t i c a l l y  i l l u s t r a t e ,  and th e  s u b s c r i p t  

d e s c r i b e s ,  how th e  va lu e s  p l o t t e d  in  1.9D were c a l c u l a t e d .  A

r a t i o  o f  1 .0 ,  n e a r  which most o f  th e  f i l l e d  symbols a r e

c l u s t e r e d ,  c o rre sp o n d s  t o  no e f f e c t  o f  s . l .  on C a - s e n s i t i v i t y .  

The c o l l e c t e d  r e s u l t s  confirm  t h a t  t h e r e  i s  l i t t l e  o r  no

s i g n i f i c a n t  e f f e c t  o f  s . l .  on th e  C a - s e n s i t i v i t y  o f  th e

downwgoing c u rv e .
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Figure 1.9

D if fe r e n t ia l e f f e c t  o f s . l .  on the C a -s e n s it iv i ty  o f 
saponin- and T riton -treated  ra t card iac trabecu lae on the upgoing 
and downgoing limbs o f h y s ter es is  cu rves. Panels (A),  (B) ,  and
(C) show hypothetical p lo ts  of the h y s te r e s is  pCa-tension  
r e la t io n sh ip s  obtained at two s . l . s .  (A) rep resen ts the raw data  
of ten sion  against pCa; (B) and (C) show the e f fe c t  of 
norm alising to  the maximum ten sio n  response. (B) ,  shows how the  
r e la t iv e  ten sio n  a t  the longer (TlQn(J  and sh orter  (T . , )  s . l . s
were compared to  g ive  values for  the upward a ndt ST fo r  the 
downward lim b s. Actual data are plotted in  panel (D).  The ord inate  
rep resents the r a t io  o f ten sion  achieved a t  each given pCa a t  one 
sh orter  and one longer s . l .  (as ^/T. ) .  The a b sc issa  i s
standardised fo r  the d ifferen ces in abso lu te  calcium  s e n s i t i v i t y  
between ind iv idu a l preparations (but not between s . l .  fo r  a g iven  
preparation) by p lo ttin g  pCa-pK dovnfo r  in d iv id u a l muscles 
(see  f ig u r e  1.2B for d e t a i l s ; .  R esu lts from the upgoing (open 
symbols) and downgoing (c lo sed  symbols) parts o f  the curves can 
therefore  be compared. S . l .  long was ty p ic a lly  2 .1 - 2 .2pm, s . l .  
short was ty p ic a lly  1 .7 -2 .0pm. Cumulated data fo r  6 preparation s.
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The d a t a  show q u i t e  a wide s c a t t e r  which m e r i t s  f u r t h e r  

comment. The r e p r o d u c i b i l i t y  o f  th e  v a lu e s  between s u c c e s s iv e  

d e t e r m i n a t i o n s  o f  t e n s i o n  a t  a g iv en  pCa i s  g e n e r a l l y  good (an  

example i s  p ro v id e d  i n  f i g u r e  1 .6 ) .  The comparison between v a lu e s

Ts h o r t /T long  c l e a r l y h inges  upon such r e p r o d u c i b i l i t y .  I f  i t  i s  

p o s t u l a t e d  t h a t  th e  downward limb o f  th e  h y s t e r e s i s  cu rve  i s  

in d ee d  in d e p e n d e n t  o f  s . l .  th e n  th e  expected  r a t i o  f o r  t h e  c lo s e d  

c i r c l e s  w i l l  be  u n i t y  and any r e a l  d a ta  should  be s c a t t e r e d  abou t

1 .0 .  I n s p e c t io n  o f  1 .9C r e v e a l s  t h a t  even a v e ry  sm a l l  

d i s c r e p a n c y  between th e  downward c u rv e s  a t  th e  two s . l . s  w i l l  

p roduce  a ^ s h o r t ^ l o n g  r a ^^° t h a t  can d i f f e r  s i g n i f i c a n t l y  from

1 .0 .  p a r t i c u l a r l y  a t  lower t e n s io n  l e v e l s  ( h ig h e r  pC a) .  The 

v a lu e s  o b ta in e d  f a l l  b o th  above and below 1.0 b u t ,  g iv e n  th e  

s o u r c e s  o f  d i s c r e p a n c y  no ted  h e r e ,  seem s a t i s f a c t o r i l y  c lo s e  t o

1 .0 .  By c o n t r a s t ,  f o r  th e  upgoing c u rv e ,  C a - s e n s i t i v i t y  i s  

e x p e c te d  t o  f a l l  w ith  red u c in g  s . l .  so  t h a t  Ts hor>t/Tiong  i s  

a lw ays expec ted  t o  be l e s s  t h a t  1 .0 ,  i f  th e  r e d u c t io n  in  s . l .  i s  

s u f f i c i e n t  t o  reduce  th e  C a - s e n s i t i v i t y  a p p r e c ia b ly .  This  i s  th e  

c a se  f o r  th e  c o l l e c t e d  d a t a .
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The Speed o f  developm ent of h y s t e r e s i s

The speed  w ith  which h y s t e r e s i s  deve lops  i s  o b v io u s ly  

im p o r ta n t  in  e s t a b l i s h i n g  th e  p h y s io lo g ic a l  r e le v e n c e  o f  t h e  

phenomenon. The a c t i v a t i o n  sequences d e s c r ib e d  above a r e  

n e c e s s a r i l y  p r o t r a c t e d ;  i t  o f t e n  took s e v e r a l  m inu tes  t o  com p le te  

a  sequence  o f  f o rc e  developm ents and to  be conv inced  t h a t  a  

s t e a d y  t e n s i o n  was ach ieved  a t  each l e v e l . To check t h i s  p o i n t  I  

t r i e d  t o  t a k e  advan tage  o f  th e  f a c t  t h a t  h y s t e r e s i s  can be 

o b se rv e d  in  t h e  s e l e c t i v e l y  skinned p r e p a r a t i o n s .  C a f f e in e  

c o n t r a c t u r e s  can be evoked under c o n d i t io n s  o f  low ca lc iu m  

b u f f e r i n g  c a p a c i t y  in  s a p o n in - t r e a te d  muscle where t h e  SR and 

m i to c h o n d r ia  a r e  f u n c t i o n a l l y  m ain ta ined  (Endo & K itazaw a , 1976; 

H a r r i s o n ,  1986). Tension  peaks w i th in  abou t 1 second and 

dep en d in g  upon th e  c o n d i t i o n s ,  can re a c h  cmax. I t  was in te n d e d  t o  

u se  t h e  c a f f e i n e  c o n t r a c t i o n  t o  produce a l a r g e  t e n s i o n  v e ry  

q u i c k l y  and d u r in g  t h i s  c a f f e in e  c o n t r a c t i o n ,  t o  q u ic k ly  impose 

t h e  t e s t  pCa by th e  ca lc ium  jump tech n iq u e  (A shley & M o ise sc u , 

1977; M i l l e r  1975): t h e  b u f f e r  c a p a c i ty  i s  su d d en ly  r a i s e d  from 

e . g .  0.2mM t o  10mM EGTA, as th e  calcium  le v e l  i s  changed , c a u s in g  

t h e  c a lc iu m  l e v e l  t o  be v e ry  q u ic k ly  clamped th ro u g h o u t  th e  

p r e p a r a t i o n  t o  t h e  new l e v e l .
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F ig u r e  1.10

Rapid developm ent o f  h y s t e r e s i s  a f t e r  a c a f f e i n e  
c o n t r a c t u r e -  m idd le  t r a c e .

A s a p o n i n - t r e a t e d  p r e p a r a t i o n  was e q u i l i b r a t e d  a t  a low 
c o n c e n t r a t i o n  o f  EGTA (0.2mM t o t a l )  to  m inim ise th e  b u f f e r in g  
c a p a c i t y .  At t h e  pCa chosen  (~ 5 .5 )  th e  muscle shows sm a l l  t e n s i o n  
o s c i l l a t i o n s .  A d d i t io n  of c a f f e in e  ( Tomn; induced a r a p id  
t r a n s i e n t  c o n t r a c t u r e .  At peak t e n s i o n ,  t h e  muscle was 
t r a n s f e r r e d  to  a h ig h  b u f f e r - c a p a c i t y  s o l u t i o n  (10mM EGTA). This  
'c la m p s '  t h e  [Ca2+] th ro u g h o u t  th e  p r e p a r a t i o n  r a p i d l y  t o  t h e  s e t  
l e v e l  (pCa 5 .5 2 ) .  The t e n s i o n  l e v e l  a t  s t e a d y - s t a t e  a f t e r  th e  
c a f f e i n e  c o n t r a c t u r e  can now be compared w ith  t h a t  ach ieved  in  
th e  same s o l u t i o n  d u r in g  s ta n d a rd  upgoing (Tup l e v e l  low est t r a c e  
pCa 9 .0  0 t o  pCa 5 .52 )  and downgoing (Tdown l e v e l  from th e  
upperm ost t r a c e  pCa 4 .00  to  pCa 5.52) seq u en ces .  The c a f f e i n e  
c o n t r a c t i o n  o n ly  re a c h e s  about h a l f  maximal t e n s io n  and i s  ve ry  
b r i e f ,  b u t  i s  s u f f i c i e n t  to  induce some h y s t e r e s i s .



I t  seemed t h a t  i f  h y s t e r e s i s  developed w i th in  t h e  v e ry  s h o r t  

t im e  o f  t h e  c a f f e i n e  c o n t r a c t u r e ,  th en  i t  was l i k e l y  t h a t  i t  

co u ld  o c c u r  w i t h in  th e  c e l l  i n  v i v o . This  experim en t  however, 

t u rn e d  o u t  t o  be g r e a t l y  com p lica ted  by th e  s . l .  dependence o f  

t h e  c a f f e i n e  c o n t r a c t u r e  (F a b ia to  & F a b i a t o ,  1975; F a b i a t o ,  

1980) .  To o b t a i n  a l a r g e  h y s t e r e s i s  t h e  s . l .  m ust be low (a s  

shown i n  f i g u r e s ,  1 .7 ,  1 .8 ,  Tab les  1.2 and 1 .3 ) .  However, a s  th e  

s . l .  i s  reduced  th e  m agnitude o f  th e  c a f f e i n e  c o n t r a c t u r e  i s  

g r e a t l y  r e d u c e d .  A g r e a t  d e a l  of  time was in v e s te d  in  a t t e m p t in g  

t o  m aximise t h e  s i z e  o f  th e  c a f f e i n e  c o n t r a c t u r e  a t  low s . l .  (14 

e x p e r im e n t s ) .  The r e s u l t  p re se n te d  h e re  shows the  maximum h e ig h t  

o f  c a f f e i n e  c o n t r a c t u r e  a t t a i n e d  a t  t h i s  low s . l .  T h is  'maximum' 

c o n t r a c t i o n  was ach ieved  by ap p ly in g  th e  c a f f e i n e  from an 

' o s c i l l a t i n g '  s o l u t i o n  ( s e e  methods s e c t i o n  o f  d e t a i l s ) .  This  

ment t h a t  o n ly  a p a r t i a l  a c t i v a t i o n  of th e  muscle cou ld  be 

o b ta in e d  by th e  c a f f e i n e  c o n t r a c t i o n  a t  low s . l . s .  W ith in  th e  

e x p e r im e n ta l  l i m i t a t i o n s ,  however, th e  r e s u l t  i l l u s t r a t e d  in  

f i g u r e  1 .1 0 ,  c on f irm  t h a t  h y s t e r e s i s  w i l l  d e v e lo p  w i th in  abou t  

20s a t  h a l f  maximal a c t i v a t i o n .  The r e s u l t  p ro v id e s  a n o th e r  

example o f  p a r t i a l  h y s t e r e s i s ;  when th e  muscle i s  subm axim ally  

a c t i v a t e d ,  (by  th e  c a f f e in e  c o n t r a c t io n )  as  h e r e ,  th e  h y s t e r e s i s  

r e s u l t i n g  i s  l e s s  th a n  t h a t  a f t e r  f u l l  a c t i v a t i o n  ( C ^ y ) .

-  46 -



D is c u ss io n

N o v e l ty  o f  t h e  phenomenon

H y s t e r e s i s  i s  an a p p a re n t  i n c r e a s e  in  th e  C a - s e n s i t i v i t y  o f

a m usc le  when i t  h a s  im m ed ia te ly  p re v io u s ly  been exposed t o  a

h i g h e r  C a - l e v e l ;  i . e  a  muscle can m a in ta in  a  h ig h e r  t e n s i o n  l e v e l

th a n  th e  g iv e n  C a - le v e l  can evoke de novo . The s u g g e s t io n  t h a t

th e  p C a - te n s io n  r e l a t i o n s h i p  might show h y s t e r e s i s  has  n o t  found

u n i v e r s a l  a c c e p ta n c e .  The p r e s e n t  r e s u l t s  p ro v id e  t h e  f i r s t

p o s i t i v e  ev id e n c e  f o r  th e  phenomenon in  c a rd ia c  m u sc le .  My

f in d i n g  t h a t  th e  m agnitude o f  th e  e f f e c t  i s  g r e a t e s t  a t  s h o r t

s . l . ,  and v i r t u a l l y  a b s e n t  above a s . l .  o f  abou t 2.2um may h e lp

t o  e x p la i n  why i t  has n o t  been more w id e ly  o b s e rv e d .  Some o f  th e

r e p o r t s  make no comment abou t th e  s . l .  employed ( e . g .  Gordon e t

a l ,  1984) and n e g a t iv e  r e p o r t s  have g e n e r a l l y  been o b ta in e d  a t
w

s . l .  g r e a t e r  th a n  2.2jum (P a g a n i ,  Shemin & J u l i a n ,  1986, B ra n d t ,  

G luck , Mini & C e r r i ,  1985, W illiam s & S tephenson , 1983; F a b i a t o ,

1985).
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I s  h y s t e r e s i s  an  e x p e r im e n ta l  a r t e f a c t ?

( i )  Sarcom ere l e n g th  change o r  r e d i s t r i b u t i o n ?

The r e s u l t s  i n  f i g u r e  1.4 c o n fi rm  t h a t  s i g n i f i c a n t  changes 

i n  s . l .  do n o t  o c c u r  in  th e s e  p r e p a r a t i o n s  d u r in g  th e  a c t i v a t i o n  

s e q u e n c e s  and hence can be d ism isse d  as  an e x p la n a t io n  o f  

h y s t e r e s i s .  H y s t e r e s i s  i s  g r e a t e s t  a t  s h o r t  s . l . ,  and a b s e n t  

above a b o u t  2.3]im. T h is  i s  d i f f i c u l t  t o  r e c o n c i l e  w i th  any model 

i n v o lv in g  changes in  th e  s . l .  in  th e  p r e p a r a t i o n  as  a consequence  

o f  f o r c e  p r o d u c t io n .  Any tendency  o f  s . l .  t o  a l t e r  d u r in g  f o rc e

p r o d u c t io n  would be expected  to  r e s u l t  in  s h o r t e r  ave rage  s . l .

(by  s t r e t c h i n g  th e  damaged a r e a s ,  a s  r e p o r te d  by K e n t is h  e t  a l

198 6 ) .  On th e  a sc e n d in g  limb o f  th e  le n g th  t e n s io n  cu rve  (below 

2.2um) w here t h e  g r e a t e s t  h y s t e r e s i s  i s  observed  n e t  s . l .  

r e d u c t i o n  would r e s u l t  in  n e g a t iv e  h y s t e r e s i s :  A f te r  f o rc e

p r o d u c t i o n  undamaged muscle would be a t  a low er  s . l .  an d ,  

t h e r e f o r e ,  l e s s  C a - s e n s i t i v e  (Hibberd & J e w e l l ,  1982). The 

h y s t e r e s i s  obse rved  i s  d i a m e t r i c a l l y  o p p o s i te  t o  t h i s .  I t  a l s o  

f o l lo w s  t h a t  th e  e s t im a te  o f  h y s t e r e s i s  in  t h e  p r e s e n t  

e x p e r im e n ts  i s  an u n d e re s t im a te  as any damage w i l l  tend  t o

d e c r e a s e  t h e  amount o f  h y s t e r e s i s  o b s e rv e d .
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Our o b s e r v a t io n  t h a t  s . l .  and d i s t r i b u t i o n  a r e  n o t  

a p p r e c i a b l y  a l t e r e d  d u r in g  a c t i v a t i o n  s e q u e n c ie s  r e q u i r e s  some 

f u r t h e r  comment a s  many workers have r e p o r te d  a l t e r a t i o n s  in  s . l .  

u n d e r  ' p r e p a r a t i o n  i s o m e t r i c '  c o n d i t io n s  (A lle n  & K e n t is h  1985; 

K ru e g e r  & P o l l a c k ,  1975; J e w e l l ,  1977; W inegrad, 1974; K e n t is h  e t  

a l , 1986). I  b e l i e v e  t h a t  t h e r e  a r e  two f a c t o r s  c o n t r i b u t i n g  t o

t h i s  d i f f e r e n c e .  F i r s t ,  t h e  method o f  mounting th e  p r e p a r a t i o n  

w i th  th e  s n a r e s  shown in  f i g u r e  1B o f  th e  methods s e c t i o n .  With 

t h i s  method th e  f r a c t i o n  o f  th e  muscle l e n g th  which i s  damaged, 

even in  t h e  w o rs t  c a se s  i s  l e s s  th an  1$. Second ly ,  u s in g  l i g h t  

m ic ro s c o p y ,  r a t h e r  th an  l a s e r  d i f f r a c t i o n ,  t o  measure s . l .

r e q u i r e s  no r e j e c t i o n  of  p r e p a r a t io n s  on o p t i c a l  g ro u n d s .  Hibberd 

and J e w e l l  (1982) have r e p o r te d  t h a t ,  i n  t h e i r  s tu d y ,  many

p r e p a r a t i o n s  f a i l e d  to  g ive  r e l i a b l e  l a s e r  d i f f r a c t i o n  p a t t e r n s  

o v e r  t h e  ran g e  o f  t e n s io n s  and s . l .  t h a t  th e y  examined ( 1 .9  t o  

2.5jum). These p r e p a r a t i o n s  were r e j e c t e d  from t h e i r  s tu d y .  

In fo rm a l  comment from o t h e r  workers who use th e  l a s e r  d i f f r a c t i o n  

method s u g g e s t  t h a t  t h i s  approach  i s  w id e sp re a d .  However, no 

p r e p a r a t i o n s  in  t h i s  s tu d y  had to  be r e j e c t e d  on th e s e  g ro u n d s .  

T ra b e c u la e  a lm os t  always show a c l e a r  s . l .  p a t t e r n ,  a t  l e a s t  in  a 

s i g n i f i c a n t  p r o p o r t io n  o f  t h e i r  l e n g th .  However, t h e r e  were o f t e n  

a r e a s  where th e  p a t t e r n  was obscured by s l i g h t  s u r f a c e  damage o r

e n d o t h e l i a l  c e l l s .  These p r e p a r a t i o n s  would presum ably  g iv e

u n s a t i s f a c t o r y  l a s e r  d i f f r a c t i o n  p a t t e r n s .
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I t  i s  a l s o  s t r i k i n g  t h a t  th e  p r e p a r a t i o n s  used by Hibberd  

and J e w e l l  had a s l a c k  l e n g th  o f  1.85-1.9)Jni ( a l s o  th o se  used  by 

D r .K e n t i s h ,  p e r s o n a l  com m unication). I  commonly found s l a c k  

l e n g t h s  o f  1 .7pm w i th  my p r e p a r a t i o n s . This  im p l ie s  t h a t  th e  

p r e p a r a t i o n s  s e l e c t e d  by th o se  u s in g  l a s e r  d i f f r a c t i o n  t o  m easure  

s . l .  may on a v e r a g e ,  have lower compliments o f  c o n n e c t iv e  t i s s u e  

t h a n  th o s e  used  i n  t h i s  s tu d y .  This  s u g g e s t io n  i s  su p p o r te d  by 

t h e  o b s e r v a t io n  on s in g l e  c a rd ia c  myocytes ( r a t )  i s o l a t e d  by th e  

u s e  o f  c o l l a g e n a s e :  t h e  r e s t i n g  s . l .  i s  g e n e r a l l y  1 .9-2.2;im  in  

s u c h  c e l l s  ( F a b ia to  & F a b i a t o ,1975) .

( i i )  Loss o f  some c e l l u l a r  component?

I t  co u ld  be su g g e s te d  t h a t  h y s t e r e s i s  i s  due t o  th e  l o s s  o f

some c e l l u l a r  component when th e  sarcolemma i s  d i s r u p t e d  o r  

rem oved. As I  have r e p o r t e d ,  th e r e  i s  no obvious d i f f e r e n c e  i n  

t h e  m agnitude  o r  n a tu r e  o f  t h e  h y s t e r e s i s  e x h ib i te d  by T r i t o n -  o r  

s a p o n i n - t r e a t e d  p r e p a r a t i o n s .  This  a rg u es  a g a in s t  th e  above b u t  

does  n o t  p r e c lu d e  i t .  However, t h e r e  i s  ev idence  f o r  h y s t e r e s i s  

in  i n t a c t  m u sc le ,  which would a rgue  s t r o n g l y  a g a in s t  h y s t e r e s i s

b e in g  due t o  l o s s  o f  seme c e l l u l a r  component (Gordon e t  a l  1984).

In  b a r n a c le  s i n g l e  muscle f i b r e s  i n je c te d  w ith  a e q u o r in  t o  

m o n i to r  [Ca^+] .  a  long d u r a t i o n  s t im u lu s  under v o l ta g e  clamp 

c o n d i t i o n s  can produce a long d u r a t io n  ca lc ium  t r a n s i e n t  and 

f o r c e  r e c o r d  which b o th  approach  s te a d y  l e v e l s .  When th e  s t im u lu s  

i s  b r i e f l y  e l e v a t e d  to  produce t r a n s i e n t l y  a h ig h e r  f o rc e  l e v e l  

e a r l y  in  t h e  c o n t r a c t i o n ,  t h e  same s t e a d y - s t a t e  ca lc ium  l e v e l  can
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e v e n t u a l l y  m a in ta in  a h ig h e r  s te a d y  f o rc e  i . e .  h y s t e r e s i s  in  th e  

p C a - te n s io n  r e l a t i o n s h i p  of i n t a c t  m usc le .

O v e r a l l  I  conc lude  t h a t  h y s t e r e s i s  i s  a phenomenon w i th o u t  

an  o b v io u s  a r t e f a c t u a l  o r i g i n .  C ard iac  t r a b e c u la e  p rep a re d  w ith

e i t h e r  T r i t o n  o r  sapon in  show h y s t e r e s i s  in  t h e i r  C a - s e n s i t i v i t y .
lose 4

T h e r e f o r e ,  th e  phenomenon i s  n o t  due t o  ^some enzyme o r  o t h e r  

l a r g e  d i f f u s a b l e  e lem ent from th e  cy toplasm  a f t e r  com prehensive 

s k in n i n g  w i th  T r i t o n ,  b u t  r e t a i n e d  in  th e  s a p o n in - t r e a t e d  s t a t e .  

T here  i s  no a p p a re n t  change in  s . l  o r  d i s t r i b u t i o n  a s s o c i a te d  

w i th  i t  and i t  i s  n o t  due t o  ca lc ium  c o n ta m in a t io n  between 

s o l u t i o n s .  Thus, i t  must be a p ro p e r ty  o f  t h e  c o n t r a c t i l e  

m ac h in e ry  and th e  r e g u l a to r y  p r o t e i n s .

"Sarcom ere  l e n g t h  dependence o f  h y s t e r e s i s

T h a t  t h e  C a - s e n s i t i v i t y  o f  muscle i s  s . l .  dependen t i s  w e l l  

e s t a b l i s h e d  f o r  bo th  s k e l e t a l  (Endo, 1972; Endo, 1973) and 

c a r d i a c  m uscle (Hibberd & J e w e l l ,  1982; K e n t i s h ,  t e r  K e u r s , 

N ob le ,  R i c c i a r d i  & Schou ten , 1983). S tandard  measurements o f  

Ca—s e n s i t i v i t y  a r e  made by measuring th e  t e n s io n  ach ieved  in  

r e s p o n s e  e i t h e r  t o  s in g l e  calc ium  s te p s  o r  to  a sequence o f  

i n c r e a s i n g  c a lc ium  c o n c e n t r a t i o n s ,  s t a r t i n g  from th e  f u l l y  

r e l a x e d  s t a t e .  These measurements a r e  e q u iv a le n t  to  th o se  p l o t t e d  

on t h e  upgoing  cu rve  o f  t h e  h y s t e r e s i s  loops  d e s c r ib e d  h e r e .
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I  o b se rv e d  an in c r e a s e  in  th e  ap p a re n t  C a - s e n s i t i v i t y  o f  

p r e p a r a t i o n s  as  t h e i r  s . l .  was in c r e a s e d ,  th e  m agnitude of t h e  

h y s t e r e s i s  c o n c o m i ta n t ly  d e c re a s in g  ( se e  F ig u re  1 .8 ) .  This  

im p l ie d  t h a t  b o th  p r o c e s s e s , h y s t e r e s i s  and th e  le n g th  dependence 

o f  Ca—s e n s i t i v i t y , m ight have a common mechanism. I t  was obse rved  

in  a l l  p r e p a r a t i o n s  examined t h a t  h y s t e r e s i s  was g r e a t e s t  a t  low 

s . l .  and l e a s t  a t  long s . l .

I t  t h u s  seemed w orth  c o n s id e r in g  the  proposed mechanisms f o r  

t h e  le n g th -d e p e n d e n c e  o f  C a - s e n s i t i v i t y  in  an a t te m p t  t o  

e l u c i d a t e  t h e  mechanism o f  h y s t e r e s i s .  U n f o r tu n a te ly ,  a l th o u g h  

t h e  le n g th -d e p e n d e n c e  o f  C a - s e n s i t i v i t y  i s  now an e s t a b l i s h e d  

phenomenon, i t s  mechanism rem ains  o b sc u re .  C u r r e n t ly  t h e r e  i s  

some d e b a te  a s  t o  w hether  th e  m u sc le 's  p h y s ic a l  l e n g th  o r  t h e  

t e n s i o n  i t  p ro d u ces  d e te rm in e s  th e  m y o f i b r i l l a r  C a - s e n s i t i v i t y .

Does f o r c e  m odify  C a - s e n s i t i v i t y ?

The g e n e r a l l y  held  view i s  t h a t  in  c a r d i a c  m uscle 

C a - s e n s i t i v i t y  i s  de te rm ined  p r im a r i ly  by th e  number o f  a t t a c h e d  

c r o s s —b r i d g e s , and th e re fo r©  by te n s io n  developm ent, r a t h e r  than  

by s . l .  i t s e l f  (A llen  and K e n t ish  1985).

A l le n  and K u r ih a ra  (1979, 1982) working on i n t a c t  c a r d i a c  

m u sc le ,  showed th e  a e q u o r in - s ig n a l  l e d , calc ium  t r a n s i e n t  t o  

d e c l i n e  more r a p i d l y  a t  lo n g e r  s . l . s ,  w h ile  th e  d u r a t io n  o f  th e  

t e n s i o n  t r a n s i e n t  i n c r e a s e d .  To ex p la in  t h i s  th e y  proposed t h a t  

t h e  t r o p o n in  b in d in g  c o n s ta n t  in c re ase d  as a f u n c t io n  o f  t e n s i o n
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p r o d u c t i o n .  The f i r s t  o b s e rv a t io n s  of  h y s t e r e s i s  by Gordon e t  a l  

(1984) and Ridgway e t  a l  (1983) was made t o  t e s t  t h i s  p r o p o s a l .  

A l le n  and K u r i h a r a ' s  h y p o th e s is  would p r e d i c t  maximum h y s t e r e s i s  

a t  2.2pm  where t h e  number o f  e f f e c t i v e  c -b s  i s  maximum. However 

t h e  r e s u l t s  p r e s e n t e d  i n  f i g u r e s  1.7 and 1.8 show c l e a r l y  t h a t  

h y s t e r e s i s  i s  g r e a t e s t  a t  low s . l .  when th e  a b s o lu te  fo rc e  i s  

l e a s t .  T ha t  h y s t e r e s i s  i s  n o t  fo rc e -d e p e n d e n t  i s  r e i n f o r c e d  in  

f i g u r e  1 .8  p a n e ls  A and C . A i s  on th e  a scend ing  l in b  o f  t h e  

l e n g t h - t e n s i o n  r e l a t i o n s h i p  C on th e  d e sce n d in g ,  t h e  two f o r c e  

l e v e l s  a r e  a lm os t  equa l  b u t  th e  amount of h y s t e r e s i s  i s  q u i te  

d i f f e r e n t .

The i d e a  t h a t  f o rc e  m o d if ie s  C a - s e n s i t i v i t y  i s  l a r g e l y  based 

on th e  b io c h e m ic a l  work of Bremel and Weber (1972) who showed a 

s u b s t a n t i a l  i n c r e a s e  in  t r o p o n i n ' s  a f f i n i t y  f o r  ca lc ium  when 

myosin h e a d s  a t t a c h  in  r i g o r  l in k a g e s .  However, a more r e c e n t  

s tu d y  by Fuchs and P lanack  (1983) u s in g  f o r c e  p roducing  

( n o n - r i g o r )  c r o s s - b r i d g e s  has shown t h a t  f o r c e ,  u n l ik e  r i g o r ,  

does n o t  i n f l u e n c e  t r o p o n i n ' s  C a-b inding  a f f i n i t y .  The p ro p o sa l  

t h a t  f o r c e  p ro d u c t io n  in c r e a s e s  C a - s e n s i t i v i t y  cannot e x p la in  th e  

i n c r e a s i n g  C a - s e n s i t i v i t y  on th e  descending  limb o f  t h e  le n g th  

t e n s i o n  r e l a t i o n s h i p .  On th e  descending l im b , t e n s io n  i s  

d e c l i n i n g  w h i le  th e  C a - s e n s i t i v i t y  i s  s t i l l  i n c r e a s i n g .  An 

a l t e r n a t i v e  o r  a d d i t i o n a l  mechanism f o r  th e  descend ing  limb o f  

th e  l e n g t h  t e n s i o n  r e l a t i o n s h i p  has to  be p ro p o se d .
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O v e r a l l ,  t h e  c u r r e n t  ev idence  i s  a g a in s t  f o rc e  as t h e  

d e te r m in a n t  o f  C a - s e n s i t i v i t y ,  bo th  in  th e  case  o f  th e  l e n g th  

dependence  o f  C a - s e n s t i v i t y  and h y s t e r e s i s .

Does th e  m u s c l e 's  l e n g th  p e r  se  modify th e  C a - s e n s i t i v i t v ?

In  an  e x te n s iv e  rev iew  of  th e  leng th -dependence  o f  

C a - s e n s i t i v i t y  S tephenson  and Wendt (1984) a rgue  t h a t  th e  

a p p a re n t  i n c r e a s e  i n  C a - s e n s i t i v i t y  i s  a d i r e c t  consequence o f  

t h e  i n c r e a s e  i n  m uscle l e n g th  r a t h e r  than i t s  t e n s io n  p ro d u c t io n .  

T h is  would a l s o  seem t o  be t r u e  of h y s t e r e s i s  as i t  appears  t o  be 

l e n g t h  r a t h e r  th an  t e n s io n  which d i c t a t e s  i t s  m agnitude . Fuchs 

( 1 9 8 4 : •' ) t e s t e d  Wendt and S tep h en so n 's  p ro p o sa l  by d e te rm in in g

t h e  C a -b in d in g  i n  s k e l e t a l  muscle a t  d i f f e r e n t  s . l . s .  The ca lc ium  

s a t u r a t i o n  c u rv e s  were found t o  be independent o f  s . l .  over  th e  

s . l .  ".’ran g e  1 . 6 - 3 .9jum. However, more r e c e n t  ev idence  f o r  c a r d i a c  

m usc le  (Hofmann & F uchs ,  1987) does show an in c re a s e  in  ca lc iu m  

b in d in g  as  s . l .  i n c r e a s e s  from 1.8 t o  2.2jim. The a t t r a c t i o n  o f  

S tep h en so n  & W endt 's  p ro p o sa l  i s  t h a t  i t  p rov ides  a  s in g l e  

mechanism f o r  t h e  i n c r e a s e  in  C a - s e n s i t i v i t y  on bo th  lim bs o f  th e  

l e n g t h  t e n s i o n  r e l a t i o n s h i p  and h y s t e r e s i s .  I f  th e  m uscle  s 

l e n g t h  a f f e c t s  i t s  C a - s e n s i t i v i t y  t h i s  could be r e l a t e d  e i t h e r  t o  

changes  in  th e  o v e r la p  o r  i n t e r n a l  sp ac in g  o f  th e  t h ic k  and t h i n  

f i l a m e n t s .
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( i ) O v e r la p

I t  c o u ld  be p ro p o se d  t h a t  t h e  d e g re e  o f  o v e r l a p  be tw een  t h e  

t h i c k  and t h i n  f i l a m e n t s  d e te r m in e s  Ca—s e n s i t i v i t y .  However, 

C a - s e n s i t i v i t y  i n c r e a s e s  on  t h e  a s c e n d in g  lim b o f  t h e  

l e n g t h - t e n s i o n  r e l a t i o n s h i p  (up t o  a  s . l .  o f  2.2pm) where t h e  

o v e r l a p  i s  c o m p le te ,  s o  a  mechanism based  s im p ly  on changes  in  

o v e r l a p  i s  n o t  c o n v i n c i n g .  On t h e  d e s c e n d in g  limb o f  th e  l e n g t h  

t e n s i o n  r e l a t i o n s h i p ,  C a -b in d in g  s i t e s  move o u t  o f  t h e  r e g i o n  o f  

o v e r l a p  a s  t h e  s . l .  i n c r e a s e  b u t  even h e re  th e  p o s s i b l e  

mechanisms a r e  n o t  s im p l e .  Only  t h o s e  b in d in g  s i t e s  which move 

o u t  o f  t h e  r e g i o n  o f  o v e r l a p  e x p e r i e n c e  a s u b s t a n t i a l  change in  

t h e i r  e l e c t r o s t a t i c  e n v i r o m e n t .  I t  would have t o  be p roposed  t h a t  

t h e  b in d in g  s i t e s  w hich have l e f t  th e  r e g i o n  o f  o v e r l a p  a r e  

e x e r t i n g  l o n g - r a n g e ,  a l l o s t e r i c  e f f e c t s  on th o s e  s i t e s  

c o n t r o l l i n g  t h e  f o r c e - p r o d u c in g  c r o s s - b r i d g e s .  There  i s  some 

s u p p o r t  f o r  t h i s  v iew  a s  t h e  r e g u l a t o r y  p r o t e i n s  on th e  t h i n  

f i l a m e n t  o f  v e r t e b r a t e  s k e l e t a l  m uscle  a r e  th o u g h t  t o  a c t  

c o o p e r a t i v e l y  a s  a  u n i t  w i t h  r e s p e c t  t o  c a lc iu m  a c t i v a t i o n  

(B r a n d t ,  Diamond & S h a c h a t , 1984) .  As w i th  the ' f o r c e -d e p e n d e n t  

scheme, t h i s  mechanism do es  n o t  a c c o u n t  s im p ly  f o r  t h e  i n c r e a s e  

in  C a - s e n s i t i v i t y  on th e  a s c e n d in g  and d e s c e n d in g  l im bs  o f  th e  

l e n g t h - t e n s i o n  r e l a t i o n s h i p .  In  t h e  c a se  o f  h y s t e r e s i s ,  t h e  

changes i n  C a - s e n s i t i v i t y  a r e  c l e a r l y  n o t  a s s o c i a t e d  w i th  changes 

i n  f i l a m e n t  o v e r l a p .  The s . l .  ( t h e  d e te r m in a n t  o f  o v e r l a p )  i s  

c o n s t a n t  as  shown in  f i g u r e  1 .4  w h ile  t h e  C a - s e n s i t i v i t y *  i s
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a l t e r i n g .  O v e r a l l ,  i t  appears  t h a t  o v e r la p  i t s e l f  i s  u n l i k e l y  t o  

be t h e  d e te r m in a n t  o f  C a - s e n s i t i v i t y .

( i i )  L a t t i c e  s p a c in g  ( l . s . )

I t  cou ld  be c o n s id e re d  t h a t  t h e  p ro x im ity  o f  th e  t h i c k  and 

t h i n  f i l a m e n t s  d e te rm in es  t h e  C a - s e n s i t i v i t y .  I n t e r f i l a m e n t  

d i s t a n c e  ( l a t e r a l  sp a c in g )  v a r i e s  a s  a f u n c t i o n  o f  l e n g t h ,  a s  

m uscle  has  a  c o n s ta n t  volume (Huxley, 1953; M atsubara  and Millman 

1974, s e e  f i g u r e  1 .1 1 ) :  As th e  muscle i s  s t r e t c h e d  th e  l . s .

d e c r e a s e s  o v e r  th e  f u l l  range  o f  sarcom ere le n g th s  on th e  

a s c e n d in g  and th e  descend ing  lim bs o f  t h e  l e n g t h - t e n s io n  

r e l a t i o n s h i p .  At p r e s e n t  t h e r e  i s  no d i r e c t  ev idence  f o r  l . s .  

changes  a l t e r i n g  C a-b ind ing  t o  t r o p o n in .  However, th e  d a t a  o f  

Fuchs and P lanack  (1983) would in c lu d e  t h i s  c o n d i t io n  s in c e  as 

th e y ^  changed s . l .  th e y  s im u l ta n e o u s ly  changed l . s .  I d e a l l y ,  

i n fo r m a t io n  abou t  ca lc ium  b ind ing  should be o b ta in e d  when j u s t  

t h e  l . s .  was changed w ith  th e  methodology o f  Fuchs and P la n ac k .  

The u s e  o f  h y p e r to n ic  sh r in k a g e  to  d e c re a se  th e  l . s .  w ith  th e  

m uscle  he ld  a t  a c o n s ta n t  s . l .  would be t h e  s im p le s t  p o s s i b i l i t y .
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F ig u r e  1.11

A f t e r  f i g u r e  1 M atsubara  and Millman (1 9 7 4 ) .  Hexagonal 
l a t t i c e  o f  t h i c k  and t h i n  f i l a m e n t s ,  showing 1,0 a l l  t h i c k  
f i l a m e n t s  and 1,1 p la n e s  two t h i n  f i l a m e n ts  t o  one t h i c k  
f i l a m e n t .

d(1.1)

39.0

38.0

37.0
E
c
o

X)

35.0

34.0

_J
2-62-42-2

S a r c o m e r e  l e n g t h ( p m )

F i g  3 T h e  s p a c in u  o f  the  1,0 la tt ice  p la n e s  (r / j .o)  i'1 re s t in g  p a p i l la t y  m u s c le s  p lo t t e d  a g a in s t  
s a r c o m e r e  l e n g th .  T h e  c u r v e  rep resen ts  a c o n s t a n t - v o l u m c  r e la t io n :  ( s a r c o m e r e  l e n g th )  

( r / , ,0) 2 — 3 .0  x  10h n m 3.



H y s t e r e s i s  and l a t t i c e  sp ac in g

I f  t h e  l e n g t h  dependence o f  C a - s e n s i t i v i t y  and h y s t e r e s i s  

a r e  t o  have a common mechanism cou ld  a c lo s e r  ap p ro x im at io n  o f  

t h e  m y o fi la m en ts  occur  d u r in g  h y s t e r e s i s  se q u e n c e s? .

O b v io u s ly ,  c l o s e r  p ro x im ity  o f  the  f i l a m e n ts  d u r in g  h y s t e r e s i s  

s e q u e n c e s  c a n n o t  be ach ieved  by in c r e a s in g  s . l .  a s  t h e  c o n s ta n c y  

o f  s . l .  and d i s t r i b u t i o n  has  a l r e a d y  been d e te rm in e d .  I  proposed 

t h a t  i t  i s  ach ieved  by f o rc e  developm ent. C lo s in g  down o f  th e  

l a t t i c e  h as  been shown t o  occur  in  skinned s k e l e t a l  muscle when 

i t  i s  a c t i v a t e d  (S h a p i ro ,  Tawada & P odolsky , 1979; M atsubara ,  

Umazume & Y a g i ,  1985). I t  fo l lo w s  from th e  c u r r e n t l y  a c cep ted

model o f  c -b  a c t i o n  t h a t  as t e n s io n  i s  g e n e ra te d  by th e  c -b s

t h e r e  i s  a  r e s u l t a n t  which te n d s  to  draw the  f i l a m e n ts  t o g e t h e r  

a s  w e l l  as  t h e  f u n c t i o n a l l y  more obvious one which p roduces  

s h o r t e n i n g .  Assuming t h a t  th e  l a t t i c e  c lo s e s  down d u r in g  

c o n t r a c t i o n  in  c a r d i a c  m u sc le , we can propose t h a t  th e  c lo s in g  

down produced  by a c t i v a t i o n  w i l l  r e s u l t  in  an in c r e a s e  in  th e  

m u s c l e ' s  C a - s e n s i t i v i t y .  On th e  downgoing limb o f  t h e  h y s t e r e s i s  

s e q u e n c e s  th e  muscle i s  in  a more C a - s e n s i t i v e  s t a t e  as  i t s  

l a t t i c e  i s  compressed r e l a t i v e  t o  th e  re la x e d  s t a t e .  The

a p p l i c a t i o n  o f  a g iven  ca lc ium  on the  downgoing l im b , t h e r e f o r e ,  

r e s u l t i n g  i n  a  h ig h e r  t e n s i o n ,  a s  th e  m y o f ib r i l s  a r e  more

Ca—s e n s i t i v e  a t  th e  o u t s e t .  This mechanism may ap p ear  on f i r s t  

i n s p e c t i o n  t o  be f o rc e  dependen t ,  th e  f o rc e  dependence o f  

h y s t e r e s i s  h av in g  a l r e a d y  been d isc a rd ed  on e x p e r im e n ta l  g ro u n d s .  

However, t h e  amount o f  fo rc e  produced w i l l  n o t  be t h e  .so le  f a c t o r
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d e te r m in in g  t h e  amount o f  com pression  o f  t h e  l a t t i c e ,  t h e  i n i t i a l  

l a t t i c e  s p a c in g  w i l l  a l s o  c o n t r i b u t e .  From f i g u r e  1.1 IB we can 

s e e  t h a t  a t  low s . l .  t h e  l . s .  i s  a t  i t s  g r e a t e s t .  In  t h i s  s t a t e  

t h e r e  i s  t h e  g r e a t e s t  scope f o r  l . s .  com pression .

V a r i a b l i t y  o f  t h e  phenomenon

The m agnitude  o f  th e  h y s t e r e s i s  was q u i t e  v a r i a b l e  ( s e e  

T ab le  1 .2  & F ig u re  1 .9 ) .  Some p r e p a r a t io n s  d i s p la y e d  l a r g e

amounts o f  h y s t e r e s i s ,  o th e r s  v e ry  l i t t l e  a t  t h e  same s . l .  I f  my 

p r o p o s a l  t h a t  h y s t e r e s i s  i s  due to  an a l t e r a t i o n  i n  l . s .  i s  t r u e ,  

an e x p la n a t i o n  o f  t h e  v a r i a b i l i t y  o f  th e  phenomenon a t  a  g iv e n  

s . l .  may be sough t  in  term s o f  th e  amount o f  sw e l l in g  o f  th e  

f i l a m e n t  l a t t i c e  in  th e  i n d iv id u a l  p r e p a r a t i o n s  a f t e r  chem ica l  

s k i n n i n g .  When th e  sarcolemma i s  removed o r  d i s r u p te d  l . s .  

i n c r e a s e s  (Rome, 1967). The occurence o f  and r e a s o n s  f o r ,  t h i s  

s w e l l i n g  w i l l  be d i s c u s s e d  in  th e  n e x t  c h a p te r .  This  r a i s e s  th e  

p o s s i b i l i t y  t h a t  a t  l e a s t  a p a r t  o f  th e  phenomenon i s  a  d i r e c t  

consequence  o f  th e  methodology i . e .  what i s  g e n e r a l l y  termed an 

e x p e r im e n ta l  a r t e f a c t .  The c o n s t r i c t i o n  o f  th e  l a t t i c e  w i th  f o rc e  

p r o d u c t io n  and th e  e f f e c t  o f  s . l .  change a r e  exag g era ted  in  t h e s e  

s w o l le n ,  sk inned  p r e p a r a t i o n s .  However, d a ta  from M atsubara  & 

M illman (1974) as i l l u s t r a t e d  in  f i g u r e  1.11 shows t h a t  l . s .  does 

r ed u c e  w i th  s . l .  i n c r e a s e  in  i n t a c t  c a rd ia c  muscle as  c o n s t a n t  

volume b e h a v io u r  would p r e d i c t .  Skinned f i b r e s  m ight t h e r e f o r e ,  

ten d  t o  e x a g g e ra te  th e  l . s .  changes t h a t  I  have a rg u e d ,  acco u n t  

f o r  t h e  l e n g th  dependence o f , and h y s t e r e s i s  in  th e
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C a - s e n s i t i v i t y  o f  th e  c a rd ia c  c o n t r a c t i l e  p r o t e i n s .

In  t h e  n e x t  c h a p te r  I  w i l l  examine th e  p ro p o sa l  t h a t  f i l a m e n t  

p r o x im i ty  a l t e r s  C a - s e n s i t i v i t y .  I  w i l l  t e s t  th e  h y p o th e s is  t h a t  

t h e  i n c r e a s e d  C a - s e n s i t i v i t y  w ith  in c re a s e d  s . l .  and h y s t e r e s i s  

i s  due  t o  red u ced  l a t t i c e  s p a c in g .
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C hapter  2

Th_e i n f l u e n c e  o f  t o n i c i t y  on i s o m e tr ic  f o r c e  p ro d u c t io n  and

ca lc ium  s e n s i t i v i t y .

I n t r o d u c t i o n

I n  t h i s  c h a p te r  I  have s e t  o u t  t o  i n v e s t i g a t e  w hether  t h e  

p ro x im i ty  o f  th e  t h i c k  and t h in  f i l a m e n ts  can a l t e r  t h e  

C a - s e n s i t i v i t y  o f  t h e  c o n t r a c t i l e  p r o t e i n s .  The p ro p o sa l  i s  t h a t  

as  th e  f i l a m e n t s  a r e  b rought t o g e t h e r ,  t h e i r  a p p a re n t  

C a - s e n s i t i v i t y  i n c r e a s e s .  L a t t i c e  spac ing  changes would o f f e r  a 

s im p le  common mechanism f o r  th e  le n g th  dependence o f , and 

h y s t e r e s i s  i n ,  ' t h e  C a - s e n s i t i v i t y  o f  th e  c o n t r a c t i l e  p r o t e i n s .  

The d e c re a s e d  l . s .  a s s o c i a te d  w ith  in c re a se d  s . l .  would e x p la in  

t h e  l e n g t h  dependence o f  C a - s e n s i t i v i t y ;  t h e  d e c re a sed  l . s .  w i th  

f o r c e  p r o d u c t io n  e x p la in s  h y s t e r e s i s  (S h a p iro ,  Tawada & Podo lsky , 

1979; M a tsu b a ra ,  Goldman & Simmons, 1984).

-  60 -



R e su l ts

S k in n in g  and l a t t i c e  sp a c in g

The s u b j e c t  o f  th e  work in  t h i s  c h a p te r  i s  th e  i n f lu e n c e  o f

l . s .  on C a - s e n s i t i v i t y .  I t  t h e r e f o r e  seemed p e r t i n e n t  t o  

d e te r m in e  how t h e  l . s .  o f  c a rd ia c  muscle changes when th e  muscle 

i s  c h e m ic a l ly  s k in n e d .  I t  i s  w e ll  e s t a b l i s h e d  t h a t  m ec h a n ic a l ly  

o r  c h e m ic a l ly  s k in n in g  s k e l e t a l  muscle f i b r e s  le a v e s  them in  a 

s w o l le n  s t a t e ,  i . e .  t h e i r  l . s .  i s  g r e a t e r  th an  in  v iv o  (Rome, 

1967; Godt & Maughan, 1977; Matsubara & E l l i o t t ,  1972). To 

i n v e s t i g a t e  t h e  e x t e n t  o f  th e  sw e l l in g  induced by c h e m ic a l ly  

s k in n in g  c a r d i a c  muscle t r a b e c u l a e ,  a few p r e p a r a t i o n s  were 

sk in n e d  i n  th e  m icroscope b a th  (F ig u re  1B methods s e c t i o n )  and 

th e  changes  i n  t h e i r  o v e r a l l  d iam ete rs  measured. The t r a b e c u la e  

w ere^ d i s s e c t e d  and mounted under R in g e r 's  s o l u t i o n  ( s e e  Methods 

s e c t i o n  f o r  d e t a i l s  of s o lu t i o n  c o m p o s i t io n ) .  The mounted 

m u s c l e ' s  b a th in g  s o l u t i o n  was changed from Ringer ( I  = 0 .1 67M) to  

'1 0  r e l a x i n g '  s o l u t i o n  ( I  =0.19M), t h i s  produced a sm a l l  ( l e s s  

th a n  5/0 d e c re a s e  in  f i b r e  d ia m e te r .  The chem ical sk in n in g  agen t  

was t h e n  in t ro d u c e d  t o  th e  '1 0  r e l a x in g '  s o l u t i o n .  When s k in n e d ,  

t h e  f i b r e ' s  d ia m e te r  was 5-10$ g r e a t e r  than  t h a t  o f  th e  i n t a c t  

f i b r e  i n  t h e  same s o l u t i o n  ( s . l .  2.2pm). The m agnitude o f  th e  

s w e l l i n g  d id  n o t  appear  t o  be dependent on th e  degree  o f  

s k in n i n g .  A p r e p a r a t i o n  i n i t i a l l y  skinned w ith  sapon in  sw e lled  no 

f u r t h e r  when s u b s e q u e n t ly  exposed to  Triton-X 100 . The degree  of 

s w e l l i n g  a p p eared  t o  be p r e p a r a t i o n  dependent.

-  61 -



What i s  T o n ic i ty ?

I n  sk in n e d  f i b r e s  th e  myofilam ent l a t t i c e  a l lo w s  f r e e  

p a s s a g e  o f  sm a ll  io n s  and m o le c u le s ,  b u t  e x c lu d e s

m o le c u le s  w i th  Mol.W t.>40,000 d a l to n s  ('Godt & Maughan, 1981). The 

b a t h i n g  s o l u t i o n  c a n ,  t h e r e f o r e ,  e x h ib i t  o n ly  t h a t  f r a c t i o n  o f  

i t s  t o t a l  o sm o tic  p r e s s u re  which i s  due t o  m olecules  to o  l a r g e  t o  

e n t e r  t h e  f i l a m e n t  l a t t i c e .  This f r a c t i o n  o f  t h e  t o t a l  osm otic  

p r e s s u r e  o f  a  s o l u t i o n  i s  termed t o n i c i t y . E v id e n t ly ,  t h e r e f o r e ,  

a  s o l u t i o n ’s t o n i c i t y  cannot be p re d ic te d  s o l e l y  from i t s  

c o m p o s i t io n  ( a s  t h e  osmotic p re s s u r e  can) f o r  th e  d i s t i n c t i v e  

p r o p e r t i e s  o f  t h e  l a t t i c e  a r e  a lso  in v o lv e d .  In  f a c t ,  t h e  t o n i c i t y  

o f  t h e  s o l u t i o n s  used h e re  w i l l  even a l t e r  s l i g h t l y  a s  t h e  l a t t i c e  

s h r i n k s .  With th e  shrunken l a t t i c e  th e  s iz e  o f  th e  m olecu les  

e x c lu d e d  d e c r e a s e s ,  so more of  th e  D extran f r a c t i o n  w i l l  a c t  

t o n i c a l l y .  In  t h i s  s tu d y  s o l u t i o n  com position  i s  d e f in e d  o n ly  in  

te rm s  o f  t h e  amount and average m olecu la r  w eight o f  th e  D ex trans  

employed ( s e e  Methods s e c t io n  f o r  d e t a i l s  of th e  s o l u t i o n  

c h e m i s t r y ) . ^
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H y p e r to n ic  s h r in k a g e

F i g u r e  2.1 i s  a d iagram m atic  r e p r e s e n t a t i o n  o f  a c h e m ic a l ly  

o r  m e c h a n ic a l ly  sk inned  m y o f i b r i l .  In th e  s ta n d a rd  s o l u t i o n s  ( se e  

t a b l e  1 on th e  Methods s e c t io n )  th e  osmotic behav iou r  o f  th e  

l a t t i c e  i s  a t t r i b u t a b l e  t o  th e  f ix e d  charges  on th e  p r o t e i n s .  

I o n i c  b a la n c e  and o v e r a l l  charge  ba lance  i s  ach ieved  by th e  

uneven  d i s t r i b u t i o n  o f  th e  mobile K+ and Cl" i o n s .  The f ix e d  

c h a rg e s  on th e  m yofilam ents  a r e  n e t  n e g a t iv e  a t  p h y s io lo g c a l  pH 

( J e n n i s o n  & E l l i o t t ,  1981), r e s u l t i n g  in  a h ig h e r  K+ and a low er 

Cl c o n c e n t r a t i o n  w i th in  th e  l a t t i c e  than  in  t h e  bulk b a th in g  

s o l u t i o n .  (Donnan e f f e c t )

Com pression  o f  th e  f i b r e ,  and th u s  r e d u c t io n  o f  th e  

i n t e r f i l a m e n t  s p a c e ,  can be b rought about by the  a d d i t io n  o f  long 

c h a in  polym ers t o  th e  b a th in g  s o l u t i o n ,  which a r e  too  l a r g e  t o  

e n t e r  t h e  f i l a m e n t  l a t t i c e  i . e .  in c r e a s in g  the  t o n i c i t y  o f  th e  

b a th in g  f l u i d .  E x c lu s io n  o f  t h e s e  l a r g e  polymers c r e a t e s  an 

o sm o tic  g r a d i e n t  a c ro s s  the  m yofilam ent. To r e - a c h ie v e  osm otic  

b a la n c e  w a te r  l e a v e s  th e  f i b r e .  This  r e d u c t io n  in  i n t e r f i l a m e n t a l  

f l u i d  volume r e s u l t s  in  r a d i a l  compression i f  th e  le n g th  o f  th e  

m uscle  i s  he ld  c o n s ta n t  ( i . e .  under  iso m e tr ic  c o n d i t i o n s ) .  Charge 

b a la n c e  i s  r e - a t t a i n e d  by th e  movement o f  th e  mobile K and Cl 

i o n s .  The f ix e d  cha rges  on th e  p r o te in s  rem ain c o n s ta n t  so th e  

same number o f  K+ and C l"  io n s  a r e  r e q u i r e d  f o r  charge  b a la n c e .  

T h is  means t h a t  th e  same amount of the  mobile ions  i s  now in  a 

s m a l l e r  volume, i . e .  a h ig h e r  c o n c e n t r a t io n  o f  bo th  i o n s .  Thus
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F ig u r e  2.1 H ypertonic  sh r in k a g e  o f  skinned muscle f i b r e s .



h y p e r to n i c  sh r in k a g e  tec h n iq u e  a l lo w s  a l t e r a t i o n  o f  t h e  l a t t i c e  

s p a c in g  a t  c o n s ta n t  sarcom ere l e n g th .

We ch o se  t o  use  D extran  (a  l a r g e  polymer) t o  i n c r e a s e  t h e

t o n i c i t y  o f  th e  b a th in g  s o l u t i o n s  as i t  i s  n o t  charged  (which

would in t r o d u c e  io n ic  s t r e n g th  problem s) and i s  b i o l o g i c a l l y  

i n e r t .

H y p e r to n ic  sh r in k a g e  and f i b r e  d ia m e te r

Does i n c r e a s i n g  th e  t o n i c i t y  o f  t h e  s o l u t i o n  b a th in g  a 

s k in n e d  f i b r e  p r e p a r a t i o n  reduce  th e  l . s .  as p r e d i c t e d ? .  We had 

no d i r e c t  method o f  e s t a b l i s h i n g  th e  l . s ,  so  th e  m u s c le 's  

d ia m e te r  ( a s  a s s e s s e d  u s in g  th e  DIC m icroscope)  was used  as a 

gauge o f  l . s .  D ecreases  in  f i b r e  d ia m e te r  were ta k e n  t o  i n d i c a t e  

d e c r e a s e s  in  l . s .  As p r e d i c t e d ,  th e  m u s c le 's  d ia m e te r  de c re a sed  

on th e  i n t r o d u c t i o n  o f  h y p e r to n ic  s o l u t i o n s .  A few p r e p a r a t i o n s  

were mounted and sk inned  in  th e  u s u a l  manner and th e n  moved t o

t h e  chamber i l l u s t r a t e d  i n  f i g u r e  1B o f  t h e  Methods s e c t i o n .  The

o p t i c a l  c h a r a c t e r i s t i c s  of  th e  h y p e r to n ic  s o l u t i o n s  (D extran) d id  

n o t  a l t e r  th e  m a g n i f ic a t io n  o f  th e  p r e p a r a t i o n .  This  was 

d e te rm in e d  by m easuring  the  d iam e te r  o f  one o f  th e  mounting p in s  

i n  t h e  m icroscope  w ith  s ta n d a rd  • s o lu t i o n s  and w ith  h y p e r to n ic  

s o l u t i o n s .  The t o n i c i t y  o f  th e  b a th in g  s o l u t i o n  was a l t e r e d  by 

i n t r o d u c in g  D extran  T500 (M.Wt._500,000) a t  v a r io u s  

c o n c e n t r a t i o n s ,  t o  ' 1 0 - r e l a x i n g '  s o l u t i o n .  The h y p e r to n ic

s o l u t i o n s  produced ra p id  sh rinkage  o f  th e  sk inned  f i b r e ,  most o f
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which o c c u r r e d  w i th in  th e  f i r s t  m inu te ,  w i th  up t o  30 m inu tes  

b e in g  r e q u i r e d  b e fo re  a  s t a b l e  f i b r e  d iam e te r  was a c h ie v e d .  (T h is

r a p id  i n i t i a l  s h r in k a g e  was on a comparable time s c a l e  t o  th e

o n s e t  o f  t h e  e f f e c t  on C a - s e n s i t i v i t y  and peak t e n s io n  a s  we 

s h a l l  s e e  l a t e r ;  f i g u r e  2 .2 )  The sh r in k a g e  ach ieved  w ith  3-5$ 

T500 D e x tra n  b rough t  th e  f i b r e  d ia m e te r  back t o  i t s  p r e - s k in n in g  

d i a m e te r ,  which we assume t o  be c l o s e  t o  i t s  i n  v iv o  d ia m e te r  

(T h is  assum es t h a t  th e  i n t a c t  f i b r e  in  R in g e r 's  s o l u t i o n  was 

c l o s e  t o  in  v iv o  diam eter).

i , L a rg e r  c o n c e n t r a t io n s  o f  D ex tran

f u r t h e r  d e c re a s e d  f i b r e  d ia m e te r ,  t o  as l i t t l e  as  60$ o f  t h e  

p r e s k in n in g  d iam e te r  w ith  20% T500. 10$ T500 D extran  brought t h e  

f i b r e  d ia m e te r  back t o  s l i g h t l y  l e s s  th an  th e  p r e s k in n in g  

d ia m e te r  ( w i th in  5 -1 0 $ ) .  The s m a l le r  T70 D e x tra n ,  had a l e s s e r  

t o n i c  e f f e c t .  I t s  t o n i c i t y  was p r o p o r t io n a l  t o  t h a t  p r e d i c te d

from o u r  knowledge o f  i t s  p o l y d i p e r s i t y  as  w i l l  be d is c u s s e d  in

th e  s e c t i o n  on D extran  p u r i t y .
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 l a t t i ce s p a c in g  a l t e r  ca lc ium  s e n s i t i v i t y ?

Having shown t h a t  h y p e r to n ic  sh r inkage  re d u c e s  th e  f i b r e ’ s 

d i a m e te r  and so  by i m p l i c a t i o n  i t s  l . s . ,  I  s e t  o u t  t o  i n v e s t i g a t e  

t h e  e f f e c t  o f  t h e  f i b r e ’ s l . s .  in  i t s  ap p a re n t  C a - s e n s i t i v i t y .

F i g u r e  2 .2  i l l u s t r a t e s  th e  two main e f f e c t s  o f  h y p e r to n ic  

s h r in k a g e  on th e  sk inned  f i b r e .  The f i g u r e  shows a c o n tin u o u s  

s e c t i o n  o f  t e n s i o n  t r a c e  from a T r i t o n - t r e a t e d  r a t  c a r d i a c  

t r a b e c u l a  w i th  a  s . l .  o f  2.0pm. The f i b r e  was i n i t i a l l y  m axim ally  

a c t i v a t e d  a t  a  pCa o f  4 .00  ( i . e .  10CpM f r e e  c a lc iu m ) .  This

s o l u t i o n  was th e n  sw itched  t o  one w ith  th e  same f r e e  ca lc ium  

c o n c e n t r a t i o n  b u t  w i th  3% ( i . e .  3g /  100ml) T70 D extran  added . The 

h y p e r t o n i c i t y  produced sh r in k a g e  which in c re a s e d  C ^ y by 25$. 

[Ca^+] was th e n  lowered a l lo w in g  th e  muscle t o  r e l a x .  The second 

s e c t i o n  o f  th e  t r a c e  shows th e  e f f e c t  of h y p e r to n ic  s h r in k a g e  a t  

a submaximal l e v e l  o f  a c t i v a t i o n .  The muscle was p a r t i a l l y  

a c t i v a t e d  a t  a  pCa o f  5 .52  ( i . e .  3pM f r e e  c a lc iu m ) ,  a g a in  th e  

m uscle  was moved t o  a  s o l u t i o n  w i th  th e  same ca lc ium  b u t  w i th  a 

h ig h e r  t o n i c i t y .  The t e n s i o n  produced by th e  f i b r e  more th an  

d o u b l e d . T h is  f i g u r e  shows th e  two main e f f e c t s  o f  s h r in k in g  th e  

m yofi lam en t  l a t t i c e :  t h a t  i s  i n c r e a s in g  C a - s e n s i t i v i t y  and .

The e f f e c t  o f  h y p e r to n ic  sh r in k ag e  was de te rm ined  a t  a range  

o f  c a lc iu m  l e v e l s  t o  de te rm ine  th e  p C a - te n s io n  r e l a t i o n s h i p .  

F ig u re  2 .3  shows two p C a - te n s io n  c u r v e s ,  one in  th e  p resence  o f  

3$ T500 D ex tran  ( f i l l e d  c i r c l e s )  and th e  o th e r  i n  th e  p re se n c e  o f  

3$ T9 D e x tra n  (shaded s q u a r e s ) .  Each of th e  t e s t  c o n t r a c t u r e s  was
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F ig u re  2 .2

E f f e c t  o f  t o n i c i t y  on maximal c a lc iu m - a c t iv a te d  f o r c e  and 
C a - s e n s i t i v i t y .

A c o n t in u o u s  s e c t i o n  o f  t e n s io n  t r a c e  from a r a t  c a r d i a c  
t r a b e c u l a  ( T r i t o n - t r e a t e d ) .  I n i t i a l l y  the  ca lc ium  was r a i s e d  t o  a 
l e v e l  p ro d u c in g  maximal ca lc ium  a c t i v a t i o n  (pCa 4 .0 0 ) .  The 
s o l u t i o n  was th e n  r e p la c e d  w ith  a s o lu t io n  o f  th e  same f r e e  
c a lc iu m  b u t  w i th  3% T70 D extran  added. Tension  r o s e .  The muscle 
was th e n  r e l a x e d .  Next th e  muscle was exposed to  a pCa o f  5 .52 
which produced  a p p ro x im a te ly  20% o f  C , a g a in  3% T70 Dextran 
was i n t r o d u c e d ,  th e  t e n s io n  l e v e l  more tlian d o ub led . The D extran  
was th e n  removed ag a in  and th e  te n s io n  f e l l .  P r e p a r a t i o n  d iam e te r  
90jim, s . l .  2 .2 y m.
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F ig u re  2 .3

The p C a - te n s io n  r e l a t i o n s h i p  from a T r i t o n - t r e a t e d  r a t  
c a r d i a c  t r a b e c u l a .  The squa res  in  th e  p resence  o f  3% T9 D e x tra n ,  
t h e  f i l l e d  c i r c l e s  in  th e  p resence  o f  3 i  T500 D ex tran . The pK _ 
and • h 1 were 5.17 and 4 .2  In th e  p resence  o f  3? T9 D extran  and 
5 .2 8  and 3 .8  i n  t h e  p resen ce  o f  3% T500 D ex tran . s . l .  2.2jim.



evoked d i r e c t l y  from th e  r e l a x e d  s t a t e .  The t e n s io n  i s  ex p re sse d

r e l a t i v e  t o  Cmay u n d e r  each  c o n d i t io n .  In  t h i s  example T500

D ex tran  in c r e a s e d  peak f o rc e  by 15$. The c u rv e s  were de te rm ined

w i th  t h e  a p p r o p r i a t e  D ex tran  c o n t in u o u s ly  p r e s e n t  a s  i n t r o d u c t i o n

and rem oval o f  th e  l a r g e  D ex tran  led  t o  f l u c t u a t i o n s  in  th e  f i b r e

d i a m e te r .  The pCa f o r  h a l f  maximal a c t i v a t i o n  (pK ) d e c re a se d
app

by 0.11 pCa u n i t s  and th e  H i l l  c o e f f i c i e n t  d ec reased  by 0 .4  u n i t s

in  t h i s  exam p le .  The sm a l l  D extran  (T9 M ~9,000) was used as  an— 7

check  t h a t  D ex tran  i t s e l f  d id  n o t  a f f e c t  C a - s e n s i t i v i t y ,  and so 

t o  c o n f i rm  t h a t  th e  a c t i o n  o f  th e  l a rg e  m o lecu la r  weight D extran  

was th ro u g h  i t s  t o n i c i t y  e f f e c t .  The T9 D extran  w i l l  r e a d i l y  

p e n e t r a t e  t h e  l a t t i c e  a n d ,  h e n c e ,  i s  w i th o u t  t o n i c i t y  e f f e c t .

D e x tra n  P u r i t y

D e x t ra n s  a r e  h ig h  m o le c u la r  weight polymers o f  

D -g lu co p y ra n o se  s y th e s i s e d  by b a c t e r i a  be longing  t o  th e  f a m i ly  

L a c t o b a c i l l e a e .  N a t iv e  D extran  i s o l a t e d  from th e  c u l t u r e  f i l t r a t e  

i s  e x tr e m e ly  p o l y d i s p e r s e , c o n ta in in g  m olecules of  a l l  s i z e s  from 

o l ig o m e rs  o f  a  few hundred m o le c u la r  weight t o  D ex trans  w ith  

m o le c u la r  w e ig h ts  o f  s e v e r a l  hundred m i l l i o n .  Commercially th e  

n a t i v e  D ex tran  i s  r e p e a t e d l y  f r a c t i o n a t e d  t o  produce narrow and 

w e l l  d e f in e d  m o le c u la r  w eigh t sam ples .
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The a v e ra g e  m o le c u la r  w eight o f  polmers such a s  D extran  i s  

e x p r e s s i b l e  in  s e v e r a l  ways. The number average  m o lecu la r  w e ig h t ,  

M , g iv e n  by:

M In.M.
1 1

n £
i . e .  t h e  r a t i o  o f  th e  t o t a l  weight o f  t h e  sample t o  th e  

number o f  moles o f  m o le c u le s . This  g iv e s  no in fo rm a t io n  abou t th e  

sp re a d  o f  m o le c u la r  w e igh ts  i n  th e  sam ple.

In  t h i s  p a ra m e te r  each  m o le c u la r  s i z e  i s  w eighted a c co rd in g  to  

i t s  w e ig h t  f r a c t i o n  in  the  sam ple.

sam ple : i . e .  M /M =1 f o r  samples where a l l  t h e  m olecu les  have th e  
w n

same m o le c u la r  w e ig h t .

The i n i t i a l  s u p p ly  o f  D extran was o b ta in e d  from The Sigma 

Chemical Company, who p rov ide  o n ly  th e  average  m o lecu la r  w e igh ts  

o f  t h e i r  samples a<3vice ° ^  D r . J .A .R ie g e l  ( se e

R i e g e l ,  1986) I  sw itched  t o  Pharmacia D e x tra n s .  T70 had a =

6 6 ,3 0 0  and a Mn = 36 ,400 , th e  r a t i o  = 1 .82 . T500 had a Mw

The w e ig h t  average  m o lecu la r  w eight (M ) i s  g iv e n  by:w

Mw

i s  u s u a l l y  g r e a t e r  th an  Mr f o r  h e te rogenous  sam p les .  The

r a t i o  M /M g iv e s  an i n d i c a t i o n  o f  th e  h e te r o g e n e i ty  o f  th e  
w n
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=539,000 and a Mn = 197,000, t h e  r a t i o  = 2 .7 3 .

From th e  p l o t s  p rov ided  by Pharm acia , of m o lecu la r  w eigh t 

a g a i n s t  w e ig h t  p e rc e n ta g e  we could  e s t im a te  t h a t  30$ by w eigh t o f  

t h e  sample o f  T70 D extran  would have a m o lecu la r  w eight unde r  

40 ,000  and w ould , t h e r e f o r e ,  n o t  c o n t r i b u t e  t o  t o n i c i t y .  With th e  

T500 D e x t r a n ,  l e s s  th a n  1 p e rc e n ta g e  o f  th e  sample would have a 

m o le c u la r  w e igh t  l e s s  than  40,000 d a l t o n s .  T h e re fo re  o n ly  7056 o f  

t h e  Pharm acia  T70 D ex tran  cou ld  have a t o n i c i t y  e f f e c t ,  even l e s s  

i n  t h e  c a s e  o f  t h e  Sigma T70 D ex tran .

These o b s e rv a t io n s  p rov ide  an e x p la n a t io n  f o r  th e  r e s u l t s  in  

f i g u r e  2 . 4 .  The f i g u r e  shows th e  e f f e c t  o f  n om ina lly  o s m o t i c a l ly  

e q u iv a l e n t  p e rc e n ta g e  c o n c e n t r a t io n s  (w eight/volum e) amounts o f  

T70 and T500 Sigma D e x tra n s .  The T500 Dextran has a  more

pronounced  e f f e c t  moving th e  p C a- tens ion  r e l a t i o n s h i p  by 0 .30 pCa 

u n i t s '  w h i le  th e  T70 moved i t  by on ly  0 .23  pCa u n i t s .  We would 

p r e d i c t  t h a t  c .  1.5% T70 would be about as e f f e c t i v e  as  c .  4$ 

T500 i f  t h e  m yofilam en t l a t t i c e  does f i l t e r  a t  40,000 M.Wt.

As a consequence  of  t h i s  o b se rv a t io n  the  l a t e r  experim en ts

were c a r r i e d  o u t  u s in g  T500 Pharmacia D extran t o  avo id

c o m p l ic a t io n s  w ith  sm all  m o lecu la r  weight D e x t ra n s .
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E f f e c t s  o f  D ex trans  o f  nominal osmotic e q u iv a le n c e .

The e f f e c t  o f  nom ina lly  o s m o t ic a l ly  e q u iv a le n t  amounts o f  
Sigma T500 and T70 Dextran on th e  pC a - te n s io n  r e l a t i o n s h i p  o f  a 
T r i t o n - t r e a t e d  r a t  c a rd ia c  t r a b e c u l a .  The pK and ’ h '  were 4.90 
and 2 .6  ( f i l l e d  c i r c l e s )  in  the  absence o f  S iJc tran ,  5.13 and 2 .2  
in  t h e  p re s e n c e  o f  1 .5% T7 0 Dextran ( f i l l e d  sq u a re s )  and 5 .24  and
1.6 in  t h e  p re se n c e  o f  10% T500 Dextran (open c i r c l e s ) ,  s . l .
1. 8jjm.



— d e g re e — — h y p e r to n ic  sh rinkage  and th e  change in  ca lc ium  

s e n s i t i v i t y .

When f i b r e  d im e te r  was reduced  from t h a t  o f  t h e  sk inned  

sw o l le n  s t a t e  t o  t h a t  p ro b ab ly  a p p ro p r ia te  in  v i v o ,  w i th  3-5$ 

T500 D e x t r a n ,  th e  maximum in c re a s e  in  C a - s e n s i t i v i t y  was 

a c h ie v e d ,  mean=0.08+0.06 ( s . d )  n=5. Cumulated d a t a  a r e  p re s e n te d  

i n  t a b l e  2 . 1 .  I f  f i b r e  d ia m e te r  was f u r t h e r  d e c re a sed  by 10$ T500 

D e x tra n  ( a t  a  s . l .  o f  2 .2jim ), a lm ost no e f f e c t  on th e  a p p a re n t  

C a - s e n s i t i v i t y  was observed  ( se e  f i g u r e  2 . 5 ) .  This  l e v e l  o f  

h y p e r t o n i c i t y  d e c re a s e s  th e  f i b r e ' s  d iam ete r  t o  5-10$ below t h a t  

in  v iv o  a t  2.2pm. At low er s . l .  10$ T500 D extran i n c r e a s e s  th e  

C a - s e n s i t i v i t y  s e e  f i g u r e  2 .4 .  The 3$ T70 which was n a iv e ly

p r e d i c t e d  t o  be 7 tim es as e f f e c t i v e  as  3$ o f  th e  T500 on th e  

g rounds  o f  th e  amount o f  D e x tra n ,  (assuming a l l  o f  th e  T70 

M.Wt.>40,00  d a l t o n s )  was a c t u a l l y  e q u ip o te n t  t o  between 3 and 5$ 

T500 D e x tra n  a s  p r e d i c te d  above . 3$ T70 D extran produced c lo s e  t o  

in  v iv o  d im ensions  in  th e  f i b r e  and a ga in  in c re a se d  th e  

C a - s e n s i t i v i t y  by t h e  g r e a t e s t  amount.
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The e f f e c t  o f  a l a r g e  deg ree  o f  h y p e r to n ic  sh r inkage  on th e  
C a - s e n s i t i v i t y  o f  a r a t  v e n t r i c l e  t r a b e c u la  ( T r i t o n - t r e a t e d ) .  The 
f i l l e d  c i r c l e s  a r e  in  t h e  absence  o f  D ex tran , th e  open c i r c l e s  in  
t h e  p re se n c e  o f  10/6 T500 D ex tran .  S . l .  2 .2p2 ,



Table 2.1

Cumulated d a t a  t he e f f e c t  o f  3% T500 D extran

C o n tro l  3 % T500 Dextran

E x p t . logKapp 'h ' logKapp •h* D e l ta

287 5.100 3 .9 5.137 3.9 0.037
288 5 .248 7 .4 5.284 5.0 0.036
292 5.129 3 .6 5.290 1.8 0.161*
297 5 .169 4 .2 5.289 3.1 0.120*
302 5.455 5 .0 5.485 4.7 0.030

mean+s . d .
5 .220+ 0 .14  5 .30+0.20  0 .080+0.06

Where th o s e  marked * had a s . l .  o f  2.0)im or  l e s s .

The l e n g t h  dependence o f  calc ium  s e n s i t i v i t y  and l a t t i c e  

s p a c i n g .

I t  was i n d i c a t e d  in  th e  d i s c u s s io n  o f  c h a p te r  1 t h a t  th e  

working h y p o th e s i s  f o r  t h i s  s e r i e s  of experim ents  i s  t h a t  l . s .  

p r o v id e s  a mechanism f o r  th e  le n g th  dependence o f  C a - s e n s i t i v i t y  

i . e .  t h a t  a d e c re a s e  in  l . s .  in c re a s e s  th e  C a - s e n s i t i v i t y .  The 

h y p o th e s i s  i s  t h a t  t h e  in c r e a s e  in  C a - s e n s i t i v i t y  produced by 

h y p e r to n i c  sh r in k a g e  should be g r e a t e s t  when muscle s . l .  i s  low, 

i . e .  when t h e  l . s  i s  g r e a t e s t .  To t e s t  t h i s  th e  i n f lu e n c e  o f  

h y p e r to n i c  s h r in k a g e  on C a - s e n s i t i v i t y  was determ ined  a t  two 

s . I s .  W ith t h e  muscle i n i t i a l l y  a t  a r e l a t i v e l y  low s . l . (  2.0jim), 

h y p e r to n ic  s h r in k a g e  in c re a se d  th e  C a - s e n s i t i v i t y  o f  th e  

m y o fi la m en ts  by 0 .1 5  pCa u n i t s  (F ig u re  2.6 pane l  A). The muscle 

was th e n  s t r e t c h e d  t o  a s . l .  of  2.2pm. This  in c re a s e d  th e
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Relative tension
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F ig u r e  2.6

The in f lu e n c e  o f  h y p e r to n ic  sh r in k ag e  on th e  ca lc ium
s e n s i t i v i t y  and l e n g th  dependence of ca lc ium  s e n s i t i v i t y  in
s k in n e d  c a rd a ic  m usc le . Panels  A and E show p C a - te n s io n
r e l a t i o n s h i p s  from a r a t  c a rd ia c  t r a b e c u l a .  In pane l  A th e  s . l .
was 2 .0  urn. A d d i t io n  o f  3% T70 D extran  (open symbols) in c r e a s e d
t h e  C a - s e n s i t i v i t y  (pK from 5.21 to  5 .3 6 ,  ' h 1 from 3.7 6 to
2 .27 )  in  a manner s i m i l a r P£o t h a t  produced by th e
s . l .  In  p a n e l  B th e  s . l .  was in c re a se d  t o  2.2pm
D e x tra n  produced a much s h i f t  in  the  p C a- ten s io n
(pK from 5 .30  t o  5 .3 8 ,  !h ' from 1.81 t o  1.72) 

app

i n c r e a s e  in  
. A d d i t io n  o f  
r e l a t i o n s h i p



C a - s e n s i t i v i t y  o f  t h e  p r e p a r a t i o n  by 0.09 pCa u n i t s  and in c re a s e d  

th e  peak t e n s i o n  by 25^ i n  th e  absence o f  D e x tra n .  The s h i f t  i n  

t h e  pCa f o r  h a l f  maximal a c t i v a t i o n  of  the  m usc le ,  i s  th e  l e n g th  

dependence  o f  C a - s e n s i t i v i t y  (Endo, 1972, 1973; Hibberd & J e w e l l ,  

1982 ) ,  As p r e d i c t e d , a t  t h i s  s . l .  th e  h y p e r to n ic  s h r in k a g e  

i n c r e a s e d  t h e  C a - s e n s i t i v i t y  l e s s  (by on ly  0 .08  pCa u n i t s )  th an  

a t  t h e  s h o r t e r  s . l .  The reduced  e f f e c t  of h y p e r to n ic  sh r in k a g e  on 

t h e  C a - s e n s i t i v i t y  a t  a s . l .  o f  2.2pm i s  i l l u s t r a t e d  in  f i g u r e  

2 .5  p a n e l  B. The p C a - te n s io n  r e l a t i o n s h i p  a t  2.0pm in  th e  absence  

o f  D e x tra n  i s  i n d i c a t e d  by th e  dashed l i n e  in  pane l  B.

The l e n g t h  dependence  o f  l a t t i c e  sh rinkage

I f ,  as  p ro p o se d ,  l . s .  i s  a d e te rm in a n t  of muscle

C a - s e n s i t i v i t y ,  th e n  l a t t i c e  sh rinkage  a t  a low s . I s  would be

g r e a t e r  th a n  a t  t h e  lo n g e r  s .  1 . ( 2 . 2pm) as  th e  change in

C a - s e n s i t i v i t y  i s  g r e a t e s t  t h e r e  ( s e e  F ig u re  2 . 6 ) .

I  examined th e  changes in  the  d iam e te r  produced by 

h y p e r to n i c  s h r in k a g e  a t  two s . l  in  one m uscle . Using th e  DIC 

m ic r o s c o p e .  At a s . l .  o f  2.2pm th e  muscle examined had an average  

d i a m e te r  o f  190pm. A d d i t io n  o f  2.5$ T500 D extran  t o  th e

' 1 0 - r e l a x i n g ’ s o l u t i o n  caused th e  m usc le ’s average  d iam e te r  t o  

d e c r e a s e  t o  180pm ( t h a t  i s  by 5.3%).  The muscle was th en  r e l e a s e d  

( a t  t h i s  low er  l e n g th  th e  sarcomere p a t t e r n  was i n d i s t i n c t )  to  a 

s*1 * _ 1 2 . 0pm. The f i b r e  d ia m e te r  in c re a s e d  t o  210pm. In  t h i s

s t a t e ,  a d d i t i o n  o f  2.5% T500 Dextran reduced th e  average  d ia m e te r
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t o  180pm, i . e .  by 14.3%. As p roposed , th e  d ia m e te r  o f  t h e  muscle 

d e c re a s e d  more a t  th e  s h o r t  s . l .  (12 .0pm ). The h y p e r to n ic  

s h r in k a g e  a t  b o th  s . l .  b rought the  f i b r e s  d ia m e te r  to  

a p p r o x im a te ly  t h e  same v a lu e .  This o b s e rv a t io n  i s  w orthy o f  

f u r t h e r  comment. This  o b s e rv a t io n  might have been p r e d i c te d  on 

t h e  b a s i s  o f  r e s u l t s  l i k e  th o se  i l l u s t r a t e d  i n  f i g u r e  2 .6 ,  where 

t h e  C a - s e n s i t i v i t y  in  th e  p resence  of th e  h y p e r to n ic  s o l u t i o n s  

a r e  n e a r l y  i d e n t i c a l  a t  two s . l . s .  I t  seems from f i g u r e s  2 .6  and

1.7 t h a t  l a t t i c e  com pression  by moderate h y p e r to n ic  s h r in k a g e ,  by 

h y s t e r e s i s  o r  by change in  s . l .  t o  a p p rox im ate ly  2.2pm may r e s u l t  

i n  t h e  f i b r e  b e in g  compressed t o  n e a r l y  th e  same l . s ,  and s o ,  

b ro u g h t  t o  t h e  same C a - s e n s i t i v i t y .  The g r e a t e r  in f lu e n c e  o f  

h y p e r t o n i c  s h r in k a g e  a t  low s . l .  i s  a ls o  su g g e s te d  in  t a b l e  2 .1 .  

The e f f e c t  o f  3% T500 D extran on C a - s e n s i t i v i t y  b e in g  g r e a t e s t  in  

t h e  two p r e p a r a t i o n s  a t  low s . l .  (marked w ith  a * ) .

The e f f e c t  o f  h y p e r to n ic  sh r inkage  on peak t e n s io n

As in d i c a t e d  th e  e f f e c t  o f  th e  D extran  i s  n o t  p u r e ly  on th e  

C a - s e n s i t i v i t y  b u t  a l s o  on th e  peak t e n s i o n ,  se e  f i g u r e  2 .2  f o r  

an example o f  t h i s .  This e f f e c t  i s  a l s o  sarcom ere l e n g th  

d e p e n d en t  a s  in d ic a te d  in  f i g u r e  2 .6 .  The e f f e c t  of h y p e r to n ic  

s h r in k a g e  o f  t h e  l a t t i c e  being  g r e a t e s t  a t  low s . l .  e . g .  in  one 

p r e p a r a t i o n  125% a t  2.0pm and 110% a t  2 . 2 p .  The mean e f f e c t  o f  

t h e  3% T500 D ex tran  from th e  f iv e  p r e p a r a t io n s  t a b u la te d  i n  Table

2 .2  was 109.7+8.9$  ( s . d . )  o f  C ^ y in  th e  absence o f  th e  D e x tra n .  

The two a t  low s . l .  e f f e c t s  was 102.3$ and 114 .3$ . However, m
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any e x p e r im e n t  where th e  e f f e c t  on peak t e n s io n  a t  two s . l .  was 

m ea su red ,  t h e  e f f e c t  on peak fo rc e  was always g r e a t e s t  a t  th e  

lo w e r  s .1 .

T ab le  2 .2

Cum ulated d a t a  on t h e  e f f e c t  o f  3% T500 Dextran on Cmax

E x p t . n o .  %C in  t h e  absence o f  D extranmax

287 121.8
288 109.5
292 102.3*
297 114.3*
302 100.0

n=5 , x=109 .7$  and s .d .= 8 .9 $

Where th o s e  marked * had a s ' . . l . o f  2.0jim o r  l e s s
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D isc u ss io n

S k in n in g  and l a t t i c e  s p a c in g

The s w e l l in g  o f  t h e  m yofilam ent l a t t i c e  upon s k in n in g  i s  

w e l l  documented (Rome, 1967; M atsubara & E l l i o t t ,  1972; Godt & 

Maughan, 1977; Brandt & Maughan, 1981; M etznger & Moss, 1987). In  

t h i s  s t u d y  th e  average  f i b r e  d iam e te r  in c re a s e d  by 5 -10$ , 

( I  =0.19M 20°C) . Why should  th e  removal o r  d i s r u p t i o n  o f  t h e  

sarcolem m a produce  sw e l l in g  o f  th e  m y o f ib r i l ? .  I t  seems u n l i k e l y  

t h a t  t h e  membrane e x e r t s  a t r a n s v e r s e  m echanical f o r c e  on th e  

f i l a m e n t  l a t t i c e ,  as th e  sarcolemma i s  concave in  p la c e s  and does 

n o t  lo c k  t a u t  ( B l in k s ,  1965). I t  i s  more l i k e l y  t h a t  th e  

r e s t r a i n i n g  i n f lu e n c e  o f  th e  sarcolemma on th e  f i l a m e n t  l a t t i c e  

i s  by  r e s t r i c t i o n  o f  io n  and c o l l o id  movement between th e  f i b r e  

f l u i d  and th e  b a th in g  f l u i d  . Two mechanisms can be proposed f o r  

t h i s :  ( i )  l o s s  by d i f f u s i o n  o f  some h igh  m o le c u la r  w eigh t

s u b s ta n c e  p r e s e n t  w i th in  th e  f i b r e  wiiich i s  excluded from th e  

m y o f i b r i l ,  t h i s  su b s ta n c e  e x e r t in g  a to n ic  com pressive  f o rc e  on 

th e  m y o f i b r i l ,  ( i i )  change in  th e  io n ic  e n v iro m e n t , w i th in  th e  

l a t t i c e , f o r  example a change in  th e  io n ic  s t r e n g t h  o f  th e  

s a r c o p l a s m . I t  has been proposed t h a t  r e d u c in g  th e  i o n i c  s t r e n g t h  

i n c r e a s e s  th e  e l e c t r o s t a t i c  r e p u l s iv e  fo rc e  between t h e  f i l a m e n ts  

by r e d u c in g  th e  c o u n te r  ions  in  th e  i n t e r f  i la m e n ta l  space 

( E l l i o t t ,  1968), l e a d in g  to  expansion  o f  th e  l a t t i c e .  I t  seems 

u n l i k e l y  t h a t  ou r  s o l u t i o n s  a r e  lower th an  p h y s io lo g ic a l  io n ic  

s t r e n g t h .  I t  would, however, be i n t e r e s t i n g  t o  i n v e s t i g a t e  th e
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e x t e n t  o f  t h e  s w e l l in g  w i th  sk inn ing  a t  a range o f  i o n ie  

s t r e n g t h s .

L a t t i c e  s p a c in g  and ca lc ium  s e n s i t i v i t y

I n  t h e  l a s t  c h a p t e r ,  I  proposed t h a t  a l t e r i n g  th e  l . s .  would 

a l t e r  t h e  C a - s e n s i t i v i t y .  This p roposa l  seems to  have been borne 

o u t  by t h e  r e s u l t s  p r e s e n te d  in  t h i s  c h a p te r .  When th e  l . s .  was 

r e d u c e d  by h y p e r to n ic  sh r in k a g e  th e  muscle e x h ib i te d  a h ig h e r  

a p p a r e n t  C a - s e n s i t i v i t y  ( se e  f i g u r e s  2 .2 ,  2 .3 ,  2 .4 ,  2.6 and Table 

2 . 1 ) .  The len g th -d ep e n d e n c e  o f  th e  change in  C a - s e n s i t i v i t y  w i th  

h y p e r to n i c  s h r in k a g e  (F ig u re  2 .6 )  in  a d d i t i o n  t o  th e

le n g th -d e p e n d e n c e  o f  th e  h y s t e r e s i s  d e sc r ib ed  in  c h a p te r  1 ( s e e  

f i g u r e s  1 .7 ,  1 .8 ,  Tables  1.2 and 1.3) p rov ides  s t r e n g t h  t o  t h e

i n i t i a l  p r o p o s a l  t h a t  l a t t i c e  sp a c in g  changes might p rov ide  a 

common mechanism f o r  th e  leng th -dependence  o f ,  and h y s t e r e s i s  i n ,  

t h e  C a - s e n s i t i v i t y  o f  th e  m yofilam en ts .
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The len g th -d e p e n d e n c e  o f  ca lc ium  s e n s i t i v i t y

As i n d i c a t e d  in  th e  d i s c u s s io n  o f  c h a p te r  1, t h e r e  a r e  two

o p p o s in g  v iew s ab o u t  t h e  mechanism u n d e r ly in g  th e  

le n g th -d e p e n d e n c e  o f  C a - s e n s i t i v i t y .  One view i s  t h a t  th e  fo rc e  

p roduced  by t h e  f i b r e  i n c r e a s e s  th e  C a - s e n s i t i v i t y ,  th e  o t h e r  i s  

t h a t  t h e  l e n g t h  o f  th e  muscle p e r  se  a l t e r s  th e  Ca—s e n s i t i v i t y . 

In  c h a p t e r  1 , I  proposed a u n i fy in g  h y p o th es is  t h a t  both  f a c t o r s  

a l t e r  t h e  C a - s e n s i t i v i t y  by changing l a t t i c e  s p a c in g .  Force  

p r o d u c t io n  and in c r e a s in g  th e  s . l .  red u ce  th e

f i b r e ’ s l . s .  The ev id en ce  s u g g e s ts  t h a t  th e  changes in  

C a - s e n s i t i v i t y  w i th  s . l .  and fo rc e  p ro d u c tio n  ( h y s t e r e s i s )  

o b se rv e d  i n  t h e s e  p r e p a r a t i o n  a r e  due t o  changes in  l . s .  The

le n g th -d e p e n d e n c e  o f  C a - s e n s i t i v i t y  i s  ve ry  s im i la r  in  n a tu r e  t o  

t h e  s h i f t  i n  t h e  p C a - te n s io n  r e l a t i o n s h i p  produced by h y p e r to n ic  

s h r i n k a g e .  In  f a c t ,  h y p e r to n ic  sh rinkage  a b o l i s h e s  th e  e f f e c t  o f  

l e n g t h  change on C a - s e n s i t i v i t y  ( se e  f i g u r e  2 .6 ) .  However, I  f e e l  

t h a t  t h e  e v id e n c e  r e p o r t e d  and reviewed h e re  s u g g e s ts  t h a t  w h ile  

t h e  e x p l a n a t i o n  based  on l . s .  i s  c o r r e c t ,  t h e  l . s .  change may be 

a  phenomenon o f  t h e  sk inned  f i b r e  r a t h e r  than  o f  th e  i n t a c t  c e l l .

I n  t h e s e  e x p e r im e n ts  two f a c t o r s  brought th e  l a t t i c e  sp ac in g  

back n e a r  t o  t h a t  in  l i f e  ( i )  t o n i c i t y  and ( i i )  f o r c e .  That 

t o n i c i t y  does  t h i s  can be i n f e r r e d  from my o b e rv a t io n s  o f  f i b r e  

d ia m e te r  w i th  h y p e r to n ic  s o l u t i o n s .  The s u g g e s t io n  t h a t

f o r c e  b r in g s  t h e  l a t t i c e  back n e a r  t o  in  vivo d im ensions i s  based 

on th e  o b s e r v a t io n  of M atsubara ,  Goldman & Simmon a (198H) t h a t
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t h e  d ( 1 ,0 )  ( s e e  f i g u r e  1 .1 1A which i l l u s t r a t e s  d ( 1 ,0 ) )  sp a c in g  of  

sk in n e d  s k e l e t a l  f i b r e s  i s  r e tu rn e d  to  p h y s io lo g ic a l  d im ensions  

d u r in g  maximal a c t i v a t i o n  ( i . e .  f u l l  a c t i v a t i o n ,  ' downgoing' 

h y s t e r e s i s  c u r v e s ) .

When t h e  l . s .  was r e tu r n e d  to  p h y s io lo g ic a l  s i z e  e i t h e r  by 

t h e  f o r c e  produced by th e  f i b r e  (as  in  h y s t e r e s i s )  o r  by 

i n c r e a s i n g  t h e  t o n i c i t y  o f  th e  s o lu t i o n s  b a th in g  th e  m usc le ,  t h e  

le n g th -d e p e n d e n c e  o f  C a - s e n s i t i v i t y  was g r e a t l y  d im in ished  i f  n o t  

t o t a l l y  a b o l i s h e d  ( s e e  f i g u r e s  1 .7 ,  1.8 and 1.9 and t a b l e s  1.2 

and 1 .3 ^ e . g .  common downgoing h y s t e r e s i s  cu rv es  a t  d i f f e r e n t  s . l .  

and t h e  s m a l l  d i f f e r e n c e  in  C a - s e n s i t i v i t y  a t  1.8 and 2.2pm  s . l .  

when th e  l a t t i c e  i s  compressed by d e x tra n  f i g u r e  2 . 6 ) .  This  

s u g g e s t s  t h a t  t h e  s w o l le n  s t a t e  o f  th e  skinned f i b r e  m yofilam ent 

l a t t i c e  i s  a  c o n t r i b u t a r y  f a c t o r  t o  th e  o c c u rren ce  o f  

len g b h -d ep en d en ce  o f  C a - s e n s i t i v i t y  and h y s t e r e s i s  . The a b i l i t y  

o f  h y p e r to n ic  s h r in k a g e  t o  in c re a s e  th e  ap p a ren t  C a - s e n s i t i v i t y  

a p p e a r s  t o  be due t o  i t s  a b i l i t y  t o  b r in g  th e  l a t t i c e  back t o  

p r e - s k in n i n g  v a lu e s .  G re a te r  deg rees  of

h y p e r to n ic  s h r in k a g e  (which b r in g  th e  l a t t i c e  below p h y s io lo g ic a l  

s i z e )  do n o t  i n c r e a s e  th e  C a - s e n s i t i v i t y  ( se e  f i g u r e  2 .5 ,  and th e  

l a c k  o f  e f f e c t  o f  100mg/ml p o ly v in y lp y r ro l id o n e  M.Wt, 40 ,000 , 

F a b i a t o  & F a b i a t o ,  1978)
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On t h e  o t h e r  h a n d ,  t h e r e  a r e  s e v e r a l  o b s e rv a t io n s  made by 

o t h e r s  on i n t a c t  s k e l e t a l  and c a rd ia c  muscle which su g g e s t  t h a t  

h y s t e r e s i s ,  and t h e  len g th -d ep en d en ce  o f  C a - s e n s i t i v i t y  may n o t  

o c c u r  o n l y  in  sk in n e d  f i b r e s .  For example, th e  f i r s t  o b s e rv a t io n s  

o f  h y s t e r e s i s  w ere  made on i n t a c t  b a rn a c le  f i b r e s  u s in g  a e q u o r in  

t o  a s s e s s  t h e  c a lc iu m  l e v e l ,  th e  muscle producing  a h ig h e r  

t e n s i o n  l e v e l  i f  t h e  muscle had im m edia te ly  p r e v io u s ly  been 

exposed t o  a  h i g h e r  ca lc ium  l e v e l  (Ridgway e t  a l , 1983). There

a r e  o b s e r v a t i o n s  on i n t a c t  c a rd ia c  muscle showing th e  

a e q u o r  i n - s i g n a l  l e d  ca lc iu m  t r a n s i e n t  to  d e c l in e  more r a p i d l y  a t  

l o n g e r  s . l . s ,  w h i le  t h e  d u r a t io n  o f  th e  t e n s io n  t r a n s i e n t  

i n c r e a s e d  (A l le n  & K u r ih a r a ,  1979, 1982) an o b s e rv a t io n  which was 

e x p la in e d  an i n c r e a s e  i n  C a - s e n s i t i v i t y  w ith  in c re a s e d  s . l .

O v e r a l l ,  i t  ap p e a rs  t h a t  l . s .  changes do p rov ide  th e  common 

mechanism f o r  h y s t e r e s i s  i n ,  and th e  le n g th  dependence o f  

C a - s e n s i t i v i t y  in  sk inned  f i b r e s .  However, i t  m is t  be borne in  

mind t h a t  t h a t  t h e s e  phenomenon a r e  a t  th e  ve ry  l e a s t  e x ag g era ted  

in  t h e  sk in n e d  f i b r e .
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P o s s i b l e  Mechanisms f o r  th e  change in  a p p a re n t

C a - s e n s i t i v i t v  w i th  l a t t i c e  sp a c in g .

The s i m p l e s t  i n t e r p r e t a t i o n  o f  th e  in c r e a s e  in  a p p a re n t  

C a - s e n s i t i v i t y  o f  t h e  c o n t r a c t i l e  p r o te in s  i s  t h a t  t h e  a f f i n i t y  

o f  t r o p o n i n  f o r  ca lc ium  i n c r e a s e s .  I t  c o u ld ,  however, be t h a t  

myof i l a m e n t a l  s e p a r a t i o n  a l t e r s  th e  way in  which t h e  s t e p s  a f t e r  

c a lc iu m  b in d in g  a r e  t r a n s m i t t e d  t o  th e  c o n t r a c t i l e  p r o t e i n s .  

U n f o r t u n a t e l y ,  t h e r e  a r e  no r e p o r t s  of changes o f  C a -b ind ing  

a s s o c i a t e d  w i th  h y s t e r e s i s  o r  hy p e r to n ic  sh r in k a g e ;  and no 

c o n c en su s  a s  t o  th e  e f f e c t  o f  s . l .  change ( see  d i s c u s s io n  of 

c h a p t e r  1 ) .  A l t e r n a t i v e l y  f i l a m e n t  spacing  could a f f e c t  t h e  f o rc e  

a t  a n y  g iv e n  C a - le v e l  by a f f e c t i n g  th e  d i s t r i b u t i o n  of c -b s  (by 

c h an g in g  r a t e  c o n s ta n t s  f o r  t r a n s i t i o n s  between s t a t e s )  o r  th e  

f o r c e  produced  by each  c - b ,  so changing th e  a p p a re n t  

C a - s e n s i t i v i t y .  T hese  p o in t s  a r e  c o n s id e red  n e x t .

(A) F o rc e  p e r  c r o s s - b r i d g e  a t  d i f f e r e n t  a n g le s  o f  a t ta c h m e n t

I t  would seem l i k e l y  t h a t  changes in c r o s s - b r id g e  working 

d i s t a n c e  c o u ld  i n f lu e n c e  t h e i r  perform ance. The l . s .  d e c re a s e s  by 

10% a s  t h e  s . l .  i s  in c re a s e d  from 2 .0  to  2.2jim. The c u r r e n t  v iew , 

how ever, i s  t h a t  c -b s  accommodate th ese  changes in  working 

d i s t a n c e  and m a in ta in  c o n s ta n t  fo rc e  p e r  b r idge  over  a wide range  

o f  m uscle  l e n g th s  by d i n t  o f  t h e i r  doub ly-h inged  c o n f i g u r a t io n .  

(H u x ley ,  1965; J u l i a n ,  Moss & S o l l i n s ,  1978)
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F ig u re  2 .7

A p o s s ib l e  a rrangem en t o f  a muscle c ro s s - b r id g e  in  two 

d im e n s io n s ,  drawn a p p ro x im ate ly  t o  s c a l e  a t  a sarcomere l e n g th  of  

2 . i r  (23nm f i l a m e n t  s e p a r a t i o n ) .  The t h in  f i l a m e n t  (upper)  has a  

d ia m e te r  o f  8nm, th e  th ic k  f i l a m e n t  ( low er) has a d iam e te r  o f  

I4nm. Note t h a t  p o i n t  A need no t l i e  m  the  same p lane  a_

f i l a m e n t s .



A s i m p l i s t i c  two d im en s io n a l  model o f  t h e  in f lu e n c e  o f  c -b  

a n g le  on i t s  f o r c e  p ro d u c t io n  i s  shown in  f i g u r e  2 .7 .  Th is  i s  a 

two d im e n s io n a l  model assuming th e  c —b to  be p e rp e n d ic u la r  t o  th e  

p la n e  o f  t h e  a x i s  o f  t h e  f i l a m e n ts  ( t h i s  a s im p l i fy in g  assum ption  

which i s  known t o  be u n t ru e  (S q u i r e ,  1972: Schoenberg, 1980)) .

The a n g le  su b te n d e d  by th e  c -b  t o  th e  (myosin) th ic k  f i l a m e n t  0 

i s  c r i t i c a l  t o  t h e  l o n g i t u d i n a l  f o rc e  e x e r ted  by th e  f i l a m e n t .  

Because o f  t h e  a ssum ption  o m it t in g  th e  az im utha l  a n g le  t h i s  model 

p r o v id e s  an  o v e r e s t im a te  o f  th e  change in  th e  ang le  o f  c-b  

a t t a c h m e n t .  The f o rc e  produced by the  c-b  i s  c o s in e  0 X 

l o n g i t u d i n a l  f o r c e  e x e r te d  a t  th e  t h i n  f i l a m e n t  which w i l l  reduce  

a s  t h e  f i l a m e n t  sp a c in g  g e t s  l a r g e r .

I f  t h e  ran g e  o f  f i l a m e n t  s e p a r a t i o n s  ( t h i c k :  t h in )  i s  15nm 

t o  22nm, u s in g  t h e  model w i th  th e  dimensions shown in  f i g u r e  2.7 

0 w i l l  ran g e  from  4 .89°  t o  12 .77° .  Cos 0 from 0.996 t o  0.975* 

Thus, even a t  t h e  w id e s t  s e p a r a t i o n ,  97.5$ o f  th e  fo rc e  g e n e ra te d

by t h e  c -b  w i l l  a c t  a x i a l l y .  This model p r e d i c t s  very  l i t t l e

change in  f o rc e  o u tp u t  p e r  c -b  w ith  l . s . .  Schoenberg (1980)

m a th e m a t ic a l l y  m odelled  th e  changes in  fo rc e  a t  d i f f e r e n t  l . s .  

u s in g  th e  c u r r e n t  3 d im ensiona l models of c -b  a t tach m en t  and

c o nc luded  t h a t  t h e  s im p le s t  models produce t o t a l  a x i a l  f o rc e s  

which a r e  p r o p o r t i o n a l  t o  th e  number of c -bs  and independent o f  

l . s .  O v e r a l l  i t  a p p e a rs  u n l i k e l y  t h a t  th e  ang le  o f  a t ta ch m e n t  o f  

th e  c -b  w ith  changes  l . s .  a l t e r s  th e  fo rc e  o u tp u t  o f  th e  m usc le . 

S ince  change in  f o rc e  w ith  l . s .  would have p rovided  an 

e x p la n a t io n  o f  th e  i n c r e a s e s  in  peak fo rce  w ith  l . s .  (see  f i g u r e
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2 .2  and t a b l e  2 .2 )  an  o b s e rv a t io n  which o th e rw is e  rem ains  

u n e x p la i n e d .

(B) Number o f  c - b s  a t t a c h e d  a t  d i f f e r e n t  l a t t i c e  sp a c in g s

( i )  Changes in  t h e  number o f  s i t e s  o f  a t ta ch m e n t  w i th  l a t t i c e  

s p a c in g

A second p o s s ib l e  i n f lu e n c e  o f  geometry on f o r c e  p ro d u c t io n  

would be t h a t  th e  f i l a m e n t  s e p a r a t i o n  a l t e r e d  th e  number o f  c -b s  

fo rm ed . S q u ire  (1972) p o in ted  out t h a t  th e  c r o s s - b r id g e s  a t t a c h  

to  a c t i n  s i t e s  lo c a te d  a t  a v a r i e t y  o f  az im u tha l  a n g le s  w ith  

r e s p e c t  t o  th e  p la n e  o f  th e  axes  o f  th e  f i l a m e n ts  as t h e  a x i a l  

and az im u th a l  p e r i o d i c i t y  o f  th e  a c t i n  h e l i x  i s  d i f f e r e n t  from 

t h a t  o f  m yosin . I f  t h e r e  was n o t  some f l e x i b i l i t y  i n  th e  

c r o s s ’- b r id g e s  t o  a t t a c h  to  s i t e s  a t  d i f f e r e n t  a x i a l  and az im u tha l  

p o s i t i o n s ,  v e ry  few c r o s s - b r id g e s  would be a b le  t o  a t t a c h .  S q u i re  

(1 9 7 2 ) ,  sugges ted  t h a t  about 2 /3 rd s  o f  the  c r o s s - b r id g e s  can 

a t t a c h  t o  a c t i n  s i t e s  i f  th e  range o f  az im utha l  l o c a t i o n  o f  s i t e s  

a l lo w in g  a t ta ch m e n t  i s  9 0° .  P o t e n t i a l l y  th e  f o rc e  o u tp u t  o f  a 

m u sc le ,  could  be a f f e c t e d  by th e  l . s .  by changing th e  a n g u la r  

d i s t r i b u t i o n  o f  s i t e  l o c a t io n s  a l lo w in g  c —bs t o  a t t a c h .  I t  might 

a l s o  change th e  o v e r a l l  fo rc e  o r  even the  fo rc e  p e r  c r o s s - b r id g e  

i f  a l l  t h e  az im u th a l  l o c a t io n s  do n o t  behave s i m i l a r l y .
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( i i )  Change in  t h e  number o f  c -b s  a t t a c h e d  a t  d i f f e r e n t  l a t t i c e

s p a c in g s

As m entioned i n  th e  s e c t i o n  on th e  r e l a t i o n s h i p  between 

c a lc iu m  and t e n s i o n ,  Brandt e t  a l  (1982) have proposed t h a t  th e

r e l a t i o n s h i p  between ca lc ium  and t e n s i o n  can be s h i f t e d  to  th e

l e f t  by I n c re a s in g  th e  tim e th e  c -b s  spend a t t a c h e d .  Thus i f  th e  

c -b s  were t o  ’hang-on’ lo n g e r  a t  n a rrow er  l . s  (an  id e a  suggested  

by H ibberd & J e w e l l ,  1982) t h i s  would r e s u l t  in  a g r e a t e r  average

number o f  c -b s  a t  in te r m e d ia te  [Ca +] and so a h ig h e r  a p p a re n t

C a - s e n s i t i v i t y .  Osmotic com pression has been r e p o r te d  to  in c r e a s e  

f i b r e  s t i f f n e s s  su g g e s t in g  t h a t  c -b  a t ta ch m e n t  t o  th e  t h in

f i l a m e n t s  has  in c re a se d  (Berman & Maughan, 1982; Kawai,

C o rnacch ia  & Schulman, 1984). These s tu d i e s  have dem onstra ted  

t h a t  v a r i a t i o n s  in  th e  l a t e r a l  s p a c in g  o f  th e  f i l a m e n t  l a t t i c e  

could.’ a f f e c t  th e  lilcelyhood o f  c -b  a t ta c h m e n t .  M etzner & Moss 

(1987) have shown V t o  be d e c re a sed  w ith  sm a l l  deg rees  o f
ITlcLX

com pression  (5% T500 Dextran) an o b s e rv a t io n  c o n s i s t e n t  w ith  th e

i d e a  t h a t  th e  reduced c-b  c y c l in g  r a t e  a t  na rrow er  l a t t i c e

s p a c in g s  m igh t u n d e r ly  th e  ap p a re n t  in c r e a s e  in  Ca—s e n s i t i v i t y  

obse rved  in  t h i s  s tu d y .
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O v e r a l l  c o n c lu s io n s

O v e r a l l  t h e  c o n c lu s io n  i s  t h a t  th e  i n c r e a s e  in  peak f o rc e  

and t h e  augmented C a - s e n s i t i v i t y  o f  th e  m yofilam ents produced by 

b o th  h y p e r to n ic  sh r in k a g e  and s t r e t c h i n g  th e  muscle a r e  a 

consequence  o f  th e  geom etry  o f  th e  f i l a m e n ts  in  p a r t i c u l a r  o f  

t h e i r  g r e a t e r  p ro x im i ty .  The mechanism f o r  t h i s  rem ains  o b s c u re .  

I t  cou ld  be produced by changes in  C a-b ind ing  w ith  l . s .  o r  by 

changes in  t h e  number o f  c -b s  a t t a c h e d .  The sk inned  f i b r e  r e s u l t s  

p r e s e n te d  do n o t  a l lo w  s e p a r a t i o n  o f  th e  two ty p es  of i n c r e a s e .  

U n t i l  in d ep e n d e n t  ev idence  i s  o b ta in e d  u s in g  o t h e r  e x p e r im e n ta l  

t e c h n iq u e s  no o v e r a l l  c o n c lu s io n  can be drawn about th e  mechanism 

u n d e r ly in g  changes in  C a - s e n s i t i v i t y  w i th  changes in  l a t t i c e  

s p a c i n g .  The sw o llen  s t a t e  o f  th e  sk inned  f i b r e s  l a t t i c e  should  

be bo rne  in  mind when e x t r a p o la t in g  r e s u l t s  from th e  sk inned  

f i b r e  t o  t h a t  in  t h e  i n t a c t  c e l l .
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S e c t io n  2

The Im idazo les  and ca lc ium  s e n s i t i v i t y
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C hapter 3

The Im idazo le s  and ca lc ium  s e n s i t i v i t y

I n t r o d u c t i o n

C a f fe in e  i s  a w id e ly  used to o l  in  muscle p h y s io lo g y .  U n t i l  

r e c e n t l y  th e  s i t e  o f  i t s  a c t io n  in  muscle was a s s o c i a t e d ,  e i t h e r  

d i r e c t l y  o r  i n d i r e c t l y ,  w i th  th e  c e l l ’ s membrane sy s te m s ,  e . g .  

a c t i n g  d i r e c t l y  on th e  sa rcop lasm ic  r e t i c u lu m  (SR) (Weber & Herz, 

1968; Endo, Tanaka & Ogawa, 1970), th e  sarcolemma o r  i n d i r e c t l y  

v i a  i n h i b i t i o n  o f  p h o sp h o d ie s te ra se  on th e  s u r f a c e  membrane 

a d e n y la t e  c y c l a s e ,  which in  tu rn  a l t e r s  th e  p h o s p h o ry la t io n  o f  

t r o p o n i n  I  and so  th e  s e n s i t i v i t y  o f  the  c o n t r a c t i l e  p r o t e i n s .

Exper im en ts  u t i l i s i n g  th e  c a lc iu m - s e n s i t i v e  p h o to p ro te in  

a e q u o r in  t o  m o n ito r  i n t r a c e l l u l a r  calc ium  t r a n s i e n t s  in  mammalian 

ca rx i iac  muscle have shown c a f f e in e  t o  p o t e n t i a t e  th e  tw i tc h  fo rc e  

w h i le  c o n c o m i t t a n t ly  d e c re a s in g  the  s iz e  o f  the  ca lc ium  t r a n s i e n t  

( A l le n  & K u r ih a r a ,  1980; Morgan & B l in k s ,  1982). This sugges ted  

t h a t  c a f f e i n e  m ight be in c re a s in g  th e  C a - s e n s i t i v i t y  o f  th e  

c o n t r a c t i l e  p r o t e i n s  by in c re a s in g  th e  ca lc ium  bound a t  a g iv en  

f r e e  [Ca^+] .
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In  1983, Wendt and Stephenson p re se n ted  th e  f i r s t  c l e a r  

ev id en ce  t h a t  c a f f e in e  could  a c t  d i r e c t l y  on th e  m y o f i b r i l s .  

C a f f e in e  s h i f t e d  th e  p C a - te n s io n  r e l a t i o n s h i p  towards h ig h e r  pC a, 

t h a t  i s  i t  i n c re a s e d  th e  ap p a re n t  C a - s e n s i t i v i t y .

The r e s u l t s  p re s e n te d  i n  t h i s  c h a p te r  a re  an i n v e s t i g a t i o n  

o f  t h e  chem ica l  s t r u c t u r a l  req u irem e n ts  f o r  c a f f e i n e ' s  d u a l  

a c t i o n  on t h e  m yofilam ents  and th e  SR. The f in d in g s  w i th  some o f  

c a f f e i n e ' s  chem ica l  r e l a t i v e s  w i l l  be pu t i n to  a w ider  c o n te x t  in  

t h e  su b seq u e n t  c h a p te r .
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R e su l ts

Chapman and M i l l e r  (1974) examined th e  f e a t u r e s  o f  chem ica l  

s t i ^  ~,<3 which e x p la in  c a f f e i n e ' s  a b i l i t y  to  provoke c o n t r a c t i o n s  

in  i n t a c t  f ro g  h e a r t  muscle. L a te r  Chapman & Leoty  (1976) made 

s i m i l a r  o b s e r v a t io n  on mammalian c a rd ia c  m usc le . F ig u re  3*1 shows 

a s e c t i o n  o f  an e x p e r im e n ta l  t r a c e .  The f i r s t  c o n t r a c t u r e  in  each  

p a n e l  was evoked by th e  w ithdraw al o f  sodium from th e  b a th in g  

s o l u t i o n .  In  pane l A th e  sodium -withdrawal c o n t r a c t u r e  was 

fo l lo w e d  by a t r a n s i e n t  c o n t r a c tu r e  evoked by 5mM c a f f e i n e .  This 

c o n t r a c t u r e  was s l i g h t l y  l a r g e r  than  t h a t  produced by sodium 

w i th d r a w a l . In  p an e l  B a p p l i c a t i o n  o f  2QmM im idazo le  evoked a 

much s m a l le r  c o n t r a c t u r e  (3110$ o f  th e  s iz e  o f  the  c a f f e in e  

c o n t r a c t i o n  in  pane l  A ) . The im idazo le  c o n t r a c t u r e  d i f f e r e d  in  

tim e  c o u rse  as  w e l l  as magnitude t o  th e  c a f f e in e  c o n t r a c t u r e ,  

be in g  s lo w e r  t o  r i s e  and m a in ta in e d . At th e  time Chapman and 

M i l l e r  concluded  t h a t  th e  im idazo le  r i n g  was s u f f i c i e n t  t o  evoke 

c o n t r a c t i o n s  p rov ided  i t s  3 n i t r o g e n  was u n s u b s t i t u t e d .  They 

p roposed  t h a t  th e  c o n t r a c t i o n s  were s o l e l y  due to  ca lc ium  r e l e a s e  

from th e  SR. F ig u re  3 .2  shows th e  chem ical s t r u c t u r e s  of  

c a f f e i n e ,  im id az o le  and Sulmazol (an im id a z o le -c o n ta in in g  

c a r d i '  o to n ic  a g e n t  H e r z ig , F e i l e  & Ruegg, 1981$ S c h o lz ,  1984 

Review) w ith  th e  a c t i v e  (3) n i t ro g e n  c i r c l e d .
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F ig u re  3.1

C a f fe in e  and im idazo le  were t e s t e d  f o r  t h e i r  a b i l i t y  to  

evoke c o n t r a c t u r e s  in  i n t a c t  f rog  c a rd ia c  muscle a f t e r  a sodium 

w ithd raw a l  c o n t r a c t i o n  had f u l l y  r e la x e d .  5mM c a f f e in e  and 20mM 

im id a z o le  were ap p p lied  f o r  th e  d u r a t io n  o f  the  bars  above the  

t e n s i o n  t r a c e s ,  A and B r e s p e c t i v e l y .  The experim ent was c a r r i e d  

o u t  a t  19°C and th e  R inger c o n ta in ed  2mM ca lc ium .

( s e c t io n  o f  f i g u r e  44. D . J .M i l l e r ’s PhD t h e s i s  1973)
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F ig u re  3 .2

The chem ical s t r u c t u r e s  o f  c a f f e i n e ,  im idazo le  ans Sulmazol 
(AR-L 115BS).



In  t h e  l i g h t  o f  Wendt and S tephenson’ s (1983) r e s u l t s  th e  

c o n t r a c t u r e s  r e p o r te d  by Chapman and M il le r  can now be viewed as 

h a v in g  a t  l e a s t  two p o s s ib le  components; t h a t  i s ,  ( i )  c a lc iu m  

r e l e a s e  from th e  SR and ( i i )  augmented C a - s e n s i t i v i t y  o f  th e

m y o f i la m e n ts .  I  propose t h a t  t r a n s i e n t  c a f f e i n e  c o n t r a c t i o n s  a r e  

p red o m in a n t ly  due to  ca lc ium  r e l e a s e  from I n t r a c e l l u l a r  s t o r e s ,  

and th e  s m a l le r  m ain ta ined  im idazole  c o n t r a c t i o n s ,  due t o  

enhancem ent o f  th e  m y o fi lam en t 's  C a - s e n s i t i v i t y .

C a f f e i n e  and ca lc ium  s e n s i t i v i t y

The r e s u l t s  t o  be p re se n ted  confirm  Wendt and S te p h e n s o n 's  

(19 83) f i n d i n g s .  C hem ically-sk inned  c a rd ia c  t r a b e c u la e  o f  t h e  r a t  

were a c t i v a t e d  i n  s t r o n g ly  c a lc iu m -b u ffe re d  s o lu t i o n s  ( 1 OmM EGTA) 

in  th e  absence  and p resence  of 10-20mM c a f f e i n e .  In  a l l  

p r e p a r a t i o n s  c a f f e in e  was found t o  s h i f t  r e v e r s i b l y  t h e  curve

r e l a t i n g  s t e a d y - s t a t e  fo rce  and f r e e  [Ca2+] towards low er  f r e e

[Ca2+] . The in c r e a s e  in  a p p a re n t  C a - s e n s i t i v i t y  was t h e  same

i r r e s p e c t i v e  o f  the  manner in  which the  f i b r e  was sk inned  and 

c o n s e q u e n t ly  o f  t h e  degree  t o  which th e  c e l l u l a r  membrane system s 

were r e t a i n e d .  The e f f e c t  o f  c a f f e in e  was c om ple te ly  r e v e r s i b l e  

w i th  a  time cou rse  com patib le  w ith  d i f f u s i o n .
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Im id a z o le  and ca lc ium  s e n s i t i v i t y

From th e  r e s u l t s  o f  Chapman and M i l l e r  (1974) i t  cou ld  be 

p r e d i c t e d  t h a t  im idazo le  i t s e l f  might in c re a s e  m yofi lam en ta l  

C a - s e n s i t i v i t y .

The e f f e c t  o f  im idazo le  on th e  C a - s e n s i t i v i t y  o f  sk inned  

f i b r e s  was i n d i s t i n g u i s h a b l e  from t h a t  produced by c a f f e i n e .  An 

example o f  a p C a - te n s io n  r e l a t i o n s h i p  f o r  a  c a rd ia c  muscle 

t r a b e c u l a  in  th e  absence and p resence  o f  10mM im idazo le  i s  shown 

i n  f i g u r e  3 .3 .  Im idazole  was a p p l i e d ,  r e p la c in g  th e  s ta n d a rd  pH 

b u f f e r  (HEPES) on a mole f o r  mole b a s i s ,  as  i t  b u f f e r s  pH 

s i g n i f i c a n t l y  i n  th e  p h y s io lo g ic a l  ra n g e .  HEPES, t h e  s ta n d a rd  pH 

b u f f e r  f o r  t h e s e  experim ents  i s  a z w i t t e r i o n  and makes a 

d im in ish e d  c o n t r i b u t i o n  to  io n ic  s t r e n g th  (170$ o f  i t s  

c o n c e n t r a t i o n  a t  pH 7 .0 ,  Vega and B a te s ,  1976) w hile  th e  

d i s s o c i a t e d  form  o f  im idazole  c o n t r i b u te s  t o  th e  io n ic  s t r e n g t h .  

The im id a z o le -c o n ta in in g  s o lu t i o n s  w i l l ,  t h e r e f o r e ,  have a 

s l i g h t l y  h ig h e r  io n ic  s t r e n g th  than  th e  s ta n d a rd  HEPES c o n ta in in g  

s o l u t i o n s .  The in c re a se d  io n ic  s t r e n g th  would s l i g h t l y  d e c re a se  

t h e  m u s c le 's  a p p a re n t  Ca—s e n s i t i v i t y  (Ashley & M oisescu, 1977) 

l e a d in g  to  an u n d e re s t im a te  of th e  e f f e c t  of im id az o le s  in  

i n c r e a s i n g  th e  C a - s e n s i t i v i t y .
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F ig u r e  3 .3

The I n c r e a s e  in  C a - s e n s i t i v l t y  produced by 10mM Im idazole

S t e a d y - s t a t e  fo rc e  a t  a  g iven  pCa i s  p lo t t e d  f o r  a r a t  
v e n t r i c l e  t r a b e c u l a  c h e m ica l ly  skinned w ith  s a p o n in .  The sm a ll  
numbers i n d i c a t e  th e  sequence in  which th e  d e te rm in a t io n s  were 
made. The f o r c e  i s  norm alised  t o  maximum calcium  a c t iv a t e d  f o rc e  
u n d e r  e a c h  c o n d i t i o n ,  im id azo le  depressed  C t o  87%. The pCa 
f o r  h a l f  maximal a c t i v a t i o n  was in c reased  n^om 5.21 t o  5.37 and 
t h e  H i l l  exponent from 2 .6 2  t o  3 .5 8 .



C a f f e i n e ,  im id a z o le  and peak t e n s io n

C a f fe in e  had l i t t l e  o r  no e f f e c t  on peak t e n s i o n  a t  

c o n c e n t r a t i o n s  from 10-20mM. Average 101.5$+5$ ( s .d )  ( n =4 ) .  This 

i s  c o n t r a r y  t o  th e  r e s u l t s  o f  Wendt and Stephenson (1983) who 

showed 10-20mM c a f f e i n e  t o  d e p re s s  peak t e n s io n  a p p r e c ia b ly .

Im id a zo le  had a much more pronounced e f f e c t  on peak f o r c e .  

At c o n c e n t r a t i o n s  o f  10-20mM a s l i g h t  d e p re s s io n  o f  peak f o r c e  

was o bse rved  (peak fo rc e  ranged from 80-94/5, n=3). Peak t e n s io n  

was d e c re a s e d  t o  a p p ro x im ate ly  80$ in  th e  example shown in  F ig u re  

3 . 3 .  P a r t  o f  t h i s  d e p re s s io n  o f  peak fo rce  produced by im id az o le  

can  be e x p la in e d  by i t s  io n ic  s t r e n g th  e f f e c t .  S o lu t io n s  w ith  a 

h ig h e r  io n ic  s t r e n g t h  have been shown to  dep ress  peak t e n s io n  

(A sh ley  & M oisescu , 1977). However, th e  d e p re s s io n  o f  peak f o rc e  

was g r e a t e r  th an  could  be exp la ined  by t h i s  io n ic  s t r e n g th  e f f e c t  

a l o n e .  The e f f e c t  o f  h ig h e r  doses o f  im idazole  on peak f o r c e  was 

d i f f i c u l t  t o  q u a n t i f y  as th e  io n ic  s t r e n g th  e f f e c t  i s  d i f f i c u l t  

t o  com pensate  f o r .  60mM im idazo le  depressed  peak t e n s io n  t o  80 

and 77$ in  two p r e p a r a t io n s  when no compensations were made f o r  

i o n i c  s t r e n g t h .
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Im idazo le  and ca lc ium  r e l e a s e  from th e  SR

I  p ropose  t h a t  th e  a c t i o n  o f  c a f f e in e  on th e  i n t a c t  muscle 

i s  p r e d c m in a t ly  due t o  ca lc ium  r e l e a s e  (Chapman & M i l l e r ,  1974), 

t h e  im id az o le  c o n t r a c t i o n  i s  due t o  in c re ase d  Ca—s e n s i t i v i t y . To 

i n v e s t i g a t e  t h i s  p r o p o s a l ,  th e  a b i l i t y  o f  th e s e  compounds t o  

evoke ca lc iu m  r e l e a s e  from th e  SR was a s c e r t a i n e d .

C a f f e i n e ’s a b i l i t y  t o  r e l e a s e  calcium  from th e  SR i s  w ell  

known ( B ia n c h i ,  1961; N ay le r ,  1963; Weber & Herz, 1968; Endo, 

Tanaka & Ogawa, 1972). The s a p o n in - t r e a te d  p r e p a ra t io n  p ro v id e s  

an i d e a l  model t o  s tu d y  calcium  r e l e a s e  from th e  SR. In t h i s  

s t a t e  th e  i n t r a c e l l u l a r  membrane systems a re  thought to  be 

f u n c t i o n a l l y  i n t a c t  (Endo & K itazaw a, 1978; H a r r i s o n ,  1985) and 

i n  t h e i r  p h y s io lo g ic a l  c o n f ig u r a t io n .  The c o n t r a c t i l e  p r o t e i n ’s 

t e n s i o n  p r o d u c t io n  can  a c t  as  a m eter  o f  C a - re le a s e  by th e  SR.

P r o to c o l

2 4 -
F i b r e s  were i n i t i a l l y  exposed to  a f r e e  [Ca ] which allowed 

th e  SR to  t a k e  up c a lc iu m , term ed ’lo a d in g 1 . The [Ca2+] was then  

lo w e re d .  In  th e  examples shown (see  F igu re  3.4A, 4 .7 ,  4 .8  and 

4 .9 )  t h e  lo a d in g  ca lc ium  l e v e l  was one which produced t e n s i o n .  I t  

shou ld  be p o in te d  o u t ,  however, t h a t  calcium  load ing  can be 

a c h ie v e d  in  t h e s e  p r e p a r a t io n s  a t  calcium  l e v e l s  below th e  

t h r e s h o ld  f o r  t e n s io n  p roduc tion  (H a rr iso n ,  1985). Once th e  

m uscle  was ’ lo a d e d ' and ’r e l a x e d ’ th e  calc ium  b u f fe r in g  c a p a c i ty  

was red u c e d  ([EGTA] lowered from 10mM to  0.2mM) to  p reven t th e
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r e l e a s e d  ca lc ium  be ing  c om ple te ly  bu ffe red  by th e  EGTA b e fo r e  

r e a c h in g  th e  c o n t r a c t i l e  p r o t e i n s .  The t e s t  compound was th en  

a p p l i e d  in  0 .2  Relaxing s o l u t i o n .  The a p p l i c a t i o n  o f  c a f f e i n e  

(1mM o r  more) could provoke a f a s t  t r a n s i e n t  c o n t r a c tu r e  ( th e  

m agn itude  o f  which depended c r i t i c a l l y  on th e  ca lc ium  lo a d in g  

c o n d i t i o n s ,  th e  com position o f  th e  b a th in g  f l u i d  and th e

sa rc o m ere  l e n g t h ) . These c o n t r a c tu r e s  a r e  due t o  r e l e a s e  o f  

c a lc iu m  from th e  SR. This can be dem onstrated  by t h e i r  dependence 

on p r i o r  C a - lo ad in g  c o n d i t io n s  (F a b ia to  & F a b ia to ,  1975; 

H a r r i s o n ,  1985) and t h e i r  a b o l i t i o n  w ith  Triton-X100 which 

d i s r u p t s  t h e  membranes (H e le ius  & Simmons, 1979).

A f t e r  C a - lo a d in g  and r e l a x in g  th e  muscle in  th e  manner 

d e s c r ib e d  above, a p p l i c a t i o n  o f  im idazo le  provokes no

c o n t r a c t u r e ,  whereas im m ediately  subsequent a p p l i c a t i o n  o f  

c a f f e i n e  provokes a c o n t r a c t u r e ,  confirm ing  t h a t  th e  SR c o n ta in s  

c a lc iu m .  A p p l ic a t io n  o f  im idazo le  a t  c o n c e n t ra t io n s  up to  60mM 

f a i l s  t o  provoke c o n t r a c t u r e s .  This su g g e s ts  t h a t  im id a z o le ’ s

c h e m ica l  s t r u c t u r e  i s  i n s u f f i c i e n t  to  provoke C a - re le a s e  from th e

s u b c e l l u l a r  s t o r e s .

A s e l e c t i o n  o f  o th e r  compounds were t e s t e d  f o r  t h e i r  a b i l i t y  

t o  r e l e a s e  c a lc iu m , u s in g  th e  p ro to c o l  desc r ibed  above. Of th e  

compounds t e s t e d  o n ly  those  w ith  more than  one r in g  in  t h e i r  

s t r u c t u r e  provoked c o n t r a c t i o n s ,  e . g .  th e  C a - s e n s i t i v i t y  

enh an c in g  d rug  Sulmazol ( s t r u c t u r e  i l l u s t r a t e d  in  f i g u r e  3 .2 )  was 

a b le  t o  provoke calcium  r e l e a s e  (see f i g u r e  3 . 4 ) .  However,
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1 , 9 , d im e th y l  x a n th in e ,  1 m e th y l ,  2 m ethyl and 4 (5 )m ethy l 

im id a z o le  d id  n o t  produce c o n t r a c t u r e s ,  a l l  of which produced 

s h i f t s  in  C a - s e n s i t i v i t y , e x c ep t  t h e  1 ,9 ,d im ethy l  x a n th in e .  A 

s e l e c t i o n  o f  examples o f  th e  c o n t r a c tu r e s  o r  th e  lac k  o f  

c o n t r a c t u r e s  produced by th e s e  compounds a r e  i l l u s t r a t e d  in  

f i g u r e  3 .4 .

O v e r a l l  i t  appeared  t h a t  bo th  a d o u b le - r in g e d  s t r u c t u r e  and 

an u n s u b s t i t u t e d  9 n i t r o g e n  p o s i t i o n  o f  th e  x a n th in e  r i n g  ( t h a t  

i s  t h e  3 n i t r o g e n  o f  th e  im idazole  r in g )  i s  r e q u i r e d  f o r  a 

compound t o  evoke ca lc ium  r e l e a s e . However, th e  im idazo le  r i n g  

a lo n e  i s  s u f f i c i e n t  t o  produce th e  i n c r e a s e  in  th e  a p p a re n t  

C a - s e n s i t i v i t y  o f  th e  c o n t r a c t i l e  p r o t e i n s .
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D isc u ss io n

PosS-ifode— mechanisms f o r  t h e  a p p a re n t  i n c r e a s e  i n  Ca—s e n s i t i v i t y  

o f  t h e  c o n t r a c t i l e  p r o t e i n s

( i )  Calcium r e l e a s e  from th e  s u b c e l l u l a r  o r g a n e l le s

D e s p i te  t h e  v a r i a t i o n  in  t h e  degree  t o  which c e l l u l a r  

membranes were r e t a i n e d  in  th e  T r i t o n -  and s a p o n in - t r e a t e d  

p r e p a r a t i o n s , t h e  e f f e c t  o f  c a f f e in e  o r  im idazo le  on th e  a p p a re n t  

C a - s e n s i t i v i t y  was th e  same. This im p l ie s  t h a t  th e  c e l l u l a r  

membranes were n e i t h e r  n e c es sa ry  f o r ,  no r  involved  i n ,  t h e  

a p p a re n t  i n c r e a s e  i n  C a - s e n s i t i v i t y  produced by c a f f e in e  o r  

im id a z o le .  I t  i s  c l e a r  t h a t  th e  s h i f t  in  t h e  p C a - te n s io n  

r e l a t i o n s h i p  produced by c a f f e in e  could n o t  r e s u l t  from ca lc ium  

r e l e a s e  w i th in  t h e  p r e p a r a t i o n  ( e . g .  from th e  SR) as  t h e  e f f e c t  

i s  u n d im in ish ed  by d i s t r u c t i o n  of the  s u b c e l l u l a r  o r g a n e l l e s  

( i . e .  by T r i t o n  t r e a tm e n t ) .  In  a d d i t io n  th e  s t e a d y - s t a t e  f o rc e  

was measured in  s o l u t i o n s  which were b u f fe re d  f o r  ca lc ium  a t  a 

l e v e l  ( 1 OmM) w e l l  above t h a t  n e c essa ry  to  p re v e n t  c a f f e i n e  

c o n t r a c t i o n s .  Any r e l e a s e  o f  ca lc ium  from a c e l l u l a r  s t o r e ,  i f  i t  

d id  o c c u r ,  would be im m ediately  c o n t r o l le d  by th e  ca lc ium  

b u f f e r i n g  c a p a c i ty  o f  th e  s o lu t i o n  and could n o t  a f f e c t  th e  fo rc e  

even  t r a n s i e n t l y .
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10mM c a f f e in e

5 mg.wt.

10mM 1,9 d im e th y l  x a n th in e

B

10mM Sulmazol

10mM N -ace ty l  h i s t i d i n e

D ,L 
 i J i

F ig u re  3 .4

The e f f e c t  o f  a p p l i c a t i o n  o f  (A) 10mM c a f f e i n e ,  (B) 10mM 
N - a c e t ly l  h i s t i d i n e ,  (C) 10mM Sulmazol and (D) 10mM 1,9 d im ethyl 
x a n th in e  t o  a w e l l  ca lc ium  loaded s a p o n in - t r e a te d  r a t  c a rd ia c  
t r a b e c u l a  in  0 .2  R elaxing s o l u t i o n .



F i n a l l y ,  im idazo le  i s  e q u ip o te n t  t o  c a f f e i n e  i n  in c r e a s in g  

t h e  a p p a re n t  C a - s e n s i t i v i t y  o f  th e  c o n t r a c t i l e  p r o t e i n s , b u t  has 

no p o te n c y  i n  evoking ca lc ium  r e l e a s e  from s u b c e l l u l a r  s t o r e s ,  a s  

shown in  t h i s  c h a p te r .  O v e r a l l ,  t h e  p o s s i b i l i t y  t h a t  th e  in c r e a s e  

i n  a p p a re n t  C a - s e n s i t i v i t y  i s  a r e s u l t  o f  calc ium  r e le a s e d  from 

th e  c e l l u l a r  s t o r e s  can be d i s c o u n te d .

( i i )  cAMP-dependent p h o s p h o ry la t io n

The a b i l i t y  o f  c a f f e i n e  t o  i n h i b i t  p h o sp h o d ie s te ra se  r a i s e s  

t h e  p o s s i b i l i t y  t h a t  i t  m ight a l t e r  c y l i c  n u c le o t id e  l e v e l s  which 

co u ld  i n  t u r n  m odulate  C a - s e n s i t i v i t y .  Indeed i t  i s  l i k e l y  t h a t  

th e  r e g u l a t i o n  o f  c a rd ia c  m y o f ib r i l s  C a - s e n s i t i v i t y  i s  in f lu e n c e d  

by p h o s p h o ry la t io n  o f  t r o p o n in - I  by th e  cAMP-dependent p r o te in  

k i n a s e .  However, s e v e r a l  f a c t o r s  a rgue  a g a in s t  c a f f e i n e ' s  a b i l i t y  

t o  i n c r e a s e  t h e  a p p a re n t  C a - s e n s i t i v i t i t y  of th e  m yofilam en ts ,  

be ing  due t o  p h o s p h o ry la t io n .

F i r s t ,  c a f f e i n e  and im idazo le  have q u a n t i t a t i v e l y  s i m i l a r  

e f f e c t s  on C a - s e n s i t i v i t y  a t  th e  same c o n c e n t ra t io n s  even though 

c a f f e i n e  i s  a p h o sp h o d ie s te ra se  i n h i b i t o r  (B utcher  & S u th e r la n d ,  

1962) w h i le  im id az o le  i s  a f a c i l i t a t o r  of p h o sp h o d ie s te ra se  

(B u tc h e r  & S u th e r l a n d ,  1962).
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S e c o n d ly ,  c a f f e i n e  produces  th e  same e f f e c t  i n  c a rd ia c  and 

s k e l e t a l  m uscle (Wendt & S tephenson, 1983). cAMP-dependent 

p r o t e i n  k i n a s e  i s  found in  b o th  c a rd ia c  and s k e l e t a l  m u sc le s .  

However, a c t i v a t i o n  o f  t h i s  enzyme r e s u l t s  in  p h o sp h o r ly a t io n  o f  

c a r d i a c  t ro p o n in  b u t  n o t  no rm ally  s k e l e t a l  muscle t ro p o n in  

( S t u l l ,  1980).

F i n a l l y ,  Wendt and S tephenson (1983) were unab le  t o  produce 

an e f f e c t  such  as t h a t  o b ta in e d  w ith  c a f f e i n e ,  o r  t o  modify th e  

e f f e c t  produced by c a f f e i n e ,  by a d d i t io n  o f  exogenous cAMP. In  

f a c t  t h e  e f f e c t  o f  cAMP on th e  s t e a d y - s t a t e  fo rc e  measured was in  

t h e  o p p o s i t e  d i r e c t i o n  t o  t h a t  o f  c a f f e in e  (Wendt & S tephenson , 

1983; F a b ia to  & F a b i a t o ,  1978; H erzig  & Ruegg, 1979),

O v e r a l l ,  i t  appears  t h a t  t h e  e f f e c t  o f  c a f f e i n e  o r  im idazo le  

on C a - s e n s i t i v i t y  i s  n o t  m ediated by c-AMP dependent 

pho sp h o ry la  t i o  n .

( i i i )  pH e f f e c t

The p o s s i b i l i t y  t h a t  t h e  e f f e c t  was due to  a pH change o r  

improved pH b u f f e r in g  can a ls o  be d isc o u n te d .  The c o ns tancy  o f  pH 

was de te rm in ed  as d e sc r ib e d  in  th e  Methoods s e c t i o n .  I n c r e a s in g  

th e  pH b u f f e r  c a p a c i ty  o f  the  s o lu t io n s  made no d e te c ta b l e  

d i f f e r e n c e  t o  th e  s t e a d y - s t a t e  t e n s io n  l e v e l s . Im id a zo le ,  and i t s  

c lo s e  r e l a t i v e s ,  a r e  pH b u f f e r s  while  c a f f e in e  which produces an 

i n d i s t i n g u i s h a b l e  e f f e c t  canno t e n o l iz e  o r  i o n i z e .  A d d i t io n a l ly ,  

th e  C a - s e n s i t i v i t y  enhancing drugs such as Sulmazol a c t  s t r o n g ly
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even  a t  c o n c e n t r a t i o n s  to o  low to  have a d i r e c t  pH e f f e c t  ( l e s s  

th a n  0.1mM).

( i v )  Calcium  b in d in g

The s im p le s t  mechanism f o r  th e  in c re a s e d  C a - s e n s i t i v i t y  

would be t h a t  im id a z o le  somehow augments C a -b ind ing . This could  

be a d i r e c t  e f f e c t  on t ro p o n in  C o r  an i n d i r e c t  e f f e c t  on th e  

c o m p e t i t iv e  b in d in g  of  c a t io n s  o th e r  t h a t  ca lc ium  t o  th e  

r e g u l a t o r y  s i t e s  (S tephenson  & Wendt, 1983). The l e s s e r  s h i f t  in  

t h e  fo rce -pC a  c u rv e  produced by c a f f e in e  a t  h ig h e r  io n ic  

s t r e n g t h s  (Wendt & S tephenson, 1983; S t e e l e ,  p e rs o n a l  

com m unication) i s  c o n s i s t e n t  w ith  th e  e f f e c t  being on C a -b in d in g .

C u r r e n t l y ,  t h e r e  a r e  no d a ta  t o  i n d i c a t e  w hether im idazo le  

o r  c a f f e i n e  can a l t e r  th e  amount of  ca lc ium  bound t o  th e  

m y o f i la m e n ts .  However, So la ro  & Ruegg (1982) have shown Sulm azol, 

(one o f  a  group o f  compounds c u r r e n t l y  under development as 

i n o t r o p e s , which a c t  in  th e  same way as  c a f f e in e  and im idazo le  t o  

i n c r e a s e  m yofi lam en ta l  C a - s e n s i t i v i t y ,  Herzig  e t  a l , 1981), an 

im id a z o le -c o n ta in in g  compound, t o  in c re a s e  th e  ca lc ium  bound to  

c a r d i a c  m yofi lam en ts .  The e f f e c t  o f  Sulmazol on C a-b ind ing  

s u g g e s t s  t h a t  th e  a c t i o n  of  th e  o th e r  im id az o le —c o n ta in in g  

compounds on C a - s e n s i t i v i t y  may be mediated v i a  in c re a se d  

C a -b in d in g .  This  e x p la n a t io n  i s  a l s o  favoured  by A l le n  and 

K u r i h a r a ' s  (1980) o b s e rv a t io n  t h a t  c a f f e in e  p o t e n t i a t e s  th e  

t w i t c h  w h ile  concom m itantly  d e c re a s in g  th e  s i z e  o f  th e  calcium
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t r a n s i e n t .  This  o b s e r v a t io n  would be c o n s i s t e n t  w ith  h ig h e r  

c a lc iu m  b in d in g  in  th e  p resence  of c a f f e i n e .

O v e r a l l  t h e  most l i k e l y  e x p la n a t io n  o f  th e  i n c r e a s e  i n  

a p p a re n t  C a - s e n s i t i v i t y  produced by th e  im id a z o le -c o n ta in in g  

compounds i s  t h a t  th e y  in  some way augment C a-b ind ing  t o  th e  

m y o f i la m e n ts .

P o s s ib l e  mechanism f o r  c a f f e i n e ' s  a b i l i t y  t o  r e l e a s e  ca lc ium  

from th e  SR and im id a z o le 's  f a i l u r e

( i )  D i r e c t  a c t i o n  o f  th e  m olecules on th e  SR membranes

C a f f e i n e ' s  a b i l i t y  to  r e l e a s e  ca lc ium  from th e  SR i s  though t 

t o  mimic ca lc ium -induced  c a lc iu m - re le a s e  (CICR), which i s  th e  

mechanism by which c o n t r a c t i o n  i s  thought to  be e l i c i t e d  

p h y s i o l o g i c a l l y  ( F a b ia to ,  rev iew  1983) ca lc ium  e n te r s  th e  c e l l  

d u r in g  th e  a c t i o n  p o t e n t i a l  e l i c i t s  a p o s i t i v e  feedback  by which 

ca lc iu m  induces  ca lc ium  r e l e a s e  from th e  i n t r a c e l l u a r  s t o r e s .  I t  

i s  proposed  t h a t  c a f f e i n e  b in d s  to  some s i t e  on th e  SR membrane 

which provokes th e  ca lc ium  r e l e a s e  th rough  the  same channel as  

CICR. I m id a z o le 's  i n a b i l i t y  t o  induce calcium  r e l e a s e  may be a 

r e s u l t  o f  i t s  i n a b i l i t y  t o  bind to  th e  SR membrane and so to  

t r i g g e r  ca lc ium  r e l e a s e .  However, t h e r e  i s  no d i r e c t  ev idence  f o r  

c a f f e i n e  o r  im id azo le  b ind ing  to  th e  SR membrane.
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A second mechanism t h a t  has been proposed (Endo, Tanaka & 

Ogawa, 1970) f o r  th e  a b i l i t y  o f  c a f f e in e  t o  provoke ca lc ium

r e l e a s e  from th e  SR i s  t h a t  c a f f e i n e  lowers th e  t h r e s h o ld  f o r  

c a lc iu m - in d u c e d  c a l c iu m - r e l e a s e .  A s u g g e s t io n  which I  w i l l  r e t u r n  

t o  in  th e  n e x t  c h a p te r .

( i i )  P h o sp h o ry la t io n

C a f fe in e  and im idazo le  have o p p o s i te  e f f e c t s  on 

p h o s p h o d ie s te r a s e ,  as th e y  do on ca lc ium  r e l e a s e .

P h o s p h o d ie s te ra s e  i n h i b i t i o n  lea d s  t o  e le v a te d  l e v e l s  o f  cAMP, 

which in  t u r n  f a c i l i t a t e s  p h o s p h o ry la t io n .  This mechanism f o r  

ca lc iu m  r e l e a s e  i s  u n l i k e l y  as  th e  e f f e c t  o f  th e  c a f f e i n e  i s

f a s t ,  t h e  c o n t r a c t u r e s  peaking  w i th in  1s o f  c a f f e in e  a p p l i c a t i o n ,  

t h e  tim e f o r  t h e  o n s e t  o f  th e  c o n t r a c t i o n  being s u f f i c i e n t  f o r  

c a f f e i n e ' s  d i f f u s i o n  i n to  th e  c e l l ,  b u t  inadequa te  f o r  b u i ld  up 

o f  cAMP. There i s  no ev idence  f o r  cAMP d i r e c t l y  ca u s in g

C a - r e l e a s e ,  though th e r e  i s  some evidence from s k e l e t a l  muscle 

t h a t  i t  can augment C a-uptake  by th e  SR ( F a b ia to  & F a b ia to ,  

1978).

The mechanism by which c a f f e in e  evokes ca lc ium  r e l e a s e  from 

t h e  s u b c e l l u l a r  o r g a n e l le s  i s  n o t  c l e a r l y  u n d e rs to o d .  These

r e s u l t s  p ro v id e  no c l a r i f i c a t i o n  o f  t h i s  s i t u a t i o n ,  o t h e r  than  to  

e s t a b l i s h  t h a t  an  u n s u b s t i t u t e d  3 N itrogen  of th e  im idazo le  r in g  

and some f e a t u r e  in  a d d i t i o n  to  a sim ple im idazole  r in g  i s  

r e q u i r e d  f o r  c a f f e i n e - l i k e  provoked C a - re le a s e  from i n t r a c e l l u l a r  

s t o r e s .
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I r r e s p e c t i v e  of  th e  mechanism by which c a f f e in e  enhances th e  

a p p a r e n t  C a - s e n s i t i v i t y  o f  th e  c o n t r a c t i l e  p r o t e i n s ,  t h i s  e f f e c t  

m is t  be borne in  mind when i n t e r p r e t i n g  th e  fo rc e  response  o f  a 

m uscle i n  t h e  p resence  o f  t h i s  d ru g .  Care must be ta k e n  f o r  

exam ple, when i n t e r p r e t i n g  th e  c a f f e in e  c o n t r a c tu r e s  o f  sk inned  

m uscle  in  term s o f  ca lc ium  r e l e a s e  from th e  SR.

The e f f e c t  o f  im idazo le  i t s e l f  on C a - s e n s i t i v i t y  must a ls o

be b o rn e  in  mind. I t  i s  f r e q u e n t l y  used as  a pH b u f f e r  in  muscle

p h y s io lo g y  and b io c h e m is t ry ,  o f te n  in  c o n c e n t r a t io n s  as h igh  as

60mM which would g r e a t l y  i n c r e a s e  th e  C a - s e n s i t i v i t y  and d e c re a s e

C o f  th e  f i b r e s ,  max

Knowing t h a t  t h e  im idazo le  r in g  can enhance th e  a p p a re n t  

C a - s e n s i t i v i t y  of th e  m yofilam ents led  me to  c o n s id e r  what th e  

p h y s io l o g i c a l  b a s i s  f o r  t h i s  phenomenon might be .  I t  i s  common to  

ap p ro ach  such  qu es tio n s  by c o n s id e r in g  whether the  compounds of  

i n t e r e s t  a r e  mimicking th e  a c t i o n  o f  some endogenous s u b s ta n c e .  

Are t h e r e  n a t u r a l  c e l l u l a r  im id a z o le s  which a c t  to  in c re a s e  th e  

C a - s e n s i t i v i t y  o f  th e  c o n t r a c t i l e  sy s tem ? .
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Chapter 4

C e l l u l a r  imid a z o le s  a s  th e  n a tu r a l  enhancers  o f  ca lc ium

s e n s i t i v i t y

I n t r o d u c t io n

In  t h e  l a s t  c h a p te r  I  e s t a b l i s h e d  th e  im idazo le  r i n g  t o  be 

s u f f i c i e n t  t o  augment m yofilam ental C a - s e n s i t i v i t y  d i r e c t l y  in  

t h e  same manner as c a f f e i n e .  This r a i s e d  th e  p o s s i b i l i t y  t h a t  

t h e r e  may be endogenous sa rcop lasm ic  im id a z o le -c o n ta in in g

compounds which in c re a s e  th e  C a - s e n s i t i v i t y  o f  th e  c o n t r a c t i l e

p r o t e i n s  .

C e l l u l a r  im id azo le s

7 The most abundant c e l l u l a r  im idazo les  a r e  th e  h i s t i d i n e  

d i p e p t i d e s  which a r e  found predom inan tly  in muscle t i s s u e s .  These

compounds a r e  found in  c o n c e n t r a t io n s  from 1 t o  60mM in

v e r t e b r a t e  s k e l e t a l  muscle (Crush, 1970). The most abundant o f  

t h e s e  a r e  c a m o s in e  ( ^ - a l a n y l - L - h i s t i d i n e ) , a n s e r in e  

(JB -alanyl-L-1-m ethyl h i s t i d i n e ) ,  o p h id in e  ( ^ - a la n y l -L -3 -m e th y l  

h i s t i d i n e ) ,  and homocarnosine ( y -am inobu ty ry l  h i s t i d i n e ) .  The 

ch em ica l  s t r u c t u r e s  of th r e e  o f  th e s e  compounds? c a m o s i n e ,  

a n s e r i n e  and N—a c e t y l  h i s t i d i n e  a r e  shown in  f i g u r e  4.1 .
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The d i s t r i b u t i o n  of* t h e  h i s t i d i n e  d ip e p t id e s

The h i s t i d i n e  d ip e p t id e s  a re  found predom inantly  in  s k e l e t a l  

m u sc le ,  though th ey  have been found in  o th e r  t i s s u e s  f o r  example 

t h e  b r a i n  ( P e r r y ,  B e r ry ,  Hansen, Diamond & Mok, 1971) and th e  

n a s a l  o l f a c t o r y  bulb (M a rg o lis ,  1974). Most v e r t e b r a t e  s k e l e t a l  

n u s c le  c o n ta in s  h i s t i d i n e  d i p e p t id e s ,  the  type and amount of  

which v a r i e s  g r e a t l y .  T e r r e s t r i a l  mammalian and amphibian muscle 

c o n ta in s  p red o m in an t ly  c a m o s in e  (g e n e r a l ly  a t  l e v e l s  between 

2-20mmol/kg o f  m u sc le ) .  Bird and some f i s h  m uscle , in  c o n t r a s t ,  

has  h ig h e r  l e v e l s  o f  a n s e r in e  than  of c a m o s in e .  I n v e r t e b r a t e  

m uscle g e n e r a l ly  has l i t t l e  o r  none o f  th e  h i s t i d i n e  d ip e p t id e s  

though some M ollusca and C rus tacea  (Lukton & O l c o t t , 1958; C rush , 

197 0) have been r e p o r te d  to  c o n ta in  c a m o s in e .

H i s t i d i n e  d i p e p t id e  c o n te n t  o f  s k e l e t a l  muscle

C a m o s in e  was f i r s t  d iscove red  in  bovine muscle a t  th e  tu rn  

o f  th e  c e n tu ry  (G ulew itsch  & A m iradz ib i ,  1900) and a n s e r in e  a s  

i t s  name s u g g e s t s  in  t h e  goose (Anser s p . ) ,  a few years  l a t e r  

(T o lk a c h e v sk a y a , 1929? Ackerman, Timpe & P o l l e r ,  1929) • Since

s h o r t l y  a f t e r  t h e i r  d i sc o v e ry  i t  has been recogn ised  t h a t  th e se  

compounds a r e  n o t  u n ifo rm ly  d i s t r i b u t e d ,  bu t  va ry  q u i te  

d r a m a t i c a l l y  w ith  muscle t y p e .  The c o n c e n t ra t io n s  o f  c a m o s in e  

and a n s e r in e  a re  g e n e r a l l y  g r e a t e r  in  white muscle than  in  red  

(Zapp & W ilson , 1938, Davey, 1960; C a s t e l l i n i  & Somero, 1981; 

C h r is tm an ,  1968) e . g .  in  th e  white rn s c le  of sk ip ja c k  tuna th e s e
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compounds c o n t r ib u te d  147+3.5mmol/kg of muscle (n =5) b u t  in  th e  

red  m uscle  th e  c o n c e n t r a t io n  was on ly  21.3+2.1 mmol/kg o f  muscle 

(Abe, B ^ i l l ,  Hochachka, 1986). These compounds a re  a b se n t  in  c rab  

m uscle  (C ru sh ,  1970) w hile  l e v e l s  as high as 1 50mM have been 

found in  t h e  w h ite  muscle o f  th e  tuna  (Abe e t  a l , 19 86 ) .  Examples 

o f  t h e  l e v e l s  o f  h i s t i d i n e  d ip e p t id e s  found in  a s e l e c t i o n  o f  

m usc le s  a r e  g iv en  in  t a b l e  4 .1 .

Table 4.1

Compound C o n c e n t ra t io n  Species  Muscle R eference
mmol/kg wet 
t i s s u e

C a m o s in e  15

C a m o s in e  5*5 
A n se r in e  2 .5

C a m o s in e  1-8

C a m o s in e  2.7 2 
0.62

A n se r in e  18.0

Rana - S a r to r iu s  Burton 1983a
tem pora r ia

Rat Gastrocnemius Tamaki,
e t  a l ,  1977

Homo Various Christman 1971
sap iens

Rabbit S k e le ta l  Sobue e t  a l
Heart 1975

A t la n t ic  Crush , 1970
salmon
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The h i s t i d i n e  d ip e p t id e  c o n te n t  o f  c a rd ia c  muan!ft

While much in fo rm a t io n  i s  a v a i l a b l e  concern ing  th e  

c o n c e n t r a t i o n s  o f  c a m o s in e  and a n s e r in e  in  s k e l e t a l  m usc le ,  

t h e r e  a r e  o n ly  a few d iv e rg e n t  r e p o r t s  o f  th e s e  compounds in  

h e a r t  m u sc le . The f i r s t  p o s i t i v e  i d e n t i f i c a t i o n  o f  c a m o s in e  and 

a n s e r i n e  in  h e a r t  muscle ( f r o g  and r a b b i t )  was made by Yudaev 

(1949) u s in g  p aper  chrom atography. The fo llow ing  y e a r  P a r sh in  & 

Gorunkhina made th e  f i r s t  q u a n t i f i c a t i o n  o f  th e s e  compounds in  

c a r d i a c  m usc le .  They a r r iv e d  a t  f ig u r e s  o f  4-6mmol/kg. o f  f r e s h  

h e a r t  t i s s u e .  As th e  methods fo r  q u a n t i f i c a t i o n  of t h e s e  

compounds were r e f in e d  th e  l e v e l s  e s t im a ted  dec reased  

d r a m a t i c a l l y ,  Schmidt and C ubiles  (1955) u s in g  paper  

e l e c t r o p h o r e s i s  d e te c te d  no c a m o s in e  o r  a n s e r in e  in  th e  

v e n t r i c l e s  o f  s e v e r a l  s p e c ie s  of v e r t e b r a t e s ,  Abraham e t  a l ,

(19619 d e te c te d  no c a m o s in e  o r  homocarnosine i n  r a t  h e a r t  and

Sobue, K on ish i  & Nakajima ( 1974) found on ly  0.6mM c a m o s in e  in  

r a b b i t  h e a r t .  However, Kuroda & Ikoma (1966) i d e n t i f i e d  a novel 

h i s t i d i n e - c o n t a i n i n g  compound, N -acety l  h i s t i d i n e ,  in e x t r a c t s  of 

f ro g  h e a r t  m u sc le . P re l im in a ry  work from t h i s  l a b o r a to r y

( C r ic h to n ,  Lamont, M i l l e r  & O'Dowd, 1987) has suggested  t h a t  th e  

bulk  o f  th e  h i s t i d i n e  d ip e p t id e s  found in  c a rd ia c  muscle a r e

a c e t y l a t e d  and so have no t  been d e te c te d  by th e  methods used  to  

m easure  c a m o s in e  and a n s e r in e .  P re l im in a ry  o b s e rv a t io n s  su g g es t  

t h e r e  may by 1-8mM im id a z o le -c o n ta in in g  compounds in  h e a r t  muscle 

s a r c o p la s m .
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D e s p i te  th e  c o n s id e ra b le  i n t e r e s t  in  th e  h i s t i d i n e  

d i p e p t i d e s  , no concensus has been reached  on t h e i r  f u n c t i o n .  They 

have  been im p l ic a te d  in a wide v a r i e ty  of p ro ce sse s  in c lu d in g :  pH 

b u f f e r i n g  (Davey, 1960) myosin ATPase r e g u l a t i o n  (Avena & Bowen, 

1969), d i v a l e n t  c a t i o n  b ind ing  (Brown & A n th o l in e ,  1979; Brown, 

1981), n e u ro t r a n s m is s io n  (Rochel & M a rg o l is ,  1982) m odu la tion  o f  

m uscle p h o sp h o ry la ses  (Fedyna. M e r t iz -S m ith , Kavinsky & Johnson , 

1982; Johnson  & A ld s ta d t ,  1984) and SR Ca-uptake (Lopina & 

B o ld y rev ,  1975).

In  t h i s  c h a p te r  I  r e p o r t  an exam ination  o f  th e  in f lu e n c e  o f  

t h e  h i s t i d i n e  d ip e p t id e s  on skinned muscle f u n c t i o n .  I  have 

i n v e s t i g a t e d  th e  a c t i o n  of th e  endogenous im id a z o le -c o n ta in in g  

compounds on th e  C a - s e n s i t i v i t y  o f  th e  c o n t r a c t i l e  p r o te in s  and 

t h e  m o b i l i s a t i o n  o f  calcium  by th e  s u b c e l l u l a r  o r g a n e l l e s .
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R esu lts

T h e _ e f f e c t  o f  t he h i s t i d i n e  d ip e p t id e s  on ca lc ium  s e n s i t i v i t y

The chem ica l  s t r u c t u r e s  of  th e  im idazo le  c o n ta in in g  

compounds; c a m o s i n e ,  a n s e r in e  and N -acety l  h i s t i d i n e  a r e  

i l l u s t r a t e d  in  f i g u r e  4 .1 .  They a l l  c o n ta in  an im idazo le  r in g  

w i th  a f r e e  3 n i t r o g e n  , which was shown in  th e  l a s t

c h a p te r  t o  be c h e m ic a l ly  s u f f i c i e n t  t o  in c re a s e  t h e  c o n t r a c t i l e  

p r o t e i n ’s a p p a re n t  C a - s e n s i t i v i t y  i . e .  s h i f t  th e  p C a- te n s io n  

r e l a t i o n s h i p  t o  th e  l e f t .

The e f f e c t  o f  c a m o s in e  on th e  ca lc ium  s e n s i t i v i t y  o f  s k e l e t a l  

m uscle

The occurence  o f  th e  h i s t i d i n e  d ip e p t id e s  in  s k e l e t a l  muscle 

sa rco p lasm  s u g g e s ts  th ey  might p h y s io lo g ic a l ly  enhance th e  

C a - s e n s i t i v i t y  o f  th e  c o n t r a c t i l e  p r o t e i n ' s .  The b a s ic  

o b s e rv a t io n  o f  an in c re a s e  in  th e  calc ium  s e n s i t i v i t y  produced by 

t h e s e  compounds i s  shown in  f i g u r e  4 .2 .  In t h i s  p r e p a r a t i o n  a 

sm a l l  bund le  o f  muscle f i b r e s  ( f ro g  s a r to r io u s )  were c h em ica l ly  

sk inned  w ith  Triton-X 100. The p re p a ra t io n  was a c t i v a t e d  

a p p ro x im a te ly  h a lf -m ax im a lly  from th e  r e la x e d  s t a t e  by in c re a s in g  

t h e  b a th in g  [Ca2+] t o  a pCa o f  5 .85 . Once a s te a d y  t e n s io n  l e v e l  

had been achieved  th e  m usc le ’s b a th ing  s o lu t io n  was changed to  

one w ith  th e  same f r e e  [Ca2+] bu t  w ithou t c a rn o s in e ,  t e n s io n
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F ig u r e  4 .2  E f fe c t  o f  c a m o s in e  on T r i t o n - t r e a t e d  f ro g  s a r t o r i u s  
f i b r e .

Force  produced by T r i t o n - t r e a t e d  f ro g  s a r t o r i u s  f i b r e s .  The 
e f f e c t  o f  rem oving  and re a p p ly in g  15mM c a m o s in e  a r e  shown. pCa 
5 .5 8  produced about half-maximal t e n s io n  in t h i s  m uscle . The 
speed  o f  re sp o n se  i n d ic a te s  t h a t  th e  e f f e c t s  of c a m o s in e  develop 
w i th  a t im e-c o u rse  l im i te d  by d i f f u s i o n .  S . l .  2.2]Jm, I  0 .1 4M, 
t h r e e  f i b r e s  o v e r a l l  d iam eter  90pm.



f e l l .  When th e  muscle was re tu rn e d  t o  th e  o r i g i n a l  

carno  s in e - c o n ta in i n g  s o l u t i o n ,  t e n s io n  red e v e lo p e d .  The in c r e a s e  

i n  Ca—s e n s i t i v i t y  produced by c a m o s in e  r e s u l t e d  in  a r a p id  

in c r e a s e  i n  t e n s io n  which re v e rse d  a t  a s im i l a r  r a t e .  F ig u re  4.3 

shows th e  d a t a  from a s i m i l a r  experim ent p lo t t e d  as r e l a t i v e  

t e n s i o n  a g a in s t  pCa. In  t h i s  example th e  presence  o f  c a m o s in e  

s h i f t e d  th e  p C a - te n s io n  r e l a t i o n s h i p  to  th e  l e f t  and p o s s ib ly  

s te e p e n e d  i t  ( th e r e  a r e  to o  few d a ta  to  be c o n f id e n t  about th e

e f f e c t  on s lo p e ) .  C am o sin e  was rep laced  by HEPES i n  th e  

s o l u t i o n s  on a mole fo r  mole b a s is  to  m a in ta in  th e  b u f f e r  

c a p a c i t y  o f  t h e  s o lu t i o n s  (C am osine  pK2=6.83, B ates-Sm ith ,  193 8) 

a s  o u t l i n e d  f o r  im id azo le  in  th e  l a s t  c h a p te r .

Many s k e l e t a l  f i b r e s  were mounted (n=19) bu t few proved to  

be f u n c t i o n a l l y  v i a b l e  long enough fo r  t h e i r  pC a- tens ion

r e l a t i o n s h i p  to  be determ ined a c c u r a te ly .  I t  appeared t h a t  th e  

m ounting system  used  (see  f ig u r e  1 .A methods s e c t io n )  was n o t  

s u i t a b l e  f o r  s k e l e t a l  f i b r e  p r e p a r a t io n s .  The f i b r e s  were 

g e n e r a l l y  to o  sm all  to  mount s in g ly  ( i . e .  w ith  d iam ete rs  l e s s

th a n  50pm) and th e  mounting o f  sm all bundles o f  f i b r e s  was

u n s a t i s f a c t o r y  as  f r e q u e n t ly  du r ing  a c t i v a t i o n  se q u en c ies  

( d e s p i t e  th e  use  o f  th e  Ca-jump tech n iq u e ,  Ashley & M oisescu, 

1977; M i l l e r ,  1975) one o r  more o f  the  f i b r e s  b ro k e . In those  

p r e p a r a t i o n  where a range o f  pCas w ith  and w ithou t c a rn o s in e  was 

su c es  s f u l l y  t e s t e d ,  the  t e n s io n  measurements were made 

c u m u la t iv e ly  as  o u t l in e d  in  the  s u b s c r ip t  to  f i g u r e  4 .3  (a 

m ethodology n o t  used w ith  the  ca rd iac  p r e p a r a t i o n s ) .  The
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The p C a - te n s io n  r e l a t i o n s h ip  f o r  a s in g le  T r i t o n - t r e a t e d  
s a r t o r i u s  f i b r e  from th e  f ro g .  The open c i r c l e s  i n d i c a t e  th e  
p re s e n c e  o f  15mM c a m o s in e ,  the  f i l l e d  c i r c l e s  i n d i c a t e  i t s  
a b s e n c e .  The pCa was c a lc u la te d  u s in g  REACT w ith  th e  a p p ro p r ia t e  
a l t e r a t i o n s  f o r  th e  f rog  s o lu t io n s  used in  t h i s  experim ent ( s e e  
t a b l e  2 methods s e c t i o n ) .  The d e te rm in a t io n s  were made 
c u m u la t iv e ly  in  th e  o rd e r  in d ic a te d  by th e  sm all  numbers. The 
d e te r m in a t io n s  were made in t h i s  manner as th e  f i b r e s  became 
damaged v e ry  q u ic k ly  making s in g le  s te p  d e te rm in a t io n s  o f  s e v e r a l  
pCas w ith  and w ithou t c a m o s in e  im possib le  in th e  time a v a i l a b l e .  
The pK i n c re a s e d  from  5 .68  to  5 .85  and *h’ from 3 .3 .  t o  3 .8  
w ith  t f i i ^ a p p l i c a t i o n  of 15mM c a m o s in e .



c u m u la t iv e  d e te rm in a t io n s  were made w ith  in c re a s in g  C a - le v e ls  to  

av o id  t h e  problems a s s o c ia te d  w ith  h y s te r e s i s  in  th e  p C a- ten s io n  

r e l a t i o n s h i p ,  d e sc r ib e d  in  c h a p te r  1. Most o f  th e  p r e p a r a t io n s  

l a s t e d  long  enough f o r  an in te rm e d ia te  C a - le v e l  w ith  and w ithou t  

c a m o s i n e  t o  be d e te rm in ed ,  though few su rv iv ed  long enough f o r  

t h e  p C a - te n s io n  r e l a t i o n s h i p  w ith  and w ithou t  c a m o s in e  t o  be 

d e s c r i b e d .  My s u b je c t iv e  im press ion  was t h a t  the  s h i f t s  in  th e  

p C a - te n s io n  r e l a t i o n s h i p  q u a n t i f ie d  in  th e  f o u r  p r e p a r a t io n s  

d e t a i l e d  in  Table 4 .2  were t y p i c a l .

Sulmazol a l s o  in c re ase d  th e  C a - s e n s i t i v i t y  o f  skinned

s k e l e t a l  muscle f i b r e s .  However, none o f  the  f i b r e s  in  which

Sulmazol was a p p l ie d  su rv ived  long enough f o r  an e s t im a te  o f  th e

m agnitude  o f  th e  e f f e c t  in  term s o f  K s h i f t  t o  be made.app

The e f f e c t  o f  c a m o s in e  on the  calcium s e n s i t i v i t y  o f  crab  

s k e l e t a l  muscle f i b r e s

As mentioned in  th e  in t r o d u c t io n ,  th e  l e v e l s  o f  th e  

h i s t i d i n e  d ip e p t id e s  in  i n v e r t e b r a te  muscles a r e  g e n e r a l l y  low. 

P a r k e r  and Ring (1970) have shown th e  ATPases o f  muscles from 

i n v e r t e b r a t e s  t o  be u n a f fe c te d  by th e  im idazole  d i p e p t id e s .  This 

l e d  me t o  ask  i f  th e  C a - s e n s i t i v i t y  o f  crab s k e l e t a l  muscle would 

be a f f e c t e d  by c a m o s in e .  This muscle had no d e te c ta b le  im idazo le  

c o n te n t  (C rush , 1970). A s in g le  muscle f i b r e  from one o f  walking 

l e g s  o f  a c rab  (C arc inus maenus) was d i s s e c te d  f r e e ,  s p l i t  in to  

two l o n g i t u d i n a l l y  and mounted in  th e  assembly i l l u s t r a t e d  m

_ 1 1 0  -
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The in c r e a s e  in  ca lc ium  s e n s i t i v i t y  produced by c a rn o s in e  in  
c a r d i a c  m usc le .

The p C a - te n s io n  r e l a t i o n  f o r  a T r i t o n - t r e a t e d  r a t  c a rd ia c  
t r a b e c u l a .  The d e te rm in a t io n s  were made as s in g le  s te p s  from th e  
r e l a x e d  s t a t e .  The sm a l l  numbers i n d i c a t e  th e  sequence in  which 
th e  d e te r m in a t io n s  were made. Force i s  norm alised  to  C under 
e a c h  c o n d i t i o n .  C arnosine  p o t e n t i a t e  C by 8$. The p C a ^ o r  h a l f  
maximal a c t i v a t i o n  (pK ) in c re ase d  rorm 5.10 to  5 .23 and th e  
H i l l  exponent form 2.29 ?BP2 .8 1 .  The f i l l e d  t r i a n g l e s  in d ic a te  
t h e  p re se n c e  o f  1OmM c a rn o s in e ,  th e  f i l l e d  c i r c l e s  i t s  absence  .



f i g u r e  1A o f  th e  Methods s e c t i o n .  No in c re a s e  in  C a - s e n s i t i v i t y  

was produced by 25mM. c a rn o s in e .  The c a lc iu m - s e n s i t i s in g  drug 

Sulmazol ( 1 OmM), a  more p o te n t  augmentor o f  a p p a re n t  

C a - s e n s i t i v i t y  a l s o  f a i l e d  t o  in c re a s e  crab  m u sc le 's  ap p a re n t  

C a - s e n s i t i v i t y  o r  . The com position  o f  th e  s o lu t i o n s  used a r e  

d e t a i l e d  in  t a b l e  3 o f  th e  Methods s e c t i o n .

The e f f e c t  o f  c a rn o s in e  and th e  ca lc ium  s e n s i t i v i t y  o f  c a rd ia c  

m u s c le .

From th e  l i t e r a t u r e  i t  would appear  t h a t  th e  im idazole  

d i p e p t i d e  c o n te n t  of c a rd ia c  muscle may be low. However, as  

f i g u r e  4 .4  shows, c a rn o s in e  enhances th e  C a - s e n s i t i v i t y  o f  

c a r d i a c  m usc le .  In t h i s  example th e  presence  o f  10mM c a rn o s in e  

d e c re a s e d  th e  ca lc ium  re q u i re d  f o r  half-m axim al a c t i v a t i o n  and 

s te e p e n e d  th e  p C a- tens ion  r e l a t i o n s h i p .

I  t e s t e d  th e  e f f e c t  o f  s e v e r a l  o f  th e  endogenous im idazole  

compounds on s a p o n in -  and T r i t o n - t r e a t e d  r a t  c a rd ia c  t r a b e c u l a e .  

The p C a - te n s io n  r e l a t i o n s h i p s ,  were determ ined in  th e  p resence  

and absence  o f  th e  im id a z o le -c o n ta in in g  compounds. The r e s u l t s  of 

t h e s e  ex p e r im en ts  a r e  c o l l e c t e d  in  t a b l e  4 .2 .

From t a b l e  4 .2  i t  can be seen t h a t  c a rn o s in e  in c re ase d  

C a - s e n s i t i v i t y  i n  a dose-dependent manner. For example in  

experim en t  269 where 10, 20 , 30, 90 and 80mM c a rn o s in e  were

a p p l i e d ,  th e  s h i f t  in  th e  pC a-tens ion  r e l a t i o n s h i p  to  lower f r e e  

C a - le v e l s  in c re a se d  from 0.031 pCa u n i t s  to  0.279 pCa u n i t s  in  a
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The p C a - te n s io n  r e l a t i o n s h ip  f o r  a T r i t o n - t r e a t e d  r a t  
c a r d i a c  t r a b e c u l a .  The d e te rm in a t io n s  were made as s in g le  s t e p s  
from  th e  r e la x e d  s t a t e .  Sulmazol p o te n t ia t e d  C by 52%. The 
pK in c r e a s e d  from 5.197  t o  5.513  and 'h '  d e c re a s l^  from 3 .5  t o  
2 . 8 .  The shaded c i r c l e s  in d ic a te  the  p rescence of 10mM S ulm azo l, 
t h e  f i l l e d  c i r c l e s  i t s  absence .



dose dependen t m anner. The s h i f t  In  pKapp a g a in s t  t h e  dose o f

c a r n o s in e  f o r  th e  experim ents  t a b u la te d  in  Table 4 .2  a re  p l o t t e d

i n  f i g u r e  4 .5 .  From t h i s  p l o t  i t  i s  c l e a r  t h a t  c a rn o s in e

i n c r e a s e s  C a - s e n s i t i v i t y  in  a dose-dependent manner. I t  appears

t h a t  th e  e f f e c t  o f  c a rn o s in e  on pK i s  n o t  s a tu r a te d  even a tapp
80mM c a r n o s i n e .

Sulmazol was a much more p o te n t  augmentor o f  c a rd ia c  muscle 

C a - s e n s i t i v i t y .  1mM Sulmazol produced as l a r g e  a s h i f t  as  10-20mM 

c a r n o s i n e .  10mM Sulmazol produced a s h i f t  as l a r g e  as 60-80mM 

c a r n o s i n e .  The e f f e c t  of 10mM Sulmazol on th e  p C a- ten s io n  

r e l a t i o n s h i p  i s  shown in  f i g u r e  4 .6 .

^ - a l a n i n e  and C a - s e n s i t i v i t y

C arn o s in e  c o n s i s t s  o f  two amino a c id s  L - h i s t i d i n e  and 

^ - a l a n i n e .  The ev idence p resen ted  in  c h a p te r  3 su g g e s ts  t h a t  th e  

C a - s e n s i t i s i n g  a b i l i t y  o f  c a rn o s in e  i s  dependent upon th e  

im id a z o le  r i n g  of th e  L - h i s t i d i n e ,  ^ - a l a n in e  having  no e f f e c t  on 

C a - s e n s i t i v i t y .  To t e s t  t h i s  hypo thes is  ^3-a lan ine  (20mM) was 

in t ro d u c e d  to  th e  s ta n d a rd  s o lu t io n s  in  the  same manner as 

c a r n o s i n e  ( though  n o t  r e p la c in g  th e  pH b u f f e r ,  a s  ^ - a l a n i n e  does 

n o t  b u f f e r  H+) . No e f f e c t  on in te rm e d ia te  t e n s io n  l e v e l s  o r  peak 

t e n s i o n  was produced by ^ -a la n in e  i . e .  i t  d id  n o t  a l t e r  th e  

a p p a r e n t  C a - s e n s i t i v i t y  o r  Cmax*
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The dose dependency o f  th e  s h i f t s  in  th e  pC a- tens ion  
r e l a t i o n s h i p  produced by c a rn o s in e .  A p lo t  o f  the  s h i f t  in  th e  
p C a - te n s io n  r e l a t i o n s h i p  (p K aP P co ^ o in e -P ^ P P cp n tro l^  (o rd in a te )  
a g a i n s t  th e  dose o f  ca rn o s in e  ap p lied  t a b s c i s s a ; .



Table 4 .2

E f f e c t  o f  v a r io u s  im idazo le  c o n ta in in g  compounds on th e  
pC a-tens ion  r e l a t i o n s h i p

C ardiac  ( r a t  v e n t r i c l e )

C ontro l  Experim enta l

Compound Cone (mM). pKapp

C a rn o s in e 10 (204)T 5.097
10 (269)T 5.267
15 (231)S 5.504
20 (269)T 5.267
25 (240)S 5.542
30 (269)T 5.267
40 (268)T 5.401
40 (269) T 5.267
60 (224)S 5.274
60 (225)T 5.095
80 (26 8 )T 5.401
80 (27 0)T 5.300
80 (269)T 5.267

N - a c e ty l
h i s t i d i n e

15 ( 2 19)T 5.097

Sulmazol 1 (2 56) S 5.029
1 (257 )S 5.150
10 (27 3) S 5.197

•h ’ pKapp !h ' D e l ta

2.3 5.277 2.8 0.180
4 .8 5.298 4.8 0.031
5 .2 5.544 4.8 0.040
4 .8 5.297 4.6 0.030
3 .8 5.709 2.8 0.167
4 .8 5.360 4.3 0.093
4 .4 5.535 5.3 0.134
4 .8 5 .342 4 .4 0.075
4 .4 5.515 2.9 0.241
3 .8 5.474 5 .5 0.379
4 .4 5.728 3.3 0.327
3.1 5.657 3.7 0.357
4 .8 5.541 4.7 0.274

2.3 5.277 2 .8 0.180

2 .5 5.159 5 .5 0.130
3 .5 5.197 3.5 0.047
3.5 5.513 2.0 0.316

S k e le ta l

C a rn o s in e  15 (223)T 5.604
Rana t e m p o ra r ia  T 5 .605
s a r t o r i u s  f i b r e  T 5.680

C a rn o s in e  25 (283)T 5.420
Xenopus l e a v i s  
semimembranosus f i b r e .

1.9 5.728 1.5 0.124
2.0 5.750 2 .2 0.100
3.3 5.850 3.6 0.170

3 .5 5.797 7 .2 0.377

T =Tr i t o n - t r e a t e d  
S r S a p o n in - t r e a te d
The n o .  in  t h e  b r a c k e ts  i n d ic a te  Expt no. 
D e l ta  = pKapPExpt-pKappC ontro l
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Si®—e f f e c t  o f  th e  n a t u r a l  im idazo les  on peak t e n s io n

F orce  was no rm alised  to  maximum C a -a c t iv a te d  t e n s io n  (C )
max

u n d e r  e ach  c o n d i t i o n .  While t h i s  n o rm a l is a t io n  i s  n e c e s s a ry  to  

a p p ly  t h e  H i l l  e q u a t io n  and so q u a n t i fy  th e  pC a-tens ion  c u r v e s , 

i t  o b sc u re s  an a d d i t io n a l  e f f e c t  of th e se  compounds; t h e i r  

e f f e c t s  on Cmax

In  c a r d i a c  m usc le ,  C i s  enhanced s l i g h t l y  by 10-15mMmax

c a r n o s in e  (101 .3$  (range 97-107$) mean o f  th e  mean e f f e c t  in  f i v e  

p r e p a r a t i o n s ) .  An example of th e  e f f e c t  o f  1 5mM c a rn o s in e  on peak 

t e n s i o n  i s  shown in  f i g u r e  4.8B. By c o n t r a s t ,  h ig h e r  doses of 

c a r n o s in e  g e n e r a l l y  dep ressed  peak te n s io n  ( p o s s ib ly  because o f  

io n ic  s t r e n g t h  e f f e c t s ) ,  a lthough  i t  did appear t h a t  80mM 

c a r n o s in e  augmented in  expt 268.

The e f f e c t s  o f  im id a z o le -c o n ta in in g  compounds on C a r e
u l c U v .

t a b u l a t e d  in  t a b l e  4 .3 .  Problems were encountered  when

d e te rm in in g  th e  e f f e c t  o f  th e  o f  s k e l e t a l  m uscle. Repeated

d e te r m in a t io n s  of C w ith  and w ithou t ca rn o s in e  were achieved
max

w i th  o n ly  one s k e l e t a l  p r e p a ra t io n  (223 ) .  I n t h i s  experiment no

e f f e c t  o f  c a rn o s in e  on C was obse rved . However, f r e q u e n t lymax

when th e  c a rn o s in e  was in troduced  a t  Cmax th e  f i b r e s  b roke , 

im p ly in g  t h a t  c a rn o s in e  was in c re a s in g  in  s k e l e t a l  f i b r e s .
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Table 4.3

Compound

C a rd ia c

C a rn o s in e

N - a c e ty l
h i s t i d i n e

Sulmazol

Im idazoles and c 

Cone. (mM) Expt no .

10
15
15
15
15
25
40
60
60
80

15
60

1
1

10

Frog  ' s k e l e t a l  

C a rn o s in e  15

204
231
232 
220 
222 
240 
268
224
225 
268

219
227

227
291
273

223

lilcLK

Average Cmax

107.0
97.0 

102.5
98.5

102.0
87.0

105.0 
93.3
98.0

110.0

93.0
94.0

123.0 
111.4 
152.0

100.0

Can c a rn o s in e  provoke calcium  r e l e a s e ? .

On th e  b a s is  o f  the  work in  c h a p te r  3 i t  would be p re d ic te d  

t h a t  c a r n o s in e  could no t i n i t i a t e  calcium r e l e a s e  from th e  SR. 

T h is  p ro p o sa l  was examined u s in g  th e  p ro to co l  descibed  in  Chapter 

3 .  As p re d ic te d  c a rn o s in e  could not evoke c o n t r a c u re s  in  

s a p o n i n - t r e a t e d  r a t  ca rd iac  t ra b e c u la e  under c o n d i t io n s  where 

c a f f e i n e  was e f f e c t i v e .
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F i g u r e  4 .7

A c o n t in u o u s  s e c t i o n  o f  t e n s i o n  t r a c e  from  a s a p o n in - s k in n e d  
r a t  v e n t r i c l e  t r a b e c u l a .  The p r e p a r a t i o n  was i n i t i a l l y  exposed t o  
a c a lc iu m  l e v e l  which a l lo w  th e  SR t o  lo a d  w i th  c a lc iu m  (pCa 
4 .00 )  . The m uscle was th e n  r e l a x e d  and t h e  c a lc iu m  b u f f e r  
c a p a c i t y  reduced  from  10 t o  0.2mM EGTA. In  t h i s  w eak ly  b u f f e r e d  
s t a t e  6 OmM c a rn o s in e  was a p p l i e d .  No c o n t r a c t u r e  was p ro d u ce d .  To 
c o n f i r m  t h a t  t h e  SR d id  c o n ta i n  c a lc iu m  th e  muscle was 
im m ed ia te ly  s u b s e q u e n t ly  exposed t o  10mM c a f f e i n e ,  t h i s  produced 
a c o n t r a c t u r e  60$ o f  t h e  s i z e  o f  Cmax.



An example o f  t h i s  i s  provided  in  f i g u r e  4 .7 .  A 

s a p o n i n - t r e a t e d  r a t  c a rd ia c  t r e b e c u l a  was i n i t i a l l y  loaded  a t  a 

PCa o f  4 .02  f o r  3 m in u te s .  P la c in g  th e  C a-loaded  f i b r e  in  a 

w eak ly  ca lc iu m  b u f fe re d  s o l u t i o n  (0.2mM EGTA) c o n ta in in g  t  nM 

c a r n o s in e  d id  n o t  provoke a c o n t r a c t i o n ,  im m ed ia te ly  subsequen t  

e x p o s u re  t o  10mM c a f f e i n e  produced a c o n t r a c t i o n ,  6056 o f  t h e  s i z e  

o f  Cmax

N - a c e ty l  h i s t i d i n e  a l s o  f a i l e d  to  evoke c o n t r a c t u r e s  a t  

c o n c e n t r a t i o n s  up to  6OmM (The lac k  o f  e f f e c t  o f  10mM N -a c e ty l  

h i s t i d i n e  i s  i l l u s t r a t e d  in  f i g u r e  3.4B)

C arn o s in e  and ca lc ium  up take  by th e  sa rco p lasm ic  r e t i c u lu m

Although c a rn o s in e  could n o t  provoke C a - re le a s e  from th e  SR, 

i t  seamed l i k e l y  t h a t  c a rn o s in e  would i n f lu e n c e  SR f u n c t i o n  

(B o ld y re v ,  Lebedev & R i to v ,  1969). This s e t  of experim ents  were 

d e s ig n e d  to  i n v e s t i g a t e  c a r n o s in e ’ s in f lu e n c e  on Ca-uptake by th e

SR.

The in f lu e n c e  o f  c a rn o s in e  on th e  C a-load ing  o f  th e  SR in  

s a p o n in —t r e a t e d  n u s c le s  was examined u s in g  th e  s i z e  o f  th e  

c a f f e i n e  c o n t r a c t u r e  as an index o f  th e  C a -c o n te n t  o f  th e  SR.
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Pr o t o c o l  The f i b r e ' s  calc ium  s to r e s  were d e p le te d  t o  

s t a n d a r d i s e  i t s  i n i t i a l  calc ium  c o n te n t  ( s e e  be low ). The

p r e p a r a t i o n  was th en  exposed to  a C a - le v e l  which a llow s th e

m usc le  t o  C a - lo a d .  A f te r  th e  muscle was r e l a x e d ,  i t s

c a lc iu m - b u f f e r in g  c a p a c i ty  reduced (from 10mM to  0.2mM) and in  

t h i s  w e a k ly -b u f fe re d  s t a t e  10mM c a f f e i n e  was a p p l i e d .  The s i z e  o f  

t h i s  c a f f e i n e  c o n t r a c tu r e  provoked was taken  as an index o f  th e  

c a lc iu m  c o n te n t  o f  th e  SR.

D e p le t io n  D e p le t io n  o f  th e  ca lc ium  s to r e s  was ach ieved  by 

p l a c i n g  th e  f i b r e  in  a *10 R elax ing ' s o lu t i o n  w ith  10mM c a f f e i n e  

( 'e m p ty in g '  s o l u t i o n ) .  The c a f f e in e  provokes ca lc ium  r e l e a s e  and 

t h e  r e l e a s e d  ca lc ium  w i l l  be bound by th e  EGTA ( 1 0mM). I t  was 

found t h a t  i f  t h e  'em p ty ing ' s o lu t i o n  was ap p lie d  d i r e c t l y  from a 

10 R e lax in g  s o l u t i o n  th e  SR was no t  em ptied . This i s  shown by th e  

a b i l i t y  o f  c a f f e i n e  t o  provoke a subsequen t c o n t r a c t u r e  when th e  

b u f f e r  c a p a c i t y  was reduced  t o  0.2mM EGTA. I f  t h e  'em ptying 

s o l u t i o n '  was a p p l ie d  from a '0 .2  R elax ing ' s o l u t i o n  o r  an 

' o s c i l l a t i n g  s o l u t i o n '  ( see  methods s e c t io n  t a b l e  1 f o r  d e t a i l s  

o f  t h e  s o l u t i o n  com position)  most o f  th e  s to re d  ca lc ium  was l o s t  

t o  t h e  emptying s o l u t i o n ,  i . e .  l i t t l e  o r  no c o n t r a c t u r e  was 

produced  i f  th e  C a -b u f fe r  c a p a c i ty  was s u b s e q u e n t ly  reduced 

(0.2mM EGTA) and 10mM c a f f e in e  a p p l i e d .  The e x p la n a t io n  f o r  t h i s

o b s e r v a t io n  i s  t h a t  c a f f e in e  lowers th e  th re s h o ld  f o r  CICR, b u t

n o t  so  f a r  fits to  be e f f e c t i v e  a t  pCa>9.0 (as  when

e q u i l i b r a t e d  in  10mM EGTA). This i s  good ev idence  a g a in s t  a

s im p le  ' C a - r e l e a s e ' model f o r  c a f f e i n e ' s  a c t io n  which would be
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e f f e c t i v e  in  b o th  t e s t  c o n d i t io n s .

Load in g  Loading was achieved  by r a i s i n g  th e  ca lc ium  t o  a

l e v e l  a t  which th e  SR could  take  up c a lc iu m . This l e v e l  was v e ry

v a r i a b l e .  Some f i b r e s  loaded from th e  ' 0 . 2  r e l a x i n g '  s o l u t i o n s

(pC a27 .0 0 ) ,  o th e r s  d id n o t  load  a t  l e v e l s  l e s s  than  pCa 6 .6  (1QmM

EGTA) . In  b o th  o f  t h e  f i g u r e s  used h e re  f o r  i l l u s t r a t i v e  pu rposes

( 4 .8  and 4 .9 )  c a lc iu m - lo a d in g  was c a r r i e d  o u t  a t  a pCa o f  4 .0 0 .

T h is  was done f o r  two r e a s o n s .  F i r s t  a t  t h i s  pCa th e  f i b r e s  do

n o t  lo a d  o p t im a l l y  (H a r r iso n ,  1985), so t h e r e  i s  room f o r

c a r n o s i n e  t o  i n c r e a s e  c a lc iu m - lo a d in g .  Second, t h e  c o n t r a c t i o n

produced  by a pCa o f  4.00 d u r in g  th e  lo ad in g  p e r io d  g iv e s  a

m easu re  o f  C a g a in s t  which to  compare th e  c o n t r a c t u r e  s i z e ,  max

O ptim al C a - lo a d in g  was g e n e r a l l y  found to  occur a t  H pCa 6 .3  

which i s  c lo s e  t o  th e  th re s h o ld  f o r  t e n s io n  p ro d u c t io n .  None o f  

t h e  e x p e r im e n ts  where th e  f i b r e  was loaded  a t  t h i s  pCa were used 

f o r  i l l u s t r a t i v e  purposes  as th e  lo ad in g  o f  th e  SR was n e a r  

o p t im a l  and so  any change in  calcium  load ing  w ith  c a rn o s in e  was 

m in im a l .

R e le ase  At th e  end o f  th e  lo ad in g  p e r iod  [Ca2+] was reduced  

t o  a pCa o f  ~ 9 .00 (10 Relaxing  s o lu t io n )  f o r  1 m in u te .  The b u f f e r  

c a p a c i t y  was th e n  reduced (0.2mM EGTA). The muscle was 

a llow ed  t o  e q u i l i b r a t e  in  t h i s  s o lu t io n  f o r  a p p ro x im a te ly  6 

m in u te s .  F i n a l l y ,  th e  muscle was t r a n s f e r r e d  t o  0 .2  Relaxing 

s o l u t i o n  in c lu d in g  10mM c a f f e in e .  The in t r o d u c t io n  o f  c a f f e in e  

provoked C a - r e l e a s e  from th e  i n t r a c e l l u l a r  s t o r e s .  Provided th e
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Tension response o f  a saponin-skinned r a t  v e n t r i c l e  
t r a b e c u la .  (A) The co n tra c tu re  produced by 10mM c a f f e in e  (note  
th e  f a s t e r  t in e  base)  a f t e r  load ing  the SR by maximally  
a c t iv a t in g  the muscle as shown. The upper tr a c e  shows the  
response w ith  15mM ca r n o s in e  in  th e  load in g  s o l u t i o n ,  th e  lower 
t r a c e  without c a r n o s in e .  The percentage f i g u r e s  express  peak 
c a f f e i n e  co n tra c tu re  t e n s io n  r e l a t i v e  t o  th e  corresponding .
(B) P o te n t ia t io n  o f  CmaX (by 3%) by ca r n o s in e  in the same 
nrerara t i o n .



m uscle  was ca lc ium  ’d e p l e t e d ’ between r u n s ,  and th e  lo ad in g  

c o n d i t i o n s  were c o n s i s t e n t  th e  s iz e  o f  th e  c a f f e in e  c o n t r a c t i o n  

was r e p r o d u c ib l e  (±5%). The s i z e  o f  th e  c a f f e i n e  c o n t r a c t i o n  i s  

t a k e n  a s  an i n d i c a t o r  o f  ca lc ium  r e l e a s e ,  assuming C a - re le a s e  

provoked by c a f f e i n e  t o  be an  i n d i c a t o r  o f  ca lc ium  c o n te n t  o f  th e  

SR ( e . g .  F a b ia to  & F a b ia to ,  1975; Endo, Tamaka & Ogawa, 1972).

The e f f e c t  o f  in t ro d u c in g  ca rn o s in e  d u r in g  th e  lo a d in g  

p e r io d  i s  i l l u s t r a t e d  in  f i g u r e  4 .8 .  This shows th e  l a s t  s e c t i o n  

o f  t h e  p r o to c o l  d e sc r ib e d  above f o r  two r u n s ,  t h e  upper  w i th  15mM 

c a r n o s i n e  p r e s e n t  du r ing  th e  lo ad in g  p e r io d ,  th e  low er w i th  th e  

same f r e e  [Ca2+] d u r in g  th e  load ing  p e r io d  b u t  in  th e  absence  o f  

c a r n o s i n e .  The f i g u r e  com prises o f  th e  end o f  the  lo ad in g  p e r io d ,  

th e  r e l a x in g  o f  th e  m usc le ,  e q u i l i b r a t i o n  in  0 .2  Relaxing 

s o l u t i o n  and th e  c o n t r a c t i o n  evoked by a p p l i c a t i o n  o f  10mM 

c a f f e i n e .  In  t h i s  example t h e  muscle was loaded  a t  a pCa o f  4 .0 2  

which p roduces  maximal c a lc iu m -a c t iv a te d  t e n s i o n .  The c a f f e in e  

c o n t r a c t i o n  was d im in ished  by s e t t i n g  th e  s . l .  below 2,2ym  which 

r e d u c e s  th e  C a - s e n s i t i v i t y  o f  th e  c o n t r a c t i l e  p r o te in s  ( le n g th  

dependence  o f  C a - s e n s i t i v i t y )  as w e l l  as reduc ing  th e  C a-load ing  

by th e  SR. This  s e t  o f  c o n d i t io n s  were chosen t o  le a v e  'room' f o r  

a u g m e n ta t io n  o f  C a-up take .  In  th e  upper t r a c e  w ith  c a rn o s in e  

p r e s e n t  d u r in g  th e  lo a d in g  p e r io d ,  th e  c a f f e in e  c o n t r a c t i o n  was 

56% o f  peak t e n s i o n .  Without c a rn o s in e  ( low er  t r a c e )  th e  c a f f e in e  

c o n t r a c t i o n  was o n ly  25% o f  peak t e n s i o n .  C le a r ly  the  presence  of 

c a r n o s i n e  d u r in g  th e  load  p e r io d ,  g r e a t l y  in c re a se d  th e  magnitude 

of th e  r e s u l t i n g  c a f f e in e  c o n t r a c t io n  and th e r e f o r e  by
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P ane l (A) o u t l i n e s  th e  experim en ta l  p r o to c o l .  The muscle was 
lo ad e d  a t  pCa o f  4 .0 0 ,  ( t h i s  produced maximum a c t iv a t e d  t e n s io n )  
r e l a x e d  and th e  C a -b u f fe r  c a p a c i ty  reduced from 10mM t o  0.2mM 
EGTA. In  t h i s  weakly  b u f fe re d  s t a t e  10mM c a f f e in e  was a p p lie d  
p rov o k in g  a c o n t r a c t u r e .  In  panel (B) th re e  c o n t r a c tu r e s  produced 
by 10mM c a f f e i n e  on th re e  s e p a ra te  runs on the  same muscle a f t e r  
l o a d in g  t h e  SR as  shown in panel a r e  superimposed (A). The t r a c e s  
in  p a n e l  ( B) a r e  shown as ca lc ium , the  t e n s io n  re sponses  have 
been  tran fo rm ed  t o  calcium  using  the  a p p ro p r ia t e  p C a- te n s io n  
r e l a t i o n .  Trace 2 was ob ta ined  w ithout ca rn o s in e  in  th e  load  
s o l u t i o n ,  t r a c e s  1 and 3 were ob ta ined  w ith  15mM c a rn o s in e  

p r e s e n t  in  th e  lo ad  s o lu t i o n .



i m p l i c a t i o n  th e  amount o f  ca lc ium  accumulated by th e  SR, as  th e  

C a - s e n s i t i v i t y  o f  t h e  c o n t r a c t i l e  p r o te i n s  and s t im u lu s  to  

C a - r e l e a s e  by th e  SR were unchanged.

O v e r a l l ,  t h e  p resence  o f  c a rn o s in e  in  th e  lo ad in g  s o l u t i o n  

r e s u l t s  in  a  s h i f t  t o  lower [Ca2+] i n  th e  curve r e l a t i n g  [Ca2+] 

t o  c a f f e i n e  c o n t r a c t u r e  am plitude  ( t h i s  was observed in  3 

p r e p a r a t i o n s ) .

F ig u r e  4 .9  p ro v id e s  a  second example of t h i s ,  th e  upper 

p a n e l  (A) o u t l i n e s  th e  experim en ta l  p r o to c o l ,  th e  muscle was 

lo ad e d  a t  a  pCa o f  4 .0 2  a t  a s . l .  o f  1.7pm. The t h r e e  

superim posed  t r a c e s  in  pane l B were ob ta ined  u s in g  the  p ro to c o l  

i n  P an e l  A. T races  1 and 3 were produced w ith  15mM c a rn o s in e  

p r e s e n t ,  d u r in g  th e  load p e r io d ,  t r a c e  2 in  th e  absence of 

c a r n o s i n e .  The t h r e e  t e n s i o n  t r a c e s  were t ransform ed  to  [Ca2+] ,  

u s in g  th e  a p p r o p r i a t e  p C a- ten s io n  r e l a t i o n s h i p  ( i e .  a l low ing  f o r  

t h e  i n c r e a s e  i n  C a - s e n s i t i v i t y  produced by c a f f e i n e ) . The 

in c r e a s e d  f r e e  Ca2+ ach ieved  by C a - re le a s e  frdm the  SR when 

c a r n o s in e  was p r e s e n t  d u r in g  th e  load  pe riod  can be seen when 

com paring  t r a c e s  1 and 3 , to  t r a c e  2. C le a r ly  th e  amount o f  

c a lc iu m  r e l e a s e d  when c a rn o s in e  was p re se n t  d u r in g  load ing  i s  

g r e a t e r  th a n  i n  t r a c e  2 s in c e  th e  e x t r a  Ca-b inding  by th e  EGTA 

and d i f f u s i o n a l  l o s s e s  a r e  g r e a t e r  d u r ing  th e  l a r g e r  c o n t r a c t u r e .  

T h is  s u g g e s t s  t h a t  c a rn o s in e  r e v e r s i b l y  in c re a s e s  th e  c a p a b i l i t y  

o f  t h e  SR to  t a k e  up ca lc ium  i o n s .
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Q a n ip s in e  and i t  In f lu e n c e  on CICR

A nother  more p h y s io lo g ic a l  type of calcium r e l e a s e  i s  t h a t  

p roduced  by ca lc iu m  i t s e l f  (CICR). S a p o n in - t re a te d  p r e p a r a t i o n s  

p roduced  o s c i l l a t i o n s  in  t e n s io n  when placed in  w eak ly -bu ffe red  

s o l u t i o n  w i th  an in te rm e d ia te  calcium  l e v e l .  An example o f  t h i s  

i s  shown in  f i g u r e  4 .1 0 .  These o s c i l l a t i o n s  in  t e n s i o n  a r e  

th o u g h t  t o  be due t o  c y c le s  o f  calcium  r e l e a s e  and r e u p ta k e . The 

c a lc iu m  r e l e a s e  i s  thought to  be provoked by a l o c a l  in c re a s e  in  

c a lc iu m  around th e  SR which provokes calcium r e l e a s e  by p o s i t i v e  

f e e d b a c k .  The l a r g e  synchron ised  te n s io n  o s c i l l a t i o n s  a r e  though t  

t o  be due t o  synch ron ised  waves o f  CICR, a su g g e s t io n  which i s  

s u p p o r te d  by th e  apppearance o f  the  muscle when viewed in th e  DIC 

m ic r o s c o p e ,  waves o f  c o n t r a c t io n  can been seen  t o  p ass  a long  th e  

n u s c le  in  synchrony w ith  the  la rg e  o s c i l l a t i o n s  in  t e n s io n  

(Lamont & M i l l e r ,  1 9 8 7 ) .  The upper panel o f  f i g u r e  4 .10  shows 

t h e  o s c i l l a t i o n s  in  a 0.2mM EGTA s o lu t io n  with  a pCa nom ina lly  of 

5 .3 2 .  D uring  th e  f i r s t  h a l f  o f  th e  t r a c e ,  15mM c a rn o s in e  was 

p r e s e n t .  A pprox im ate ly  h a l f  way along the  t r a c e  the  m u sc le ’ s 

b a th in g  s o l u t i o n  was rep la c e d  by one o f  th e  same [EGTA] and 

[Ca^+] b u t  w i th o u t  th e  c a rn o s in e .  The removal o f  c a rn o s in e  

d r a m a t i c a l l y  reduced  th e  h e ig h t  and am plitude of th e  t e n s io n  

o s c i l l a t i o n .  A p o r t i o n  o f  t h i s  r e d u c t io n  in  t e n s io n  l e v e l  i s  due 

t o  t h e  d e c re a se d  C a - s e n s i t i v i t y  of th e  c o n t r a c t i l e  p r o t e i n ' s  as 

th e  c a r n o s i n e  i s  removed ( se e  f i g u r e  4 .4 ) .  To e l im in a te  t h i s  

f a c t o r ,  t h e  d i g i t i s e d  t e n s io n  t r a c e  was transform ed from te n s io n  

t o  c a lc iu m  a p p ly in g  th e  s t e a d y - s t a t e  pC a-tens ion  r e l a t i o n s h i p

-  121 -



0.2mM t o t a l  EGTA; [Ca^+] n o m in a l ly  4 . 8  x 10 6M

Relative
tension

15mM
C a r n o s in e

[Ca2+

jjM

3

2

SL = 1 .7jjm

 1------
50 

Seconds
100

F ig u re  4 .1 0

Spontaneous t e n s io n  o s c i l l a t i o n s  i n i t i a t e d  by a weakly 
C a -b u f f e re d  s o l u t i o n .  At the  same C a-leve l  ca rn o s in e  g r e a t l y  
enhances  o s c i l l a t i o n  a m p litude ,  s . l .  1.7jim



t h e  p r e p a r a t i o n  i n  t h e  absence and presence o f  15mM c a rn o s in e  

( i l l u s t r a t e d  in  f i g u r e  4 .4 ) .  The C a - s e n s i t i v i t y  o f  th e  muscle in  

t h i s  e x p e r im e n t  was e s t a b l i s h e d  in  th e  presence  and absence o f  

1 c a rn o s in e  in  th e  s ta n d a rd  manner (see  methods s e c t i o n ) .  

T here  a r e  seme d o u b ts  about th e  a p p l i c a b i l i t y  of t h i s  pCa—te n s io n  

r e l a t i o n s h i p  t o  t h e  CICR o s c i l l a t i o n s .  The s tandard  pC a- tens ion  

r e l a t i o n s h i p  i s  o b ta in e d  under s t e a d y - s t a t e  c o n d i t io n s  and th e  

m uscle  i s  a c t i v a t e d  u n i fo rm ly ,  whereas th e  t e n s io n  in  th e  CICR 

o s c i l l a t i o n s  i s  n e i t h e r  s t e a d y - s t a t e  nor uniform . A d d i t io n a l ly ,  

i t  can  be s e e n  when obse rv ing  th e  o s c i l l a t i n g  muscle u s in g  th e  

DIC m ic ro scope  t h a t  in  s e c t io n s  of th e  p re p a ra t io n  lo c a l  

s h o r t e n in g  o c c u r s ,  w hile  in  o th e r s  i t  lengthens. Even with  th e s e  

r e s e r v a t i o n s ,  th e  f i g u r e  makes c l e a r  t h a t  changes in  

C a - s e n s i t i v i t y  a lo n e  cannot e x p la in  the  e f f e c t  o f  c a rn o s in e .  The 

trace.,, t h u s  s u g g e s t s  t h a t  t h e r e  a r e  g r e a t e r  o s c i l l a t i o n s  in  f r e e  

ca lc iu m  in  th e  p resen ce  o f  ca rn o s in e  and t h a t  th ese  o s c i l l a t i o n s  

a r e  c e n t r e d  around a h ig h e r  a b s o lu te  C a - le v e l .  A f te r  com plete  

s k in n i n g ,  t h e  muscle was re-exposed  to  th e  ’o s c i l l a t i o n  

s o l u t i o n s  and th e  t e n s i o n  l e v e l s  in  the  s o lu t io n  r e - e s t a b l i s h e d .  

T h is  showed t h e  o s c i l l a t i o n s  maxima and minima to  be r e s p e c t i v e ly  

above and below th e  t e n s io n  l e v e l  produced by th e  p r e p a r a t io n  

w i th o u t  th e  o r g a n e l l e s  o p e r a t i v e .  See f ig u r e  4.11
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S pon taneous  t e n s i o n  o s c i l l a t i o n s  produced by a 
s a p o n i n - t r e a t e d  r a t  c a rd ia c  t r a b e c u la  in  a weakly C a-buffe red  
s o l u t i o n .  Superimposed on t h i s  t r a c e  i s  th e  t e n s io n  response  t o  
th e  same s o l u t i o n  when th e  muscle has subsequen tly  been 
T r i t o n - t r e a t e d . From t h i s  f i g u r e  i t  can be seen  t h a t  th e  
o s c i l l a t i o n s  i n  t e n s i o n  produced by the  s a p o n in - t r e a te d  
p r e p a r a t i o n  were above and below the  ten s io n  l e v e l  produced by 
th e  m usc le  when i t s  c e l l u l a r  membrane systems were d is ru p te d  by 
T r i t o n .



The CICR o s c i l l a t i o n s  were augmented In a s im i l a r  manner by 

N - a c e t y l  h i s t i d i n e  (15mM).
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D iscuss ion

I  s u g g e s te d  i n  t h e  l a s t  c h a p te r  t h a t  th e  a b i l i t y  o f  c a f f e i n e  

and im id a z o le  t o  augment th e  C a - s e n s i t i v i t y  of th e  c o n t r a c t i l e  

p r o t e i n s  m igh t  b^ mimicking th e  a c t i o n  o f  some endogenous 

s u b s t a n c e .  I t  was asked whether n a tu r a l  c e l l u l a r  im id az o le s  f i l l  

t h i s  r o l e .  I  have examined th e  e f f e c t  o f  th e s e  compounds on two 

c a lc iu m  r e g u l a t e d  p ro c e s se s ;  th e  C a - s e n s i t i v i t y  o f  th e  

c o n t r a c t i l e  p r o t e i n s  and calcium  uptake by the. sa rc o p lasm ic  

r e t i c u l u m .  The r e s u l t s  r e p o r te d  in  t h i s  c h a p te r  show t h a t  th e  

c e l l u l a r  im id a z o le s  ( e . g .  t h e  h i s t i d i n e  d ip e p t id e s )  do augment 

C a - s e n s i t i v i t y .  In  a d d i t i o n ,  th e s e  compounds enhance Ca-uptake by 

th e  SR.

- The h i s t i d i n e  d ip e p t id e s  and th e  C a - s e n s i t i v i t y  o f  s k e l e t a l  

n u s c le

H i s t i d i n e  d ip e p t id e s  a r e  p re s e n t  in  th e  sarcoplasm  o f  

v e r t e b r a t e  s k e l e t a l  muscle a t  c o n c e n t ra t io n s  of  1-60mM. They have 

th e  s t r u c t u r a l  c h a r a c t e r i s t i c s  p red ic te d  in  c h a p te r  3 t o  make 

them C a - s e n s i t i s e r s ,  i . e .  an im idazo le  r in g  w ith  an u n s u b s t i tu t e d  

n i t r o g e n .  As p r e d i c t e d ,  t h e s e  compounds in c re ase d  th e  c o n t r a c t i l e  

p r o t e i n ' s  a p p a re n t  C a - s e n s i t i v i t y ,  a p p a re n t ly  m  the  same manner 

a s  c a f f e i n e  and im id a z o le .
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15mM c a rn o s in e  i s  found in  th e  s a r t o r i u s  muscle of t h e  f ro g  

(Rana t e m p o ra r ia ) (B urton , 1983) .  A p p l ic a t io n  o f  t h i s  

c o n c e n t r a t i o n  o f  c a rn o s in e  to  a T r i t o n - t r e a t e d  f i b r e  from t h i s  

m u sc le ,  in c r e a s e d  i t s  C a - s e n s i t i v i t y  as i s  i l l u s t r a t e d  in  f i g u r e s  

4 .2  and 4 .3  ( s e e  a l s o  t a b l e  4 .2 ) .  This shows t h a t  th e  p resence  o f  

c a r n o s in e  a t  i t s  p h y s io lo g ic a l  c o n c e n t ra t io n  in c re a s e s  th e  

C a - s e n s i t i v i t y  o f  th e  c o n t r a c t i l e  p r o t e i n s .  I t  can be deduced 

t h a t  t h e  a p p a re n t  C a - s e n s i t i v i t y  in  the  i n t a c t  s t a t e  w i l l  be 

h i g h e r  th a n  t h a t  observed  using  skinned f i b r e s  in  th e  absence o f  

t h e s e  compounds. Thus, p rev ious e s t im a te s  of C a - s e n s i t i v i t y  from 

sk in n e d  s k e l e t a l  f i b r e s  a re  lower than p h y s io lo g ic a l .  In  th e  

example shown in  f i g u r e  4.3 the  calcium le v e l  r e q u i r e d  t o  

a c t i v a t e  h a lf -m a x im a l ly  th e  f i b r e  would be e s t im a ted  as 2.1uM, 

b u t  w i th  t h e  a p p ro p r ia t e  c e l l u l a r  c o n c e n t ra t io n  of c a rn o s in e  

p r e s e n t  t h i s  would be reduced to  1.4uM.

I t  was mentioned in  the  in t ro d u c t io n  to  t h i s  c h a p te r  t h a t  

t h e  l e v e l  o f  t h e  h i s t i d i n e  d ip e p t id e s  v a r i e s  d r a m a t i c a l l y  w ith  

m uscle  ty p e .  The c o n c e n t ra t io n s  of ca rn o s in e  and a n s e r in e  a r e  

g e n e r a l l y  much h ig h e r  in  w h ite  muscle than in  red  (Zapp & W ilson, 

1938; Davey, 1960; C a s t e l l i n i  & Somero, 1981; Christm an, 1968). 

I t  would be i n t e r e s t i n g  to  determ ine  the  potency o f  th e s e  

compounds on th e  ca lc ium  s e n s i t i v i t y  o f  va rious  muscle ty p e s .  

From t h e  p re l im in a ry  o b s e rv a t io n s  rep o r ted  in  t h i s  c h a p te r  i t  

a ppeared  t h a t  th e  s h i f t  in  th e  pC a-tension  r e l a t i o n s h i p  in  th e  

f ro g  s a r t o r i u s  (Rana t e m p o r a l ) muscle was s m a l le r  than t h a t  m  

c law ed toad  semimembranosus muscle (Xenopus l e a y i s )  (see  t a b l e
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4 . 2 ) .  T h is  im p l ie s  t h a t  t h e r e  may be d i f f e r e n c e s  in  th e  potency  

o f  c a r n o s i n e ' s  e f f e c t  on calcium  s e n s i t i v i t y  as w ell  a s  th e  

a l r e a d y  e s t a b l i s h e d  d i f f e r e n c e s  in  th e  d i s t r i b u t i o n  o f  t h e  

compound w i th  m uscle type and s p e c i e s .  The e f f e c t  o f  c a f f e in e  on 

C a - s e n s i t i v i t y  has a l r e a d y  been shown to  vary w ith  muscle type  

(Wendt & S tephenson , 1983). The s h i f t  in  th e  p C a- tens ion  

r e l a t i o n s h i p  o f  r a t  c a rd ia c  and so leu s  muscle was g r e a t e r  th an  

t h a t  i n  r a t  e x te n s o r  d ig i to ru m  longus muscle.

E f f e c t  o f  c a rn o s in e  on c rab  s k e l e t a l  muscle

I n v e r t e b r a t e  m uscles g e n e r a l l y  c o n ta in s  l i t t l e  o r  no 

c a r n o s in e  o r  a n s e r in e  (Crush, 1970). I  found t h a t  Carnosine 

(20mM) and Sulmazol (10mM) had no e f f e c t  on th e  t e n s io n  produced 

by 'c h e m ic a l ly  sk inned  crab  s k e l e t a l  muscle: Ashley and G r i f f i t h s  

(1984) have p r e v i o u s ly  r e p o r te d  Sulmazol (AR-L 115 BS) t o  have no 

e f f e c t  on th e  C a - s e n s i t i v i t y  of skinned ba rn ac le  f i b r e s  (Balanus 

n u b i l u s ) .  These o b s e rv a t io n s  suggest  t h a t  th e  C a - s e n s i t i s in g  

e f f e c t s  o f  t h e  im id az o le s  may be l im ite d  to  v e r t e b r a t e  m uscle . 

C om para tive  s t u d i e s  o f  th e  e f f e c t  of ca rn o s in e  on 

myof i b r  i l l a r - A T P a s e  a c t i v i t y  of  v e r t e b r a t e  and in v e r t e b r a t e  

m usc le s  (P a rk e r  and Ring, 1970) has shown ca rnos ine  a c t i v a t i o n  of 

myof i b r  i l l a r -A T P a s e  a c t i v i t y  t o  be l im ite d  t o  m y o f ib r i ls  from 

m usc les  t h a t  n o rm a l ly  c o n ta in  carnosine  a n d /o r  a n s e r in e  as major 

c e l l u l a r  c o n s t i t u e n t s .  The la c k  of e f f e c t  o f  c a rn o s in e  on th e  

C a - s e n s i t i v i t y  o f  i n v e r t e b r a t e  s k e l e t a l  muscle may in d ic a te  minor
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s t r u c t u r a l  d i s s i m i l a r i t i e s  in  th e  Ca-binding s i t e s  o f  the  

r e g u l a t o r y  p r o t e i n s  from v e r t e b r a t e  and i n v e r t e b r a t e  m uscle . 

Decapod m usc le  i s  unusua l  amongst th e  i n v e r t e b r a te s  in  having 

o n l y  a c t i n  r e g u l a t i o n  and i s  t h e r e fo r e  v e r t e b r a t e - l i k e  excep t

w i th  r e g a r d  t o  th e  a c t io n  o f  th e  C a - s e n s i t i s e r s .

The e f f e c t  o f  c a r n o s i n e on th e  C a - s e n s i t i v i t y  o f  c a rd ia c  muscle

C a rn o s in e  augments C a - s e n s i t i v i t y  o f  c a rd ia c  muscle in  th e  

same m anner as  c a f f e in e  and im idazole  d e sc r ib ed  in  th e  l a s t  

c h a p t e r .  An example o f  th e  in c re a s e  in  r a t  c a rd ia c  m u sc le 's  

C a - s e n s i t i v i t y  i s  p re se n ted  in  f ig u r e  4 .4 .  (see  t a b l e  4 .2  f o r  

cum ula ted  d a t a ) .  C arnosine  in c reased  the  C a - s e n s i t i v i t y  in  a 

d o se -d e p e n d e n t  m anner. From th e  p lo t  of  s h i f t  in  P^app a g a in s t  

t h e  c o n c e n t r a c io n  o f  ca rn o s in e  in  f ig u r e  4.6 i t  can be suggested  

t h a t  t h e  e f f e c t  o f  c a rn o s in e  i s  n o t  s a tu ra te d  even a t  80mM.

The p h y s io lo g ic a l  l e v e l s  o f  im id az o le -c o n ta in in g  compounds 

i n  c a r d i a c  m uscle have n o t  been c l e a r l y  e s t a b l i s h e d .  The l e v e l s  

o f  h i s t i d i n e  d ip e p t id e s  in  c a rd ia c  muscle a re  g e n e ra l ly  thought 

t o  be low o r  n e g l i b l e  . The h ig h es t  va lue  r e p o r te d  was

0 .6mM c a rn o s in e  in  r a b b i t  h e a r t  (Sobue e t  a l , 1975). However, 

p r e l i m i n a r y  m easurements o f  th e  im id azo le -co n ta in in g  compound 

c o n te n t  o f  h e a r t  muscle e x t r a c t s ,  made in  t h i s  l a b o r a to r y  us ing  

HPLC (h ig h  perform ance l iq u id  chromatography), sugges t  t o t a l  

im id a z o le  l e v e l s  as h igh  as 8mmole per  Kg wet weight ( f u r t h e r  

c o r r e c t i o n s  t o  sa rcop lasm ic  volume a re  r e q u i r e d ,  C r ich ton  e t  a l ,
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1987). On t h e  b a s i s  o f  t h i s  o b se rv a t io n  i t  can be proposed t h a t  

t h e  e f f e c t  o bse rved  w ith  10-15mM carnosine  (see  f i g u r e s  H.H and 

t a b l e  4 .2 )  may be c lo s e  t o  p h y s io lo g ic a l  l e v e l s .

E f f e c t s  on c a rn o s in e  on SR fu n c t io n

The second  e f f e c t  o f  th e  im idazole  d ip e t  id e s  r e p o r te d  i s  

t h e i r  i n f l u e n c e  on SR f u n c t io n .  Since th e  l a t e  1960s i t  has been 

th o u g h t  t h a t  th e  sa rcop lasm ic  im id az o le -c o n ta in in g  compounds 

i n f l u e n c e  SR f u n c t i o n .  This id ea  might r e l a t e  t o  ' t h e  e f f e c t  o f  

c a f f e i n e ,  whose s t r u c t u r a l  s i m i l a r i t i e s  were mentioned e a r l i e r ,  

which p rovokes  C a - r e le a s e  from th e  SR. Boldyrev, Lebedev & R ito v ,  

(1969) showed c a rn o s in e  to  r e v e r s e  f a t ig u e  in  f rog  nerve-m usc le  

p r e p a r a t i o n s  under  myoneural b lockade . They suggested  t h a t  t h i s  

a c t i o n  was i n t r a c e l l u l a r  and perhaps a sso c ia te d  w ith  th e  SR. This 

s u g g e s t i o n  was bo rne  ou t when Lopina and Boldyrev (1975) showed 

c a rn o s in e  t o  a c t i v a t e  s t r o n g ly  the  o v e ra l l  ATPase a c t i v i t y  o f  

i s o l a t e d  s k e l e t a l  muscle SR. They showed t h i s  t o  be s p e c i f i c  

s t i m u l a t i o n  o f  t h e  Mg-K-dependent component w ith  concom itan t 

s u p p r e s s io n  o f  t h e  Mg-dependent a c t i v i t y .  S im ultan taneous ly  w ith  

th e  s t i m u l a t i o n  o f  th e  Mg-K-ATPase, carnos ine  a c c e le r a te d  th e  

a b s o r p t i o n  o f  ca lc ium  by th e  re t icu lum  by a f a c t o r  o f  1 .5 -2 .0  

compared w i th  T r i s  b u f f e r .  The r e s u l t s  re p o r te d  h e re  confirm  

Lopina and B o ld y re v 's  (975) o b se rv a t io n  t h a t  th e  p resence  o f  

c a rn o s in e  d u r in g  th e  calcium  ' lo a d in g '  period  in c re a s e s  the  

c a lc iu m  up tak e  by th e  SR. I  have shown the  same phenomenon on
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c a r d i a c  m uscle  SR i n  what i s  presumed to  be i t s  p h y s io lo g ic a l  

c o n f i g u r a t i o n  ( se e  f i g u r e s  4 .8  and 4 .9 ) .  The a b i l i t y  of th e  SR to  

t a k e  up  c a lc iu m ,  as  viewed in  e i t h e r  i s o la te d  SR o r  in  skinned 

m uscle  p r e p a r a t i o n s  w i l l  be underestim ated  when th e  c e l l u l a r  

im id a z o le s  have been  om it ted  from th e  s o lu t io n s  employed.

P h y s i o l o g i c a l  c o nsequenc ie s  o f  th e  h i s t i d in e  d ip e p t id e s

What a r e  th e  p h y s io lo g ic a l  consequencies of th e  e f f e c t s  o f  

c a r n o s i n e ? . I t  i s  g e n e r a l l y  thought t h a t  th e  i n t r a c e l l u l a r  f r e e  

ca lc iu m  l e v e l  i n  f a s t  tw i tc h  f i b r e s  ( e .g .  the  f ro g  s a r t o r i u s  

f i b r e s )  i s  supramaximal during  th e  a l l - o r - n o n e  tw i tch  re sp o n se ,  

and t h a t  f o r c e  canno t  no rm ally  be a l t e r e d  in  th ese  muscles by 

changes  i n  i n t r a c e l l u l a r  f r e e  calcium or C a - s e n s i t i v i t y  of th e  

c o n t r a c t i l e  p r o t e i n s .  I t  i s  g e n e ra l ly  thought t h a t  g r e a t e r  fo rc e  

i n  ' t h e  i n t a c t  tw i tc h  muscles w i th in  th e  body i s  graded by th e  

r e c r u i t m e n t  o f  a d d i t i o n a l  f i b r e s  r a t h e r  than changes in  the  fo rc e  

p e r  f i b r e .  However, i t  should be noted t h a t  th e r e  i s  c o n t r a ry  

ev id e n c e  based  on th e  s u b - t e ta n i c  r a t e  of d r iv in g  of motor 

c o n t r o l  u n d e r  v o lu n ta r y  c o n t r a c t io n  (Milner-Brown, S te in  & Ymen, 

1973). T h e r e f o r e ,  i t  seems t h a t  changes in  C a - s e n s i t i v i t y  o r  

C a - m o b i l i s a t i o n  may make l i t t l e  d i f f e re n c e  to  th e  performance of 

f a s t  t w i t c h  s k e l e t a l  f i b r e s  u n le s s  a la rg e  e f f e c t  of were

p r e s e n t .  However, th e  s i t u a t i o n  in slow to n io  f i b r e s  and c a rd ia c  

muscle i s  c e r t a i n l y  d i f f e r e n t .  In slow to n ic  f i b r e s  where th e  

r e s p o n s e  t o  s t i m u la t i o n  i s  g raded , t h i s  g rad a t io n  i s  proposed to  

be due t o  an in c r e a s e  o f  th e  i n t r a c e l l u l a r  Ca2+ c o n c e n t ra t io n
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r e s u l t i n g  from  v a r i e d  d e p o la r i s a t i o n  (M iled i,  P a rker  & Schalow, 

1981) s o  an  i n c r e a s e  in  th e  C a - s e n s i t i v i t y  o f  the  c o n t r a c t i l e  

p r o t e i n s  o r  an in c re a s e d  a v a i l a b i l t y  of calcium would augment th e  

m u s c l e 's  f o r c e  o u t p u t .

In  c a r d i a c  muscle a l l  th e  c e l l s  a re  thought t o  be a c t i v a t e d  

d u r in g  e v e ry  c a rd ia c  c y c le .  The g rad a t io n  in  fo rce  p roduction  can 

be p roduced  by a l t e r i n g  e i t h e r  the  calcium a v a i l a b le  t o  th e  

r e g u l a t o r y  p r o t e i n s  o r  t h e i r  C a - s e n s i t i v i t y .  C le a r ly ,  the  

e v id e n c e  p re s e n te d  h e re  shows t h a t  ca rnos ine  can a f f e c t  bo th  o f  

t h e s e  f a c t o r s  by in c r e a s in g  th e  C a - s e n s i t i v i t y  o f  th e  c o n t r a c t i l e  

p r o t e i n s  and th e  a b i l i t y  o f  th e  SR to  take up ca lc ium . The 

in c r e a s e d  a b i l i t y  o f  th e  SR t o  ta k e  up calcium w i l l  have s e v e r a l  

e f f e c t s .  The i n t r a c e l l u l a r  calcium  le v e l  w i l l  be reduced . This 

w i l l  r e s u l t  in  a g r e a t e r  calcium  e n t r y  du r ing  the  a c t io n  

p o t e n t i a l  becau se  th e  d r iv in g  fo rc e  i s  g r e a t e r .  A g r e a t e r  and 

f a s t e r  change in  th e  ca lc ium  c o n c e n t ra t io n  surrounding  th e  SR 

w i l l  p roduce  a l a r g e r  ca lc ium  r e l e a s e  (F a b ia to ,  1983). The t o t a l  

c a lc iu m  c o n te n t  o f  th e  SR w i l l  be g r e a t e r .  So both  th e  t r i g g e r  

f o r  c a lc iu m  r e l e a s e  and th e  amount a v a i la b le  to  be re le a s e d  w i l l

be augm en ted .
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E f f e c t s  o f  im id a z o le  c o n t a i n i ng compound on muscle

From th e  l i t e r a t u r e  i t  i s  ev ident t h a t  th e  r o le  o f  th e  

h i s t i d i n e  d i p e p t id e s  i s  n o t  understood d e s p i t e  e x te n s iv e  

i n v e s t i g a t i o n .  The h i s t i d i n e  d ip e p t id e s  have been im p l ic a te d  in  a 

wide v a r i e t y  o f  p r o c e s s  l i k e l y  t o  a f f e c t  muscle perform ance. They 

i n f l u e n c e  ac tom yosin  ATPases (Avena & Bowen, 1969) ,  ca lc ium  

a c c u m u la t io n  by t h e  SR (Lopina & Boldyrev, 1975), th e  b u f f e r in g  

o f  pH (Davey, 1960), d iv a le n t  ion c h e la t io n  (Brown & A ntholine  

1984) and t h e  r e g u l a t i n g  g ly c o ly s i s  (Johnson & A ld s ta d t ,  1984). 

However, d e s p i t e  t h e  c o n s id e ra b le  i n t e r e s t  in  th e s e  compounds no 

c o n c en su s  has been  reached  as to  t h e i r  fu n c t io n  though s e v e r a l  

r o l e s  have  been  su g g e s te d  f o r  them.

One o f  t h e  f i r s t  p roposa ls  to  ex p la in  th e  d i s t r i b u t i o n  and 

f u n c t i o n  o f  t h e  h i s t i d i n e  d ip e p t id e s  was t h a t  they  a re  c e l l u l a r  

pH b u f f e r s .  This a c t i o n  undoubtably occu rs .  The h i s t i d i n e  

d i p e p t i d e s  a r e  pH b u f f e r s  in  the  p hys io log ica l  range e . g .

c a m o s i n e  (pK^ 6 .83 )  and a n s e r in e  (pK2 7 .04  B ates-Sm ith , 1938, 

D eu tsch  & E g g le to n , 1938) and have been shown to  c o n s t i t u t e  

20-30$ o f  t h e  t o t a l  b u f f e r  c a p a c i ty  of s k e l e t a l  muscle (Davey, 

1960). The compounds would e x h ib i t  t h e i r  maximum b u f fe r in g  

c a p a c i t y  i f  pH should  f a l l  below pH 7 .0 -7 .3  (Davey, 1960). They 

w i l l  t e n d  t o  n e u t r a l i s e  th e  l a c t i c  ac id  produced by anaerob ic  

g l y c o l y s i s  i n  s k e l e t a l  muscle (Davey, 1960a). As would, t h e r e f o r e  

be e x p e c te d  t h e  h ig h e s t  l e v e l s  o f  these  d ip e p t id e s  a r e  found 

m usc les  w hich can m e ta b o lise  a n a e ro b ic a l ly  (B a te s -S m ith ,1938;
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C a s t e l l i m  & Somero, 1981; Hochachka & Somero, 1984), e . g .  th e  

s k i p j a c k  tu n a  (Katusuwonus pelam is)  which can engage in  b u r s t  

swimming, s u s t a i n e d  by e leva ted  c a p a c i t i e s  f o r  an a ero b ic  

g l y c o l y s i s  i n  i t s  w h i te  m uscle , (Guppy & Hochachka 1978) has 

150mM t o t a l  h i s t i d i n e  d ip e p t id e .  Many of  the  e f f e c t s  o f  th e s e  

compounds c an  be a t t r i b u t e d  to  t h e i r  a b i l i t y  to  b u f f e r  H+ io n s .  

However, changes  in  pH, o r  pH b u f fe r  c a p a c i ty ,  cannot e x p la in  a l l  

o f  t h e  r e p o r t e d  e f f e c t s  o f  th ese  compounds.

A second  e s t a b l i s h e d  a re a  of h i s t i d in e  d ip e p t id e  fu n c t io n  i s  

a s  d i v a l e n t  c a t i o n  c h e l a t o r s .  Brown (1981) has shown t h a t  

c a r n o s in e  and t h e  o t h e r  h i s t i d i n e  d ipep tides  c h e la te  Cu2+ and 

Zn2+. T h is  r o l e  b r in g s  to g e th e r  sev era l  e f f e c t s ,  f o r  example 

t h e i r  invo lvem en t  in  i n t r a c e l l u l a r  t r a n s p o r t  of copper to  th e  

m i to c h o n d r i a  f o r  a c t i v a t i o n  o f  cytochrome oxidase a t  th e  end of 

t h e - e l e c t r o n  t r a n s p o r t  cha in  and in  the  r e g u la t io n  of g l y c o l y s i s .  

In  t h e  r e g u l a t i o n  o f  enzymes such as f ru c to s e  1 ,6, b i s  phosphatase 

( i s o l a t e d  from w hite  s k e l e t a l  muscle) a c t i v i t y  is  increased  by 

c a r n o s i n e  and a n s e r in e  and in h ib i te d  by z in c ( I I )  and c o p p e r ( I I )  

io n s  ( I k e d a ,  Kimura, Hama & Tamaki, 1980).

Both th e s e  phenomena a re  l i k e l y  to  in f lu e n ce  muscle 

pe rfo rm a n c e  s u b s t a n t i a l l y  b u t  n e i th e r  can exp la in  the  e f f e c t  on 

C a -u p ta k e  o r  ca lc ium  s e n s i t i v i t y  reported  h e re .  The s o lu t io n s  

used  f o r  t h e s e  experim ents  a re  well bu ffe red  fo r  pH and b u f f e r  

c a p a c i t y  was f r e q u e n t l y  k e p t  co n s tan t  so t h a t  changes m  b u f f e r  

c a p a c i t y  ca n n o t  e x p la in  th e  r e s u l t s .  The e f f e c t  of c h e la t io n

-  1 3 2  -



Cu o r  Zn + i s  i r r e l e v a n t  g iven  th e  low m ineral c o n te n t  o f  our  

d i s t i l l e d  w a te r  and th e  EGTA b u f fe r in g  of th e  s o lu t io n s  (z in c  and 

c o p p e r  b in d in g  c o n s ta n t s  f o r  EGTA a re  r e s p e c t iv e ly  50 and 101*

t im e s  g r e a t e r  th a n  f o r  calcium) a l t e r a t i o n s  in  l e v e l s  o f  th e s e  

c a t i o n s  c a n n o t  o c c u r .

F a c to r s  a f f e c t i n g  c a rn o s in e  le v e ls

S e v e r a l  f a c t o r s  have been shown to  a l t e r  th e  c e l l u l a r  

h i s t i d i n e  d i p e p t i d e  l e v e l s  fo r  example denerva tion  and trauma 

r e s u l t  i n  red u ced  l e v e l s  (Crush, 1970). A ll  types  o f  muscle 

a t r o p h y  a r e  c h a r a c t e r i s e d  by a decreased carnosine  l e v e l ,  f o r  

ex am p le ,  p a t i e n t s  w ith  p ro g re ss iv e  muscular dystrophy have 

d e c re a s e d  c a rn o s in e  c o n te n t  (Stepanova and G r in io , 1960). A ll 

t h e s e  a r e  c o n d i t i o n s  which a re  a s so c ia te d  w ith  impaired m uscular 

p e r f q r m a n c e . These o b se rv a t io n s  a r e  now n o t  s u rp r i s in g  in  view of  

th e  im p o r ta n t  f u n c t io n s  a t t r i b u t a b l e  to  the  h i s t i d i n e  d ip e p t id e s  

from t h e  c u r r e n t  work.

O v e r a l l  c o n c lu s io n s

O v e r a l l  i t  appears  t h a t  carnos ine  in c re a se s  th e  

C a - s e n s i t i v i t y ,  peak fo rc e  production  and SR calcium load ing  and , 

t h e r e f o r e ,  m ust be an im portan t  de term inant o f  fo rc e  p ro d u c tio n  

in  v i v o . The r e d u c t io n  of carnosine in  dys troph ic  muscle, 

den e rv a te r i  m uscle  and s k e l e t a l  muscle a f t e r  trauma may e x p la in ,  

a t  l e a s t  in  p a r t ,  th e  m uscular weakness observed. Skinned f i b r e
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and i s o l a t e d  o r g a n e l l e  work may y ie ld  m is lead ing  e s t im a te s  of 

C a - s e n s i t i v i t y  and C a - t r a n s p o r t .  Perhaps u n w i t t in g ly ,  some 

i n v e s t i g a t o r s  w i l l  have p a r t l y  compensated f o r  t h i s  by u s in g  

im id a z o le  a s  a pH b u f f e r .

I  have shown th e  sa rcop lasm ic  imidazoles t o  s e n s i t i s e  two 

c a lc iu m  r e g u l a t e d  p ro c e s s e s ;  th e  c o n t r a c t i l e  p ro te in s  and calcium  

m o b i l i s e . - io n  by i n t r a c e l l u l a r  o r g a n e l le s .  The e f f e c t s  o f  c a f f e in e  

and Sulmazol on th e  former can now be viewed as  mimicking th e  

a c t i o n  o f  t h e  n a tu r a l  im id azo le s .  The opposing e f f e c t s  on 

C a - re  l e a s e / u p t a k e  by c a f f e in e  and o th e rs  on one hand and the  

c e l l u l a r  im id a z o le s  on th e  o th e r  might r e f l e c t  common f e a tu r e s  in  

a c t i o n  on  C a - a f f i n i t y  of th e  Ca-binding s i t e s  presumably 

a s s o c i a t e d  w i th  uptake  o r  r e l e a s e .  The a c t io n s  o f  the  n a tu r a l  

i m id a z o le s  may prove to  be a gen e ra l  fe a tu re  of calcium re g u la te d  

sy s tem s. O th e r  ca lc ium  s i t e s  would include Ca-dependent K 

c h a n n e l s , t h e  Na-Ca exchanger in  the  sarcolemma and t ie Ca-Na 

e x c h an g e r  on t h e  i n n e r  m itochond ria l  membrane.
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