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Over the y ea rs  I have stu d ied  a sp ec ts  of m uscle con traction  in  
p rep aration s ran g in g  from in ta ct live  m uscle in  v itro  to g e ls  made up 
of s in g le  m uscle p ro te in s, along th e lin es  of N atori’s (1986) p a ttern  of 
decom position and recon stru ction . My o b jec tiv e  has b een  to tr y  to  
u n derstan d  th e  u n d erly in g  p r o c e sse s  w hich make a m uscle change  
from relaxation  to  rigor or from relaxation  to con traction , and th ereb y  
shed  some lig h t on th e  excita tion -con traction  p ro cess  and on 
contraction  itse lf .

My PhD s tu d ie s  w ere on la ten cy  relaxation in  m uscles (C openhagen  
1974). This in te r e stin g  phenom ena appears as a drop in  isom etric  
ten sion  p reced in g  th e contraction , and it  is  sarcom ere len g th  
dependent. At th e  time, all p ossib le  models for th e  or ig in  of the  
la ten cy  relaxation  w ere linked  to th eo r ies  of ex c ita tion -con traction  
coupling  (Sandow , 1966; D.K. Hill, 1968). It was th ere fo re  clear to me 
th a t I should  continue my la ten cy  relaxation s tu d ie s  to  c la r ify  th e  
link  b etw een  th e  excitation  and th e s ta r t of th e  con traction .

In E.M. B artels, J.M. S k yd sgaard  and O. S ten -K n u dsen  (1979) the  
time cou rse  of th e  la ten cy  relaxation in  frog  m uscle, w here th e  
cistern ae  from th e  sarcoplasm ic reticulum  are located  a t th e  Z-line, 
was com pared w ith  th e  time cou rse  of th e  la ten cy  relaxation  in  rat  
m uscle, w here th e  c istern a e  are located  at a fixed  d ista n ce  from the  
Z-line and in th e  overlap  zone for th e  A- and I-filam en ts. The stu d y  
show ed th a t th e  am plitude of th e  la ten cy  relaxation  is  d ep en d en t on  
overlap  b etw een  th e  A- and I-filam en ts, so in  th e  ca se  of no overlap , 
th ere  is  no la ten cy  relaxation. The b ig g e s t  drop in  ten sio n  was seen  
around a sarcom ere le n g th  of 3.1 pm in  both fro g  and mammalian 
m uscle.

The time cou rse  in  mammalian m uscle was in d ep en d en t o f sarcom ere  
len g th  up to th e  le n g th  w here th e c istern a e  are p laced  o u tsid e  the  
A-I overlap  zone, w hile th e  time cou rse  in frog  m uscle w as d ep en d en t  
on sarcom ere le n g th  at all le n g th s . The o n se t o f th e  la ten cy  
relaxation was found  to  be in d ep en d en t of sarcom ere le n g th  in  all 
sk e le ta l m uscles stu d ied . This po in ts tow ards a link  w ith  th e  Câ "̂  
release  from th e  c istern a e , and sin ce  th e  o n se t did not happen  at the  
moment of stim ulation, Câ '*’-b in d in g  to th e I-filam en t m ust take some 
time. My con clusion  on th is  p iece  of work was th a t la ten cy  relaxation  
is  probably ca u sed  b y  a conform ational ch an ge of th e  tropom yosin  
molecule as Câ "̂  b inds to th e troponin  in th e  I-filam en t (H aselgrove  
1973), and th is  ch an ge ca u ses  an elongation  of th e  I-filam en t (Haugen  
and S ten -K n u dsen  1976).
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A fu rth er  s tu d y  of th e relation  betw een  la ten cy  relaxation , tw itch  and  
Ca^^ was carr ied  out in h yp erton ic  con d ition s, E.M. B artels and P. 
Jen sen  (1982). H ypertonic con d ition s ca u ses  an osm otic sh rin k age of 
th e  m uscle ce ll (D ydynska and Wilkie 1963, B links 1965) and th ereb y  a 
d ecrease  in  free  ce ll w ater and in th e d iffu sion  co n sta n t for Ca 
The aim was to  see  if  th e  la ten cy  relaxation show ed th e  same 
d ep en d en cy  on sarcom ere le n g th  in normal and in  h yp erton ic  
con d ition s and to  see  how th e  ch an ged  Câ '*’ d iffu sion  co n stan t would  
a ffe c t  th e time cou rse  of th e  la ten cy  relaxation. The hope was to see  
w hether th e la ten cy  relaxation was cau sed  by a s la ck en in g  of th e  
sarcoplasm ic reticulum  membranes as su g g e ste d  b y  Sandow (1966) or 
if  it  w as, as m entioned, linked  to an elongation  of th e  I-filam ent. Both  
tw itch  and la ten cy  relaxation w ere found  to d ecrease  lin early  w ith  
in crea sin g  h yp erto n ic ity , bu t th e  sarcom ere le n g th  d ep en d en cy  did  
not change. The la ten cy  relaxation  time cou rse w as ex ten d ed  in a 
w ay w hich su g g e ste d  th a t Ca^'^-release its e lf  was d elayed  (on set of 
th e  la ten cy  relaxation), bu t th e  major factor in  th e  ex ten d ed  time 
cou rse  seem ed to be th e slow er d iffu sion  of Ca and probably  slow er  
bin d in g  of Câ "̂  to th e  I-filam en ts. The s tu d y  confirm ed th e re su lts  
of my e lectron  m icroscopy s tu d ie s  (1979), w hich su g g e s te d  th a t the  
orig in  of th e  la ten cy  relaxation  is  in  th e  con tractile  sy stem  itse lf , as  
w as earlier su g g e ste d  by D.K. Hill (1968), and H augen and S ten -  
K nudsen (1976).

So far  all my research  was con cerned  w ith s tu d ie s  of w hole m uscles, 
som etim es down to s in g le  f ib r e s , but n ev er  down to  c lo ser  s tu d ies  of 
th e  p r o c e sse s  in sid e  th e cell. As my in te r e s t  for th e  next step  a fter  
th e  excita tion -con traction  cou p lin g , th e  actual con traction , grew , I 
jo ined  P ro fessor  E lliott’s resea rch  group in Oxford to look into  th e  
con tractile  system  in prep aration s w hich could be c la ss if ied  as more 
or le s s  ’p u re ’ con tractile  sy stem s in  th e  form of g ly cer in a ted  and  
sk in n ed  m uscle preparations. The m easuring m ethods w ere  
m icroelectrode tech n iq u es to m easure Donnan p o ten tia ls  in  th e  various  
reg io n s  of a m uscle cell, and from th e  Donnan p o ten tia ls  to  calcu late  
th e  protein  ch arge concentration . X -ray and la ser  d iffraction  
tech n iq u es  w ere u sed  to d efin e th e volum e of th e  con tractile  
apparatus so as to  be able to  rela te ch a rg es to  filam ents or protein  
m olecules. The ch arge m easurem ents w ere based  on th e  in tere stin g  
and p ion eerin g  m icroelectrode s tu d ies  of g lycer in a ted  m uscle by  
Collins and Edwards (1971) and Pemrick and Edw ards (1974), and th e  
th eoretica l con sid eration s g iv en  b y  Elliott (1973).

A lthough th e  work began  in  th e  sp ir it  of a d ven tu re , to tr y  to  
va lidate  and extend  the estim ate of p rotein  ch arge  th a t had been  
made by Collins and Edwards (1971) and also  by  E lliott (1973), a s it  
has continued , it  has become clear th a t my o b jec tiv e  m ust be to  
gen era te  a major change in  th e  paradigm  of m uscle resea rch . The 
m uscle resea rch  community h as for more than  tw en ty  y ea rs  been  
looking for ch a n g es in th e  orien tation  of th e  m yosin SI cro ssb r id g e  
w hen attached  to actin  during th e  con tractile  p r o c e ss , and has fa iled  
to  fin d  u n eq u ivoca l ev id en ce  o f th is  ch an ge. My own s tu d ie s  have  
con v in ced  me th a t on ly  when th e  paradigm  is  en larged  to  in clud e th e
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e lectr ica l environm ent, th e  e lectr ica l double la y er  th a t m ust ex ist  
betw een  th e  actin  and m yosin filam ents, w ill we fin d  a modified model 
for cro ssb r id g e  behaviour th a t w ill be seen  to  be p h ysica lly  
sa tisfa cto ry . To th is  end I have con tin u ed  to make electr ica l 
m easurem ents on sk inned  m uscle f ib r e s , and to  tr y  to con vin ce the  
m uscle resea rch  com m unities of th e re lev a n ce  of th e se  m easurem ents.

When one u se s  a tech n iq u e w hich is  n ovel and uncommon, it  is  
n ecessa ry  f ir s t  to  validate th e method beyond  qu estion . To make 
su re  th a t it  w as appropriate to u se  m icroelectrodes to m easure 
Donnan p o ten tia ls , and from th e se  m easurem ents to  calcu late protein  
fixed  ch arge con cen tration , th e  th eoretica l and practica l a sp ec ts  of 
u sin g  KCl-filled m icroelectrodes in  m uscle trea ted  as an extended  
poly  e lec tro ly te  gel w ere con sid ered  in  G.F. E lliott and E.M. Bartels 
(1982). The con clusion  of th is  paper was th a t th e  potential 
m easurem ents can indeed  be in terp reted  to g iv e  th e  fixed  e lectr ic  
ch arge on th e p rotein  filam ent la ttice  in th e  m anner in troduced  
earlier b y  Collins and Edwards (1971) and m odified and extended  by  
Elliott e t al (1978). This is  tru e  w ith in  th e experim ental regim e 
w hether th e m icroelectrode se n se s  th e  local p o ten tia l average or th e  
local average of th e  free  ionic con cen tration s. A fu r th er  d iscu ssio n  
of th e  a ccep ta b ility  of th e  method was g iv en  in  G.F. Elliott, E.M. 
B artels, ?.H. Cooke and K. Jenn ison  (1984), w here th e  Donnan 
p oten tia l m easurem ents for ca lcu lating  fixed  e lec tr ic  ch a rg es on the  
A- and I-filam en ts w ere d efended  a g a in st a ch a llen ge  from Godt and  
Baum garten’s (1984) io n -se le c tiv e  e lectrod e m easurem ents at d ifferen t  
pH’s, ionic s tr e n g th s  and p h ysio log ica l s ta te s . Godt and B aum garten’s 
m easurem ents confirm ed data from both Collins and Edwards (1971) 
and B artels and E lliott (1980, 1981, 1982) and w ere show n to be 
explicable from Donnan th eory . With th is  estab lish m en t th a t th e  
method applied  was acceptab le th e detailed  m uscle s tu d ies  could  
begin .

If th e  volum e of th e  filam ent la ttice  s ta y s  co n sta n t in a sk inned  
m uscle fib re  a protein  ch arge con cen tration  m easurem ent w ill be 
u se fu l in  d isc u ss in g  the fu n ction  of th e  con tractile  apparatus, sin ce  
it w ill be d irec tly  related  to th e  ch a rg es  on th e  p rotein  filam ents. In  
most practica l c a ses , it  is  im portant a lso  to d escr ib e  th e  volum e 
ch a n g es b etw een  s ta te s  to take them in to  accou n t w hen com paring  
ch arge ch an ges. In all our m uscle experim ents th e  volum es of th e  
filam ent la ttice  w ere m easured with a com bined la ser  and X -ray  
diffraction  method.

Our f ir s t  m uscle fu ll- le n g th  paper on th e  experim ental m easurem ents 
was G.R.S. Naylor, E.M. B artels, T.D. Bridgman and G.F. E lliott (1985). 
In th is  paper on ly  A -band ch a rg es w ere s tu d ied  and th e se  on ly  in  
th e  r igor s ta te , to ch aracterize  th e A -band c h a r g e s ’ d ep en d en cy  on  
sarcom ere len g th , ionic s tr e n g th  and pH. The r e su lts  show ed th a t  
th e p o ten tia ls  w ere in d ep en d en t of sarcom ere le n g th , w hich in d ica tes  
th a t th e  p rotein  ch arge concentration  is  co n sta n t in  any g iven  
condition , th a t th e  A -band ch arge in crea sed  w ith  in crea sin g  ion ic  
s tr e n g th  up to p = 0.071 M a fter  w hich it  s ta r ted  to d ecrease . The



A -band ch arge is  h igh er  than  could be exp ected  from th e  amino acid  
seq u en ce  of m yosin a t all ionic s tr e n g th s  beyond  p = 0.015 M and  
in crea ses  linearly  w ith  ionic s tren g th  up to  p = 0.071 M. A r e su lt  
like th is  po in ts tow ards ion b ind ing to th e  filam ents, p o ssib ly  
ch loride and p hosphate b ind ing. The b ind ing con sid ered  is  a b ind ing  
in  ’S aroff’ s ite s  i.e . extended  ch arged  s id e -ch a in  netw orks b etw een  
the m yosin chains or m olecules. (See Saroff, 1973; B artels and Elliott, 
1985).

The A -band ch arge was also found to be s tro n g ly  d ep en d en t on pH 
(as Collins and Edwards had seen  in  th e ir  1971 stu d y ). The iso e lec tr ic  
point varied  w ith ion ic s tren g th , and below  the iso e lec tr ic  p o in t th e  
poten tia ls w ere found  to be p ositiv e . This gave a fu r th er  
confirm ation of th e  cred ib ility  of the m easuring m ethods, s in ce  th e pH 
data confirm ed titra tion  data on p u rified  m yosin (Sarkar, 1950).

T heoretically , it  seem s tr iv ia l to m easure Donnan p o ten tia ls  in  th e A 
( 3  and th e I-b a n d s sep ara te ly  w ith m icroelectrodes, b ecau se  th e  area  th e

electrod e tip  is  sam pling is  small en ou gh  to sep arate th e two bands.
In rea lity  it  is  not so ea sy , esp ec ia lly  at low er sarcom ere le n g th s , 
b ecau se it  is  d ifficu lt to line the e lectrod e  up and have co n tra st  
enough  to see  th e position  of th e  e lectrod e tip s  in  th e  A- and th e  I -  
bands clearly . A fter some experim enting, I su cceed ed  in  se tt in g  up a 
system  w ith h igh  power lig h t m icroscopy (400 X) and p h ase and  
polarization co n tra st w hich at th e same time allowed e a sy  m ovem ent of 
th e m icroelectrode. This e ffo r t was n e c e ssa r y  b ecau se  th ere  w as no 
reason  to b elieve th a t the protein  ch arge con cen tration  in  th e  A- and  
th e  I-b an d  is  th e  same in all con d ition s or sta tes . To look in to  th is  
problem . A- and I-b an d  ch arges  w ere stu d ied  in  both  th e  r igor  and  
th e relaxed  sta te , in  g lycerin ated  m uscle, the ’p u re ’ con tractile  
system , and in chem ically—sk inned  m uscle, w here th e  in tern a l S.R. 
membranes in th e cell are in tact. The r e su lts  w ere d escr ib ed  in  E.M. 
B artels and G.F. E lliott (1985). In r igor th e n eg a tiv e  fixed  ch a rg e  in  
th e A -band was h igh er  than th e n eg a tiv e  fixed  ch a rg e  in th e  I-b an d , 
w hile th e A- and th e  I-ban d  had th e  same fixed  e lec tr ic  ch arge  in  a 

^  relaxed  m uscle. When looking at th e  g lycer in a ted  m uscle, th e  relaxed
( 3  m uscle show ed a drop in  n ega tive  fixed  ch arge from th e r igor  m uscle,

and th e la r g e st  ch arge change w as seen  in th e A -band. This ch arge  
change happened  w hether or not th e m yosin heads w ere c r o ss - lin k e d  
to th e  I-filam en ts and is  p o ssib ly  created  by  a b in d in g  of ATP (and  
certa in  oth er ligan d s like PPj) to th e m yosin m olecule w hich again  
ca u ses  a d issem inated  change th a t m odifies th e  ion—bin d in g  cap acity  
of th e m yosin rods or p arts of them. In sk in ned  m uscle p rep ara tion s  
the same ch arge p a ttern  as in g lycer in a ted  m uscle w as seen  b etw een  
rigor and relaxed sta te , excep t th a t it  looked as if an extra  ch arge  
was added along th e  whole le n g th  of th e  con tractile  ap p aratu s. A 
p o ssib le  candidate for th is  extra  ch arge  is  ATP bound to th e  
sarcoplasm ic reticulum  membranes. This was confirm ed in  E.M. 
B artels, G.F. E lliott and R. S. Wall (1987), w here we stu d ied  p e lle ts  of 
sarcoplasm ic reticulum  membranes in rigor and relaxed  cond ition  and  
show ed th a t ATP does in d eed  cau se a r ise  in n eg a tiv e  fixed  e lec tr ic  
ch arge on th e sarcoplasm ic reticulum  membranes.
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Since th e most dramatic ch arge ch an g es w ere found  in  th e A -band, a 
s tu d y  of th e  A -filam ents was started  and e sp ec ia lly  a s tu d y  of the  
main A -band p rotein  myosin. In G.F. Elliott, E.M. B artels and R.A. 
H ughes (1986) a p h ysica l-ch em ica l approach was tak en  to  th e  m yosin  
filam ent in th e variou s p h ysio log ica l s ta te s  and th e  overa ll 
sign ifican ce  of th e  work was d iscu ssed  in rela tion  to cu rren t m uscle 
th in k in g .

In both m uscle A -bands and in m yosin ge l th rea d s  ATP cau sed  a drop  
in  fixed  e lec tr ic  ch arge w hich will be d escr ib ed  in  deta il la ter. The 
basic idea is  th a t ATP binding m ust ch an ge th e  s tr u c tu r e  of the  
m yosin molecule enough  to ch an ge th e io n -b in d in g  p ro p ertie s  of th e  
m olecule. The e ffe c t  was seen  in  p u rified  m yosin rod gel as well, so  
th e  most lik e ly  b ind ing s ite  for ATP (or PPj w hich has th e same 
effec t)  is  th e ta il end  of the m yosin m olecule. It is  s t ill not clear if 
th e e ffe c t  is  cau sed  by  str ip p in g  off n eg a tiv e  ion s or by  b ind ing of 
more p o sitiv e  ions.

The o b serv ed  ch arge cn an ges w ere rela ted  to o th er  e f fe c ts  w hich are  
re lev a n t to th e fu n ction  of m uscle. In agreem ent w ith  Millman and  
N ickel (1980), our earlier work (Elliott and B artels, 1982) confirm ed  
th a t th e ca lcu lated  e lec tro sta tic  rep u ls iv e  force  does not in crease  
beyond  a certa in  le v e l w ith filam ent ch arge , and th ere  is  a ch arge  
saturation  e ffec t. The X -ray sp acin g  betw een  th e  m uscle filam ents is  
se n s it iv e  to th e  m yosin ch arge and th e X -ray data at low ionic  
str e n g th  show ed th a t here the in terfilam ent re p u ls iv e  fo rce s  are not 
ch arge sa tu rated  in rigor or in relaxation.

Our data su g g e ste d  that the m uscle force  could  be gen erated  by  some 
ion -led  change located  in the S -2  link b etw een  th e  m yosin head and  
th e filam ent backbone. A sp ecific  model u s in g  a h yp oth etica l ch an ge  
in th is  region  was su g g e ste d  b y  H arrington (1979). A nother model 
could  be ionic sw elling  in th e filam ent la ttice  as th e force  p roducing  
factor, w here th e  c r o ssb r id g es  fu n ction  as d ra g g in g  an ch ors to  
transform  th e tra n sv ersa l force  into a lon g itu d in a l force . This model 
d er iv es  from Elliott, Rome and S pencer (1970), m odified b y  E lliott e t  
al (1978). Probably n eith er of th ese  m odels are co rrec t, and radical 
new th in k in g  may be n ecessa ry  w ithin th e  en larged  paradigm  w hich I 
m entioned earlier in th is  account.

R ecent s tu d ies  b y  Spudich and co -w ork ers (Toyoshim a e t al 1987) 
show ed th at m yosin (SI) heads are able to d rive actin  filam ents in  
yiyq  in a system  w here actin -filam en ts move o v er  a su rfa ce  of m yosin  
heads bound to a n itroce llu lose  film. T hese h ead s w ere produced  in  
th ree  d ifferen t w ays with th ree  s lig h tly  d iffere n t en d -p ro d u c ts  w hich  
d iffered  in len g th . The average  sp eed  of th e actin  was slow er ov er  
all th ree  ty p e s  of heads com pared to the m ovem ent over  HMM or 
m yosin, b u t th e  movement c learly  happened. If th e  ch arge ch an ge  
th a t we see  in m yosin rod w ith ATP is d irec tly  lin k ed  w ith  
contraction  and movement of th e filam ents, th ere  is  a d iscrep a n cy  
betw een  th e ob serva tion s of Spudich  and co -w o rk ers  and our own 
experim ents. Charge m easurem ents on S p u d ich ’s m yosin head  
prep aration s are not p ossib le  w ith our m icroelectrode
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tech n iq u es, bu t m ight be p ossib le  u sin g  flu o rescen ce  tech n iq u es, 
w hich we are se tt in g  up in  our laboratory  at p resen t. T hese ch arge  
m easurem ents would show w hether th e  end  of S p u d ich ’s SI 
preparation  contained  the part of th e  m yosin rod w hich carry  th e  
ch arge ch an g in g  s ite . My un pu b lish ed  data on LMM showed no 
ch arge ch an g es on the LMM part of m yosin, so th e  charge changing  
s ite  is  on th e  rod tow ards SI. If th e  ch arge ch an ge in ATP is  not 
found in  S p u d ich ’s SI preparation , and th erefo re  is  u n likely  to be 
th e fo r ce -g e n e ra tin g  ev en t, it  will be in te r e stin g  to consider w hether  
th e sp eed  of movement i s  related  to th e  p resen ce  of the rod part of 
th e m yosin m olecule. It has been show n th a t actin  m oves w ith the  
same sp eed  o v er  HMM and m yosin (Toyoshim a e t al 1989), and it  is  
clear th a t th e polarity  of the actin  filam ent d ecid es th e d irection  of 
th e movement. The charge change on th e  m yosin rod with ATP 
cannot th erefo re  be in volved  in d irectin g  th e movement, but it  may 
regu la te  th e flex ib ility  of th e rod-head  ju n ction  and th ereb y  
in flu en ce  th e sp eed  of the movement, s in ce  th e  b id irectional movement 
of actin  filam ents over  HMM in th e Spudich  experim ents demands 180“ 
rotational freedom  for th e m yosin heads. F urther data from the  
Spudich  group may answ er th is  question .

My own s tu d ie s  of m yosin and m yosin rod w ere a real challenge  
b ecau se for our experim ental m ethods to be reliab le, we required  a 
com pletely pure ge l of m yosin and another of m yosin rod. The 
protein  con cen tration  of th e se  ge ls  had to be c lo se  to th at in th e A- 
band of a m uscle cell, and the gel had to be uniform , to make it  
p ossib le  to  rela te Donnan p oten tia ls to ch a rg es  on an ind ividual 
p rotein  m olecule. The preparations w ere d escr ib ed  in  detail in  P.H. 
Cooke, E.M. B artels, G.F. Elliott and R.A. H ughes (1987).

Myosin was produced  in the form of a p ure, solid , cy lin drica l gel 
w hich at low ion ic s tren g th  (0.030 M), had a diam eter of 550 pM and a 
concentration  of 125 mg/ml. The gel th read s sw elled  w hen adding  
ATP a n d /o r  ra isin g  th e ionic s tren g th , and e lectron  m icroscopy  
show ed th a t th e th read s w ere based  on typ ica l reco n stitu ted  m yosin  
filam ents. The filam ents w ere grouped  in to  an axially  oriented  
trab ecu lar netw ork of b u nd les, w here each  bundle contained  a 
sta g g ered  arrangem ent of filam ents, num bering from 5-10 filam ents in  
a section  of t i e  small b u nd les to upw ards of 50 filam ents in large  
bu nd les. Most filam ents in  most b u nd les w ere w ith in  ± 15“ of th e  
fib re  axis, and th is  was confirm ed by th e  X -ray p a ttern s from the  
m yosin ge ls . The ATPase a c tiv ity  of m yosin in th e se  ge ls  w ere found  
to be normal u n der the cond itions stu d ied .

The m yosin rod g e ls  w ere stru ctu ra lly  d ifferen t a lthough  th ey  w ere 
of th e same s ize  and protein  con cen tration . The uniform gel 
co n sisted  of a geod esic  netw ork of tacto id s  w hich look like th e  
tacto id s seen  in  rod su sp en sio n s. The rod g e ls  show ed v ery  little
sw elling  (< 10%) follow ing all ch an ges.

Having ach ieved  en ou gh  know ledge about th e  two protein  
preparations and a fter  decid ing th ey  did fu lfil th e  cr iter ia  ou tlined  in  
th e  d esig n  of th e  prep aration s, th e ch arge m easurem ents began . Our 
resu lts  have b een  communicated to th e P h ysio log ica l S ociety  (E.M. 
B artels, P.H. Cooke, G.F. E lliott and R.A. H ughes, 1984), and show ed
th e  same ch arge  change in both m yosin gel and m yosin rod gel as
w as seen  in  g lycer in a ted  m uscle w hen ch an g in g  from rigor to relaxed  
sta te . The num erical va lu es  are d ifferen t in  th e  th ree  prep aration s.



w hich  s u g g e s ts  th a t th e u n d erly in g  phenom enon is  d ep en d en t on the  
m olecular organ ization  w ithin th e  filam ent backbone sin ce  the two ge ls  
d iffer  from each  other stru ctu ra lly  and again  is  d ifferen t from th e  
s tru ctu re  in a m uscle cell filam ent. The p resen ce  of in tern a lly  
located  RNA in  th e  m yosin filam ent (A. C arter and A.J. Rowe, 1990) 
may also explain th e h igh er ch arge v a lu es  in  in ta ct m uscle. The 
e f fe c t  m ust be cau sed  by th e  ATP b in d in g  to a s ite  on th e m yosin  
backbone, and on m yosin rod, not in th e  head  reg ion .

A lthough th e situation  in relaxed sta te  com pared to rigor in d icates  
som ething about th e  u n d erly in g  p r o c e sse s  for  con traction , the  
q u estion  was still what happens during  an actu al contraction? To 
s tu d y  contraction  it  was n ecessa ry  to go back to  th e fu ll contractile  
ap p aratu s, e ith er  in the form of g ly cer in a ted  or in  th e form of 
sk in ned  m uscle cells . S tu d ies of both  g ly cer in a ted  and sk inned  
p rep aration s have been communicated (E M B artels and G F Elliott, 
1984), and th e  data are in genera l agreem ent w ith  our data on rigor  

( 3  and relaxed  m uscle. As th e m uscle p rod u ced  fo rce , th e  n egative
e lec tr ic  ch arge concentration  in creased  to a va lu e h ig h er  than was 
seen  in  rigor. This may be due to a ch a rg in g  up of th e  m yosin head  
as w ell as th e  rod. As the force  d ecrea sed , th e  ch arge  concentration  
d ecreased  to  a value lower than  m easured in  relaxed  sta te . This was 
to be exp ected  sin ce  Ca"^-ions s t ill w ere p r e se n t, and th e charge  
con cen tration  w ent back to the relaxed  v a lu e  w hen th e  contraction  
so lu tion  was exchanged  w ith th e  relaxing  so lu tion .

It can be argu ed  th at contraction  cannot be con sid ered  as a s tea d y  
sta te , so th e  m easurem ents are not valid . A lthough to a certa in  
ex ten t th is  m ust be tru e, th is  would on ly  a ffe c t  th e  maximum n eg a tiv e  
ch arge  value seen  during contraction . The overa ll d irection  of th e  
o b serv a tio n s  is  certa in ly  valid .

T here have been  some problem s in in te r e st in g  th e  m uscle aud ience in 
th e  work on p u rified  m uscle p rotein s. It is  a new way of th in k in g , 
and to some re fe r e e s  it  did not appeal and was ch a ra cter ised  as  
’u n in terestin g  for m uscle con traction ’. T hese s tu d ie s  are th erefore  (3 not y e t  ou t as a fu ll rep ort b ecau se  we w ere at f ir s t  re lu ctan t to
abandon th e m uscle community and to p u b lish  in p h y sica l chem ical 
journals. This lack of in te r e st  in ch arge  ch a n g es  in s id e  m uscle ce lls  
has a lso  a ffec ted  th e fu ll publication  of our work on con tractin g  
m uscle.

When a s u c c e ss fu l m easuring tech n iq u e is  to  hand, it  is  alw ays  
in tere stin g  to app ly  th is  method in o th er f ie ld s . I had two linked  
m ethods available, lig h t m icroscopy at h igh  (400 X) m agnification and  
at h igh  co n tra st and charge con cen tration  m easurem ents with  
m icroelectrodes. I decided to look in to  m edical resea r ch  and recen tly  
I have stu d ied  d iseased  human m uscles to see  w hether th e  
m icroscopic p ictu re was d ifferen t from normal, and to see  w hether th e  
ch arge v a lu es  w ere d ifferen t from normal, q u estio n s  I have alw ays  
been  in tere ste d  in. If th ere  w ere a d iscrep a n cy  in  p rotein  ch arge  
con cen tration  betw een  the d isea sed  and th e  normal m uscle, th ere  
would be an indication  of s tru ctu ra l d iffere n c es  b etw een  th e  m uscle  
filam ents in  th e  two m uscles.
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F ibrositis  m uscle w as my f ir s t  choice, and an extrem ely  in tere stin g  
fin d in g  of abnorm al e la stic -b a n d -lik e  s tr u c tu r e s  around some of th e  
m uscle f ib res  and in ter-co n n ec tin g  th read s b etw een  th e  fib res  lead to  
a b reak th rou gh  in  d iagnosing the d isease  (E M B artels and B 
D anneskiold-Sam sde, 1986). F urther work is  a t p r e s e n t  in  p ro g ress  
w ith the Danish m edical research  group to se t  up th e  m icroscopy  
n ecessa ry  to  make it  a safe d iagnostic tool in  a n y b o d y ’s hand.

The f ib ro s itis  m uscle showed no abnorm alities in  ch a rg e  v a lu es , bu t 
another d isea se , po lym yositis, showed ch a n g es rela ted  to  th e sta te  of 
th e m uscle (E M B artels e t al, 1989). All p o lym yositis  p a tien ts  show  
m uscle w eak n ess and breakdow n of m uscle c e lls , and th e  A- and I -  
band ch a rg es  are much low er than th e va lu es  found  in  normal, 
healthy  m uscle. The d isease  is  treated  w ith s tero id s , and the  
treatm ent is  not a lw ays su c c e ss fu l and in u n su c c e ss fu l c a se s  d irectly  
damaging. My m easurem ents dem onstrated th a t a p a tien t not 
resp on d in g  to  treatm ent showed a drop in  A- and I-b an d  ch arge  
va lu es  over  a year. This makes the ch arge m easurem ents a p o ssib le  
new and e a sy  w ay to stu d y  resp on se  to treatm ent in  th e se  v e r y  ill 
p atien ts. F u rth er s tu d ies  of polym yositis m uscle are p lanned , both to  
develop  th e  ch arge  m easurem ents for clin ical u se , and to  s tu d y  th e  
e ffe c ts  of va r io u s form s of drug treatm ent.
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In a comparative study the isometric twitch tension and the latency relaxation were 
correlated to the sarcomere length in frog and mammalian muscle, the latter only in the 
length range from 2.4 to 3.1 jam since at higher degrees of stretch the sarcomere lengths 
became increasingly non-uniform along the fibres. The location of the triads in mammalian 
muscle fibres was examined by means of electron microscopy. During stretch the location 
of the triads was gradually changed from the overlap zone at sarcomere lengths below 2.6 to 
2.7 /x.m to the I-band at sarcomere lengths above 3.0 to 3.1 fxm, their centres (T-tubules) 
being equally distributed between the overlap zone and the I-band at sarcomere lengths 
around 2.9 /Am. In both types of muscle the maximum amplitude of the latency relaxation 
(of about equal relative size) occurred at a sarcomere length of about 3.1 /Am; and both 
twitch tension and latency relaxation were dependent upon the presence of a zone of 
overlap between the thin and thick filaments. In neither of the two types of muscles did the 
time, ti, from stimulation to the onset of tension drop depend upon the sarcomere length. At 
room temperature (22°C) t, was about 1 ms in mammalian muscle and 2 ms in frog muscle. 
In mammalian muscle the time, tg, from the stimulus to the maximum drop in tension and 
the time, tg, to positive tension development were both substantially uninfluenced by 
changes in sarcomere length in the range 2.4 to 2.9 /Am, whereas in frog muscle both and 
?3 increased linearly with increasing sarcomere length in the above range. These findings 
are discussed in the light of the different locations of the triads in frog and mammalian 
muscle. It is concluded that the theory of Sandow (1966)—extended by Mulieri (1972)—and 
that of Haugen & Sten-Knudsen (1976), which both have the virtue of being able to account 
for the increase of the latent period with stretch in frog muscle, also would be applicable to 
mammalian muscle provided that a time lag of 0.5 to 1.0 ms exists from the time of the 
binding of Ca^^-ions to the troponin molecules inside the zone of overlap until the attached 
cross bridges start to move and develop tension.

Key words: Latency relaxation, mammalian muscle, triads

L atency relaxation (Sandow 1944) is the small ten- m olecules (H aselgrove 1973). According to this
sion drop which under isometric conditions pre- hypothesis the falling phase o f  the latency relaxa-
cedes the developm ent o f  contraction force proper, tion should reflect the diffusion process o f  the
The underlying cause o f  latency relaxation is still Ca^^-ions from their time o f  liberation upon activa-
unknown but it is generally considered as a reflec- tion o f  the T-tubules until they reach the zone o f
tion o f  som e event in the excitation—contraction overlap betw een the thin and thick filam ents. In
process. R ecently Haugen & Sten-Knudsen (1976) frog skeletal m uscles T-tubules are located adjacent
observed that concom itant with the tension drop to the Z-lines and, accordingly, the distance the
there is a small elongation o f  the sarcom eres. They Ca^+ions liberated have to travel by diffusion to
put forward the hypothesis that this elongation w as reach the zone o f  overlap increases when the sar-
caused by a minute lengthening o f  the thin filaments comere length is increased by stretching the mus
as a result o f  the conformational change upon the cle. The hypothesis o f  Haugen & Sten-K nudsen
binding o f  the calcium ions to the troponin (1976) therefore accounts for the w ell established

9 795876 A cta Physiol Scand 106



130 E. M . B artels e t al.

observation that in frog skeletal m uscle the time 
from the stimulation to the first drop in tension is in
dependent o f  the sarcom ere length whereas the time 
to the maximum drop in tension is a linear function 
o f the sarcomere length, s ,  at least in the range
2.2 ix m < s < 3 .\  jum (Guld & Sten-Knudsen 1960, 
Mulieri 1972, Haugen & Sten-Knudsen 1976). In 
mammalian m uscles the T-tubules are known to be 
located near the zone o f  overlap (Porter & Palade 
1957). The distances which the Ca^^-ions have to 
travel in these m uscles to reach the zone o f  overlap  
are shorter, and do not depend upon the sarcomere 
length in the sam e way as in the frog m uscles. 
According to the hypothesis o f  Haugen & Sten- 
Knudsen (1976) one should therefore expect that 
the time course o f  the latency relaxation depended  
differently upon the sarcomere length in mam
malian and in frog m uscles. Therefore, to put the 
above-m entioned hypothesis to a test w e have 
examined the dependence o f the latency relaxation 
upon the sarcomere length in mammalian m uscles. 
A s w e w ere not able to prepare single fibres from  
mammalian m uscles the investigation w as carried 
out as a comparison betw een w hole m uscles o f  al
most equal size from frog and m ice or on rat fibre 
bundles. A preliminary report o f  this investigation  
was given at a meeting in B ressanone, 1976, held by 
the European M uscle Club.

M ETH ODS

Preparations

The experiments were performed on fibre bundles or 
whole muscles with about uniform fibre lengths through
out the specimen at each degree of stretch. While this 
requirement could be reasonably fulfilled in frog muscle at 
sarcomere lengths between 2.3 and 3.4 p.m, non-uniformi
ty of sarcomere lengths developed in mammalian muscle 
preparations at sarcomere lengths above 3.1-3.2 /Am.

Both fibre bundles and whole muscles were prepared. 
Fibre bundles can be fixed rapidly for electron microscopy 
and were used for the examination of the location of the 
triads at various sarcomere lengths in mammalian muscle. 
The bundles were also used for the investigation of the 
latency relaxation, but the length range in which the sar
comeres had uniform lengths was not wider in fibre bun
dles than in whole muscles. Therefore small undamaged 
whole muscles were considered more reliable for the 
study of latency relaxation as a function of sarcomere 
length.

Whole muscle
1. From the frog (Rana temporaria) the M. extensor long, 
dig. IV (toe muscle) was isolated and both tendons were

fitted with light steel hooks for attachment to the trans
ducers. The dissection and the experiments were carried 
out in a Ringer’s solution containing (mM): NaCl 116, KCl 
2, CaClz 1.8, NagHPO^ 0.9, KH2PO4 0.2 (pH 7.2). 
(/-Tubocurarine 1 /Ag/cm  ̂was added to the solution.

2. The M. gracilis anticus from the mouse including 
neighbouring tissues and the portions of tibia and pelvis to 
which the muscle inserts were removed under microscope 
and transferred to a special chamber for final trimming. 
The fascia was removed as completely as possible without 
damaging any fibres. For transducer attachment a loop of 
platinum wire (diameter 0 .2  mm) was fixed to the fragment 
of tibia, and a silk loop was fixed to the fragment of pelvic 
bone. The final preparation appeared as a transparent 
rectangular strip, about 0.5 mm thick, 1.5-2 mm broad, 
and 15-18 mm long at the resting length.

M. gracilis and the fibre bundles described in the follow
ing were dissected and investigated in a Ringer’s solution 
containing (mM): NaCl 140, KCl 5, CaClg 3.2, MgClg 1.1, 
Na2HP0 4  1.1, NaH2P0 4  0.4 (pH 7.4), glucose 4.5. The 
Ringer’s solution was oxygenated during the dissection, 
and (f-Tubocurarine 1 /Ag/cm® was present during the 
experiments.

Fibre bundle preparations
1. Narrow fibre bundles from M. semitendinosus or M. 
adductor long, in the rat were prepared at full length and 
fitted with silk loops tied to the tendinous ends. A few 
superficial fibres were always damaged in this type of 
preparation.

These bundles functioned for about two hours before 
the maximum isometric twitch began to decline. They 
were used for both electron microscopy (see below) and 
for registration of the latency relaxation at various sarco
mere lengths.

2. Portions—about 1.5 cm long—of fibre bundles in rat 
gracilis muscle could be prepared and isolated after liga
tion without any damage to the isolated fibre portions, 
taking advantage of the divisions occurring naturally in the 
muscles. The ligature was placed outside but very close to 
the dissected portion, the ends of the portion thus being 
protected by neighbouring fibres and connective tissue. 
These bundle portions had uniform sarcomere lengths in 
the range from 2.5 to 3.5 /A m , and they were suited for an 
examination of the degree to which sarcomere lengths 
estimated by the laser diffraction technique agreed with 
sarcomere lengths estimated by light microscopy (see be
low).

Experimental procedure
All experiments were carried out at 20-22°C using a 
technique described earlier in detail (Bartels et al. 1976). 
The preparation was mounted between two strain gauge 
transducers for simultaneous recording of the positive 
tension (resting tension and isometric force) and the laten
cy relaxation. The muscle length was altered by moving 
the arm of the manipulatior holding the tension trans
ducer. At each muscle length the sarcomere length was 
measured, and the preparation was then given an overall 
stimulation (transversely) with a diphasic current pulse 
usually of 0.5 ms duration.
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Fig. L  Example of a fibre bundle from rat gracilis muscle 
where sarcomere length is linearly related to the fibre 
length over the range of sarcomere lengths of 2.5 to 3.5 
^m. (A). The sarcomere length (SL) measured from laser 
diffraction as a function of the length of the fibre bundle. 
(B) Correlation between values of sarcomere lengthmeas- 
ured from laser diffraction and values of sarcomere length 
measured by light microscopy (average ± S.D., 3-5 meas
urements along the bundle). The equations obtained by 
linear regression are given in each diagram, r, correlation 
coefficient.

Estimation o f the sarcomere length 
The estimation of the sarcomere length in frog toe muscle 
by means of laser diffraction technique has been described 
(Bartels et al. 1976). The method could be used also in 
mammalian muscle. Fig. 1 shows comparisons between 
values obtained by the laser diffraction technique and 
values obtained by means of light microscopy of fibre 
bundle portions (cf. fibre bundle preparation 2). A linear 
relationship between fibre length and sarcomere lengths 
was seen in the range between 2.4 and 3.6 /xm. The light 
microscopy was performed as follows: Using a Zeiss 
Standard WL microscope provided with a water immer
sion lens (Zeiss, 40x, N.A. 0.75) microphotographs were 
taken of 3-5 spots along the living fibre bundles at each 
examined length. The sarcomere length was determined 
by measuring in a “Recordak” aperture card reader the 
length of 20-30 sarcomeres in series and calculating the 
average length using for comparison a photograph of a 
calibrated scale (100 divisions per mm).

Electron microscopy o f rat muscle 
Fibre bundles from M. semitendinosus of the rat were 
dissected in oxygenated Ringer’s solution. The bundles 
were stretched to various lengths, and each bundle was 
maintained at a fixed length by a Teflon holder during 
fixation in glutaraldehyde (2.5%, 120 min) and osmium 
tetroxide (2%, 90 min, 20°C) both buffered in 0.1 M 
sodium cacodylate at pH 7.4. After dehydration in a 
graded series of ethanol followed by propylene oxide and 
propylene oxide plus Epon, the preparation was embed
ded in Epon and cut by an LKB Ultratome I in 50-190 nm 
sections. The specimens were poststained by 4% zinc 
uranyl acetate according to Weinstein et al. (1963) at 60°C 
for 20 min and 0.4 % lead citrate at room temperature 
for 3 min. For electron microscopy an AEI-Corinth 275 
electron microscope was used.

R E SU L T S

1. The distribution o f  sarcom ere lengths 
in fro g  and m am m alian m uscles a t various 
degrees o f  stretch

It was essential for this investigation that the sar
com ere lengths were fairly uniformly distributed 
along the fibres at each m uscle length. To find the 
range o f  muscle lengths where this requirement was 
fulfilled the preparation was scanned along its 
length with the laser beam at each degree o f  stretch. 
The measurements o f  the sarcom ere lengths were 
taken during consecutive stretches and relaxations 
o f the m uscles.

In the fro g  toe m uscle  the sarcomere length was 
proportional to the muscle length at sarcomere 
lengths betw een 2.3 and 3.4 p,m. In this range the 
differences betw een the highest and the low est sar
com ere length measured along the m uscles were 
less than 0.1 jxm, the fibre ends being excluded  
(H uxley & Peachey 1961). The m uscles show ed  
functional characteristics similar to those found in 
single fibres by Haugen & Sten-Knudsen (1976). 
The isometric twitch and the tension relaxation 
passed through their maxima at sarcomere lengths 
slightly below  2.4 p m  and at 3 .10± 0 .15  ptm  (S .D ., 
43 obs. in 12 m uscles) respectively, both extrapolat
ing to zero at a sarcomere length about 3 .65-3 .70
Aim.

The m am m alian m uscle  preparations were usual
ly slack at sarcomere lengths below  2.4 fxm. When 
the m uscles were stretched the sarcomere lengths 
remained fairly uniformly distributed along the 
lengths o f  the m uscles up to an average sarcomere 
length o f  3.1 jxm (cf. Fig. 2). When stretched further 
irregularities in the distribution o f  sarcomere 
lengths appeared. In fibre bundles the laser beam  
revealed alternating parts with sharp and disappear
ing diffraction spectra, when the sarcom ere length 
was above 3.1 /xm, and the bundles developed  
isometric tension which extrapolated to zero at sar
com ere lengths varied from 3.7 to above 4 .0 Aim. A  
small M. gracilis was superior to the fibre bundles in 
reproducing the length-tension curves provided the 
m uscles w ere not stretched to sarcom ere lengths 
above 3 .2 ,/xni. Furthermore M. gracilis offered a 
reasonable explanation to the puzzling finding o f  
tension developm ent in fibre bundles in w hich sev 
eral cross-sections had sarcom ere lengths far above 
3.7 Aim. Coincident with an alm ost abrupt increase 
o f the resting tension, M. gracilis show ed an in-
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Fig. 2. To illustrate the increasing non-uniformity of the 
sarcomere lengths with increasing stretch of 9 gracilis 
muscles from mice. Abscissa, muscle length as a percent
age of length Lo, at which maximum isometric twitch 
tension developed. Lo corresponds to a sarcomere length 
of about 2.9 /xm. Right ordinate, resting tension as a per
centage of maximum twitch tension. Left ordinate, sar
comere length in jam. Open circles indicate that the sar
comere lengths were uniformly distributed. Each point 
represents the average from three measurements along 
each muscle. Filled circles, all measurements from the 
proximal, the middle, and the distal third of each muscle. 
On the abscissa, (a) and (b) indicate the approximate 
limits of muscle length in the intact animals. The appear
ance of M. gracilis in situ at these limits of length are 
shown in the insert sketch.

creasing non-uniformity o f the sarcomere length 
when stretched to sarcomere lengths above 3.2 fxm 
(Fig. 2). Sim ultaneously the isometric tw itch, which 
w as maximal at a sarcomere length o f about 2.9 jam, 
decreased linearly with increasing m uscle length, 
and a twitch could still develop when the proximal 
third o f the m uscle show ed sarcomere lengths up to 
4 jxm. H ow ever, when correlated to the sarcomere 
length o f  just the distal third o f  the m uscle, the 
isom etric twitch extrapolated to zero at sarcomere 
lengths around 3 .5 -3 .6  jam, w hich suggests that the 
parallel elasticity (connective tissue etc.) o f  the 
extrem ely stretched fiber fractions acted as a series

elastic elem ent betw een the distal contracting fibre 
fractions and the proximal tendon. After such 
stretch beyond 3.2 jam o f  the shortest sarcom eres, 
the length-tension curves changed irreversibly, re
calling a similar finding o f Bahler et al. (1968) on 
isolated rat gracilis m uscle stretched beyond 120% 
o f the resting length. Apparently the connective  
tissue is w oven around the fibres in a way that 
brings about an inhom ogenous strain, the various 
parts o f  the fibres not being stretched to the same 
degree.

The amplitude o f  the latency relaxation was 
maximal at a sarcomere length o f  about 3 .1 -3 .2  jam 
in mammalian w hole m uscle. The maximum am
plitude was o f  about the same relative size in 
both frog and mammalian m uscle. The maximum  
amplitude expressed per thousand o f the maximum  
isometric twitch tension was on average 1.1 in frog 
m uscle, 2.5 in m ouse m uscle, and 1.7 in rat fibre 
bundles. At further stretch o f  mammalian m uscle to 
the lengths with non-uniform distribution o f the 
sarcomere length no consistent pattern o f  the 
amplitude as a function o f  m uscle length could be 
obtained. H ow ever, when a linear decline w as ob
served occasionally, both the isometric twitch ten
sion and the amplitude o f  the latency relaxation  
extrapolated to zero at about the same m uscle 
length, and a latency relaxation was never observed  
unless accom panied by a twitch.

If the sarcom ere lengths were restricted to the 
range 2 .4-3 .1  jam (Fig. 2), the sarcomere length was 
proportional to the m uscle length. The difference 
betw een the highest and the low est sarcomere 
length observed along the m uscles at each length 
was on the average 0.07 jam (S .D . =  ± 0 .05  /am, 166 
obs. in 9 m uscles). By transverse scanning with the 
laser beam it was found that the sarcomere length in 
M. gracilis at the resting length varied in a regular 
way, being about 5% higher in the anterior edge 
than in the posterior edge o f  the muscle in its rec
tangular form. A  possible explanation is that the 
m uscle— being among others a flexor o f the knee—  
has optimal fibre lengths when it is non-rectangu- 
lar at stretched knee (Fig. 2, inserted illustration). 
H ow ever, this non-uniformity played a minor role 
in this investigation, because the time course o f  the 
latency relaxation turned out to be almost indepen
dent o f the sarcom ere length in the range 2 .4 -3 .0  
/am.

In accordance with these findings the following  
comparison betw een frog and mammalian m uscle
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SL = 2.49 pm
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Fig. 3. The time course of the latency relaxation at var
ious sarcomere lengths in whole muscles from the frog (M. 
ext. long. dig. IV) and the mouse (M. gracilis antic.). 
Recordings were superimposed at various sarcomere 
lengths (SL in (jum are indicated at each trace. Note the 
different tension scales in the two sets of recordings).

was limited to sarcomere lengths betw een 2.4 and
3.2 fxm. This limited range o f sarcomere lengths 
also had the advantage o f  being the range in which  
the resting tension was small, and accordingly  
changes in the parallel elasticity has a relatively  
small influence on the time course o f  the latency  
relaxation.

4 -
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2
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MOUSE
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SARCOMERE LENGTH (pm)

Fig. 4. The influence of the sarcomere length on the time 
of onset of the latency relaxation, (filled circles), the 
time to maximum tension drop, tg (triangles), and the time 
to development of positive tension, tg (filled squares), in 
whole muscles from frog and mouse.

Upper part: results from one frog toe muscle. 
a = 1.50±0.37 îm: intersection between the mean level 
for /i and the regression line for fg. /? = !.5510.33 îm: 
intersection between the mean level for and the regres
sion line fortg. c = 1.61 ±0.37 /xm: intersection between the 
regression lines for tg and tg. (AverageiS.D ., 43 obs. on 
13 muscles.)

Lower part: tg, and tg (average ± S.D.) from 9 M.
gracilis antic, from mice.

2. The tim e course o f  the latency relaxation  
as a function  o f  the sarcom ere length in fro g  
tind m am m alian whole m uscle  

Exam ples o f  the superimposed recordings o f  the 
latency relaxation at various sarcomere lengths in 
frog toe m uscle and in M. gracilis in the m ouse are 
shown in Fig. 3. All the tim es w ere measured from  
the start o f  the stimulating pulse. In mammalian 
m uscle the time to the onset o f  the tension drop was 
about half o f  that in frog m uscle. H ow ever, the 
main difference betw een the two sets o f  recordings 
w as that in mammalian m uscle as contrasted to frog 
m uscle, the duration o f  the latency relaxation was 
alm ost uninfluenced by changes in sarcomere

length. This is further illustrated in Fig. 4. In agree
ment with earlier findings (Guld & Sten-Knud
sen 1960) the pattern in frog toe m uscle w as found 
similar to that in single fibres (Mulieri 1972, Haugen  
& Sten-Knudsen 1976). While the tim e, tj, from  
stimulation to onset o f  the tension drop seem s unin
fluenced by the sarcom ere length, both the tim e, G, 
for maximum tension drop and the tim e, G, for the 
developm ent o f  positive tension increased linearly 
with increasing sarcomere length in the range 2 .4 -
3.2 /am (Fig. 4, upper part). The regression lines for 
G and G intersected with the mean level for G at a 
sarcom ere length around 1 .5-1 .6  /am, being close to 
the length o f  the thick filament. A t sarcom ere
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Fig. 5. Electronmicrographs of the rat semitendinosus 
muscle. Magnification: x 30000. T-tubules shown by ar
rows. (A) Sarcomere length 2.3 /xm. T-tubules located in 
the A-band. (B) Sarcomere length 3.3 /am. T-tubules in the 
1-band.

lengths above 3.2 /am both t.̂  and t  ̂ leveled off and 
could eventually decrease. In mammalian muscle 
(Fig. 4, lower part, Fig. 6, upper part) the time 
course o f  the latency relaxation as a function o f  
sarcom ere length differed markedly from the pat
tern observed in frog muscle in the range o f sarco
mere lengths from 2.5 to 2.9 /am. Both 11 and /£ were 
found substantially independent o f the sarcomere 
length, and t  ̂ showed only a slight increase as the 
sarcom ere length was increased from 2.5 to 2.9 /xm. 
At sarcom ere lengths from 2.9 /am to about 3.2 /xm 
both G and t-s tended to increase in mammalian 
muscle.

0.6 0.8 
Z-A Distance

Fig. 6. Duration of the latency relaxation and the location 
of the T-tubules at various sarcomere lengths in fibre bun
dles from rat skeletal muscle.

Upper part: The times to onset (U), to maximum (/%), 
and to termination (tg) of the latency relaxation as a func
tion of sarcomere length (SL). Ordinate, time (ms). 
Abscissa, common to upper and lower part, sarcomere 
length (/am). Average±S.D., 37 obs. in 19 fibre bundles.

Lower part: Location of the T-tubules at various sar
comere lengths. 189 measurements. Ordinate, distance 
(Z-T) between the Z-line and the T-tubules (jam ). Lower 
abscissa, distance (Z-A) between the Z-line and the 
myosin filaments ( /xm ). For further explanation see text.

3. The location o f  the triads a t various 
sarcom ere lengths in mam m alian m uscle 

The location o f the triads adjacent to the overlap 
zone betw een thick and thin filaments in mam
malian muscle is w ell known (Porter & Palade 
1957). To our knowledge there was no information 
on the displacement o f the triads relative to the 
overlap zone as the sarcomere length changes. 
Since the possibility o f such displacement is impor
tant w e carried out a system atic examination o f the
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location o f the triads in mammalian m uscle fibres at 
sarcomere lengths from 2.0 to 3.7 /xm. The results 
shown in Figs. 5 and 6 were obtained with rat fibre 
bundles that w ere originally used for both the 
mechanical and the morphological studies o f  mam
malian muscle. The micrographs in Fig. 5 show  
exam ples o f  sarcom eres at two different lengths. At 
a sarcomere length o f  2.3 /xm the triads w ere found 
in the overlap zone betw een the thick and thin fila
ments, but at a sarcomere length o f  3.3 /xm the 
triads were located in the I-band. This behaviour is 
further illustrated in Fig. 6 (lower part) showing the 
results o f 189 measurements o f  the location o f  the 
T-tubules at various degrees o f  stretch. At each 
sarcomere length the distance betw een the Z-line 
and the T-tubule (Z -T  Distance) w as plotted against 
the distance betw een the Z-line and the A-band 
(Z -A  D istance). The solid line indicates those T- 
tubules which at each sarcomere length are located  
at the border o f  the overlap zone and the I-band. 
Therefore this line separates the observed T- 
tubules into tw o groups: (a) those situated in the 
overlap zone betw een the thick and thin filaments 
(region above the line), and (b ) those situated out
side the overlap zone (region below  the line). At 
(Z-A )-distances below  0.5 /xm corresponding to a 
sarcomere length o f  2.6 /xm practically all T-tubules 
were found in the overlap zone. At (Z-A )-distances 
betw een 0.6 and 0.65 /xm corresponding to sarco
mere lengths betw een 2.8 and 2.9 /xm about 50% o f  
the T-tubules w ere situated in the overlap zone. At 
(Z-A )-distances above 0.75 /xm (sarcomere length: 
3.1 /xm) corresponding to m uscle lengths above the 
maximal length in the intact organism, all T-tubules 
seem ed to have been m oved out o f  the overlap 
zone. In other words, the T-tubules w ere found 
predominantly in the overlap zone at sarcomere 
lengths below  2.8 /xm, and predominantly in the 
I-band at sarcomere lengths above 2.9 /xm.

Fig. 6 (upper part) illustrates that in rat fibre 
bundles— like in m ouse gracilis m uscle— G seem s to 
be independent o f  the sarcomere length in the range 
2 .4 -2 .9  /xm, and that tg tends to increase when the 
bundles w ere stretched to sarcomere lengths above  
2.9 /xm. This means that G tends to increase coin
ciding with a displacem ent o f  the triads away from  
the overlap zone. It should be kept in mind that 
neither in the fibre bundles nor in the w hole m uscle, 
could the time course o f  the latency relaxation be 
correlated to a w ell defined sarcomere length above 
sarcomere lengths o f  3 .1 -3 .2  /xm.

D ISC U SSIO N

L atency relaxation was first observed in mam
malian m uscles by Goepfert & Schaefer (1942). 
Their findings were later confirmed by Abbott & 
Ritchie (1951). N one o f  these investigators made a 
system atic study o f the length dependence o f  the 
latency relaxation or did correlate it to sarcomere 
length. The attempt made in the present investiga
tion to extend the previous works by correlating the 
time course o f  the latency relaxation to sarcomere 
length was only partially successfu l, since the dis
tribution o f  sarcomere lengths becam e increasingly 
inhom ogeneous at higher degrees o f  stretch. For 
this reason results usable for the primary purpose o f  
this investigation could only be obtained in the 
range o f  sarcomere lengths up to 3 .1 -3 .2  /xm. H ow 
ever, by relating the twitch tension to the shortest 
sarcom eres observed in the m uscles under extrem e 
degrees o f  stretch, contraction did not occur when  
overlapping betw een thin and thick filaments no 
longer existed. Furthermore, the latency relaxation 
usually cam e to a maximum at a sarcom ere length 
o f 3.1 /xm or more and w as not observed unless 
accompanied by a twitch. For these reasons w e  
shall in the following assum e that the sam e basic 
mechanism is responsible for the latency relaxation  
in both frog and mammalian m uscles.

The main result o f  the present investigation was 
the finding o f  a different correlation in mammalian 
and in frog m uscle betw een the sarcom ere length 
and the time course o f  the latency relaxation: In 
mammalian m uscle the tim e, G, from the stimulus to 
the maximum drop in tension and the time, G, to 
positive tension developm ent, w ere both substan
tially uninfluenced by changes in sarcom ere length 
in the range 2 .4 -2 .9  /xm, whereas in frog m uscle 
both G and G increased linearly with increasing 
sarcomere length in the above range, the last result 
being in agreement with previous observations 
(Guld & Sten-Knudsen 1960, Haugen & Sten- 
Knudsen 1976). It is natural to ask whether this 
difference could m ost easily be understood in terms 
o f the different location o f  the triads in frog and 
mammalian m uscle. Am ong the various proposals 
put forward to account for the latency relaxation in 
frog m uscle (Sandow 1947, A . F. H uxley 1957, 
Sandow 1966, H . F . H uxley & Brown 1967, Hill 
1968, Peachey 1968, Mulieri 1972, Haugen & 
Sten-Knudsen 1976) only the theory o f  Sandow  
(1966)— extended by Mulieri (1972)— and that o f
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Haugen & Sten-Knudsen (1976) attempt to account 
for the increase in the latent period with stretch in 
frog m uscle. Although differing as to the origin o f  
the latency relaxation prop^X^both theories explain  
the increasing latent period with stretch by the in
creasing distance which the Ca^"^-ions liberated 
from the triads upon stimulation have to travel until 
they reach the overlap zone. Accordingly, both 
theories would have been invalidated if the time 
course o f  the latency relaxation had been found to 
depend upon the sarcomere length in exactly the 
same w ay in frog and mammalian m uscle. A s it is, 
the present results are not at variance either with 
the theory o f  Sandow (1966) or with that o f  Haugen 
& Sten-Knudsen (1976), since in mammalian mus
cle the distance which the Ca^+-ions must travel to 
reach the overlapping filaments changes little with 
sarcomere length and consequently, the time course 
o f the latency relaxation should be alm ost invariant 
to changes in sarcomere length. But this also applies 
to those theories which attribute the origin o f  the 
latency relaxation to processes located in the over
lap region (Hill 1968, H. E. H uxley & Brown 1967, 
W ilkie, personal comm unication). On the other 
hand these theories do not account for the increase 
in the latent period with stretch in frog m uscle and it 
seem s doubtful whether they will be capable o f  
doing it in a straightforward manner (Haugen & 
Sten-Knudsen 1976). For this reason w e may justi
fiably exam ine whether the location o f the triads in 
mammalian muscle is compatible with the appear
ance o f  a latency relaxation according only to those  
theories simply accounting for the increase in latent 
period with stretch in frog m uscle, i.e. the theory o f  
Sandow (1966) and that o f  Haugen & Sten-Knudsen  
(1976).

W hen Ca^+-ions are liberated from the triads in 
mammalian m uscle these ions enter alm ost simul
taneously, depending upon the exact location o f  the 
triads, both the A-I filamentary lattice in the over
lap zone and the neighbouring thin filaments in the 
I-band. The last event is immaterial in the Sandow- 
Mulieri theory, where the latency relaxation is 
considered to be caused by a change in the com 
pliance o f  the sarcoplasmatic reticulum resulting 
from the liberation o f  the Ca^+-ions. To obtain a 
latency relaxation o f  about the same size in both 
frog and mammalian m uscle this theory would re
quire a time delay o f  about 0 .5 -1 .0  ms from the 
time the Ca^+-ions enter the filamentary lattice in 
the overlap zone until the tension developing pro

cess starts, i.e . m ovem ents o f  the cross bridges 
(Fig. 3). Such a time lag is even more urgently 
needed to preserve the Haugen and Sten-Knudsen  
theory. According to this theory the origin o f the 
latency relaxation is regarded to be an elongation  
o f the thin filaments resulting from a conformational 
change in the tropom yosin m olecules upon the 
binding o f  the Ca^+-ions to the troponin sites 
(Haugen & Sten-Knudsen 1976). The lengthening 
o f the sarcomere resulting from this elongation is 
considered mediated by an interfilamentary elastic 
coupling, probably cross bridges which are attached 
even in the resting state. Thus, according to this 
theory the Ca^+-ions entering the I-band are e s
sential in the developm ent o f  the latency relaxation. 
To make this theory work also in mammalian 
m uscle and to provide a latency relaxation o f about 
the same size as in the frog it is again necessary  
that a sufficient time (about 0 .5 -1 .0  ms) exists for 
the developm ent o f the conformational changes in 
the tropom yosin m olecules (H aselgrove 1973) in the 
I-band before the cross bridges in the overlap zone  
attach to the I-filaments and start their tension de
veloping m ovem ents.

If only the results from mammalian m uscles had 
been available the Haugen & Sten-Knudsen theory 
would probably have been the last one to be con
sidered if at all. Granted that there is the above- 
m entioned delay (at least 0.5 ms) the question  
remains w hich o f  the tw o theories is the more ap
plicable. In this work there is no safe ground to 
prefer one to the other. H ow ever, compared to 
the Sandow-M ulieri hypothesis that o f Haugen & 
Sten-Knudsen has the advantage o f  explaining more 
easily that latency relaxation does not develop  
unless an overlap exists betw een the thick and thin 
filaments.

The authors wish to acknowledge their indebtedness to 
Miss Elisabeth Kroger for devoting her skill to the prepa
ration of the figures.
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Latency relaxation in frog skeletal muscle 
under hypertonic conditions
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The effect of exposure to hypertonic conditions on latency relaxation (LR), twitch tension 
and resting tension in frog toe muscle was studied. Measurements were carried out in 
standard and hypertonic conditions (1 to 3.6 times standard tonicity) and following trans
versal stimulation. In hypertonic conditions, the LR showed increased-duration and de
creased amplitude. Both time course and amplitude* showed the same dependency on 
sarcomere length as in standard conditions. The fall in amplitude and extension of the time 
course was proportional to the increase in tonicity up to 2 .2  times the tonicity of the stand
ard. At higher tonicities the time course extended earlier and diverged from the linear 
dependency, the amplitude falling later with increasing tonicity. The LR was abolished 
at tonicities exceeding 3 times the standard. In hypertonic conditions the twitch tension 
was reduced and extended, but showed the same dependency on sarcomere length as in 
standard conditions. The amplitude showed the same dependency on tonicity as the LR 
amplitude. The time course extended in a non-linear way with growing tonicity. In hyper
tonic conditions the resting tension was higher than or the same as in standard conditions, 
and the dependency on sarcomere length was the same.

A method suitable to investigate the excitation-con
traction coupling in muscle was sought in studies 
o f the effect o f hypertonic sucrose Ringer’s solution  
on the latency relaxation (LR), the tension drop 
preceding the isometric twitch tension (Sandow  
1944).

LR’s time course in standard Ringer’s solution  
depends on sarcomere length in a way which may 
reflect the diffusion time for Ca^+ during the ex 
citation-contraction coupling from the triads to the 
zone o f  overlap betw een the A- and I-filaments 
(Mulieri 1972, Haugen & Sten-Knudsen 1976). If 
the LR time course does reflect Ca^+ diffusion, then 
the LR time course would be altered but still de
pendent on sarcomere length in hypertonic con
ditions, as the hypertonic solution dehydrates the 
m uscle (Dydynska & Wilkie 1963) and thereby af
fects the diffusion o f  Ca^+.

The approach was based on earlier findings by 
D . K. Hill (1968) and Mulieri (1972). D . K. Hill 
was not able to measure LR in standard tonicity 
and Mulieri only investigated lower hypertonicities 
and did very few  experim ents. The present study

has em ployed improved measuring techniques and 
a wide range o f tonicities have been studied.

Twitch tension and resting tension w ere m eas
ured parallel to the LR measurements.

M ETH ODS

The experimental set-up was the same as described by 
Bartels et al. (1976, 1979). The toe muscle (m. ext. long, 
dig. IV) from the frog Rana temporaria was isolated. 
One end was attached to the transducer to register LR, 
the other end was attached to the transducer to register 
isometric twitch and resting tension. The muscle was 
stimulated transversely to give maximal LR amplitude 
(Bartels et al. 1976). Before each stimulation the resting 
tension was recorded, and the sarcomere length was 
determined by laser diffraction. The twitch tension was 
measured from base line. All experiments were carried 
out at room temperature, 20°-22°C.

In each experiment LR, twitch and resting tension were

' Present address: The Open University, Oxford Re
search Unit, Foxcombe Hall, Berkely Road, Boars Hill, 
Oxford, England.
 ̂ Present address: Isotope Laboratory, Centralsygehuset, 

Holstebro, Denmark.
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Sucrose Ringer (2.2 x Standard)

2 0 0 - Normal Ringer
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Fig. 1. The effect on the LR amplitude of changing from 
standard to hypertonic sucrose Ringer’s solution (2.2 
times standard). When the amplitude of LR obtained a 
steady, but lower value in hypertonic solution, the muscle 
was transferred back to standard Ringer’s solution.

recorded at a series of sarcomere lengths from 2 .2  to 
3.5 t̂m in standard Ringer’s solution. The muscle was 
then adjusted to the sarcomere length which gave maximal 
amplitude of LR, 3.0-3.1 fim, so that measurements 
could be compared in different muscles. LR, twitch and 
resting tension were recorded, and after 5 min rest, the 
Ringer’s solution was changed from standard to hyper
tonic solution. The changes in LR, twitch and resting 
tension were recorded as a function of time exposed to 
hypertonic solution until no more changes were seen; then 
the three parameters were recorded at a series of sar
comere lengths from 2.2 to 3.5 jam. The muscle was 
adjusted to the sarcomere length which gave maximal LR 
amplitude, the hypertonic solution was replaced by the 
standard solution, and the recovery of the muscle was 
followed.

The standard Ringer’s solution contained (mM); NaCl 
116, KCl 2, CaClz 1.8, Na^HPO  ̂ 0.9, KH^PO  ̂ 0.2; pH 
7.2. 1 figlcm^ tubocurarine was added. The tonicity was 
225 mOsm.

Hypertonic Ringer’s solution was obtained by adding 
sucrose to the standard solution. The tonicity was varied 
from 1 to 3.6 times the standard and was determined 
for each solution by measuring the depression of the 
freezing point (Hl-precision Research Osmometer, Ad
vanced Instruments Ltd., Inc.).

8 - 1 2  expts. on different muscles were carried out in 
each hypertonic solution where a set of averaged results 
are given (tonicities between 1 and 3 times the standard). 
12 expts. in all were carried out at tonicities between 
3.2 and 3.6 times the standard. Both twitch and LR were 
abolished in these solutions, so only data from hyper
tonicities up to 3 times the standard are given in the 
results.

R E SU L T S  

The LR am plitude

Fig. 1 show s the LR amplitude as a function o f time 
w hen changing from standard to hypertonic Ring

er’s solution (2.2 tim es the standard). Initially LR 
was abolished but during the following 30 min LR 
reappeared, and the amplitude reached a constant 
value within 30 min from the reappearance. This 
value was 25 %  o f the amplitude recorded in stand
ard solution. The change in LR amplitude was 
reversible and the restoration time upon changing 
back to standard solution was 20-30 min. The ex
ample Fig. 1 is representative for tonicities be
tw een 2.0 and 3.0 times standard. At tonicities 
betw een 1.0 and 2.0 times standard the LR ampli
tude show ed the same pattern as shown in Fig. 1, 
when changing from standard to hypertonic solu
tion, but instead o f being abolished following the 
change, the LR amplitude was diminished and 
raised from this lower level to a steady level, lower 
than the LR amplitude in standard solution. The 
time from change to hypertonic solution until reach 
o f maximal amplitude after the change, was in this 
range o f tonicities 20 to 50 min and was dependent 
on the diameter o f the muscle (longer time for thick
er muscle) with a slight tendency for being shorter 
in the lower tonicities o f the range.

In Fig. 2, the LR amplitude is shown as a function  
of tonicity. The amplitude is given as a percentage 
o f the amplitude under standard condition and was 
recorded after a steady value was reached. The fall 
in amplitude as a function o f tonicity is linear up 
to a hypertonicity o f 2.2 times the standard, and a 
straight line fit (tonicities 1 to 2.2 times the stand-

10 0 -

<  50-

10 3 020
Tonicity (x Standard)

Fig. 2. The LR amplitude as a function of tonicity. The 
LR amplitude is given after a steady value was reached 
in the hypertonic solution at the sarcomere length giving 
maximal amplitude. The amplitude is given as a per
centage of the amplitude in standard solution at the same 
sarcomere length. The tonicity is expressed in factors of 
the tonicity of standard Ringer’s solution. The straight 
line is the line fitted to the data at tonicities between 1 
and 2 .2  times the standard.
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Table 1. The LR am plitude in hypertonic solution  
after reaching a steady  level when changing from  
standard  to hypertonic R inger’s solution a t 3 dif
fe ren t sarcom ere lengths
(SD, n = 8). The tonicity is given as factors of the tonic
ity of standard Ringer’s solution. The LR amplitude is 
given as a percentage of the LR amplitude in standard 
solution at the same sarcomere length

Sarcomere 
length (/Ltm)

LR amplitude at tonicity

1 .2 1.4 1.7 2 .0

2 .2 95±12 75±7 55±20 46±25
2.4 93±8 73±6 50±16 52±28
2 .6 86±9 72±6 46±15 45±16

ard) gives a correlation coefficient o f  -0 .9 8 9  for the 
straight line y = (1 5 8 ± 8 )-(6 3 ± 5 )X , where the 
variance o f  the intercept and the slope is given in 
terms o f SD. At tonicities exceeding 2.2 times the 
standard the LR amplitude decreased slower with 
increasing tonicity than the linear fall seen at the 
lower hypertonicities.

The LR amplitude as a function o f sarcomere 
length show ed the same bellshaped curve in stand
ard and in the hypertonic solutions as earlier de
scribed (Haugen & Sten-Knudsen 1976). In most 
experim ents the LR amplitude was lower in hyper
tonic than in standard solution at all sarcomere 
lengths. In 3 expts., how ever (one at 1.2, one at
1.7 and one at 2.0 times the standard tonicity) the 
LR amplitude was just above or the same as the 
amplitude in standard solution at sarcomere lengths 
betw een 2.2 and 2.55 yam, but lower at the longer 
sarcomere lengths. Table 1 gives the average value 
o f the LR amplitude after a steady value was 
reached at tonicities betw een 1.2 and 2.0 tim es the 
standard, at sarcomere lengths 2.2, 2.4 and 2.6 p.m, 
to show  that the LR amplitude in general was lower 
in the hypertonic solution than in the standard at 
the lower sarcomere lengths, as w ell as at the higher 
sarcomere lengths. The results in Table 1 are not 
significantly different from the results shown in 
Fig. 2.

The tim e course o f  the LR

The time course o f  the LR (inset o f Fig. 3 A) is 
characterized by tj, the time from stimulation to the 
start o f  the tension drop, tg, the time from stimula
tion to maximal tension drop, and tg, the time from  
stimulation to the start o f  positive tension. The 
duration o f the LR is tg-tj.

In hypertonic, as w ell as in standard Ringer’s 
solution, the time course showed the same de
pendency on sarcomere length as earlier found 
(Guld & Sten-Knudsen 1960, Haugen & Sten-Knud- 
sen 1976, Bartels et al. 1979); tj was independent 
o f sarcomere length, tg and tg rose linearly with 
increasing sarcomere length up to around 3.1 pum 
and stayed constant with further increase o f sar
com ere length. Fig. 3 show s an example o f the time 
course as a function o f  sarcomere length for a mus
cle in standard solution and in a 2-fold concentra? 
tion o f  standard solution! The variation in tj in the 
hypertonic solution is not significant, tg and tg 

show ed a plateau for sarcomere lengths longer than
3.1 pLvn, but the plateau always show ed a greater 
variation around the average tg and tg values in the 
higher tonicities. The slight rise in this example 
show s this phenomena.

The time course in hypertonic solution was pro
longed, compared to the time course in standard 
solution, right after the change from standard to 
hypertonic solution, in the cases where the LR was
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Fig. 3. The dependency on sarcomere length of the time 
course of LR in the same muscle in standard Ringer’s 
solution (A) and in hypertonic sucrose Ringer’s solution 
(B). (2 times standard.) The time indication t,, tg, tg (in
set) are: t, = time from stimulation to the first detectable 
drop in tension, (onset of LR); tg = time from stimulation 
to maximal drop in tension; tg = time from stimulation to 
start of development of positive (twitch) tension.
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Fig. 4. The LR time course as a function of tonicity, 
ti, tg and tg are the times given Figures 3 A and are meas
ured at the sarcomere length giving maximal LR ampli
tude. The suffix, s, indicates measurements in the hyper
tonic sucrose solution. The tonicity is expressed as factors 
of the tonicity of standard Ringer’s solution.

not abolished. At the hypertonicities where LR was 
abolished after the change, the time course was 
prolonged as soon as the LR reappeared in the 
hypertonic solution. The time course o f the LR was 
restored to the time course seen before the ex 
posure to hypertonic solution in 5 to 10 min, when 
the hypertonic solution was replaced by standard 
solution. The restoration o f the time course o f the 
LR follow ed the restoration o f the LR amplitude.

In the range o f 1 to 2.2 times the standard to
nicity the time course o f the LR increased linearly 
with increasing hypertonicity (Fig. 4). Straight line 
fits to the data in the range o f 1 to 2.2 times stand
ard tonicity gave for tis/tj as a function o f tonicity: 
y = -(0 .0 8 ± 0 .0 7 )+ (1 .0 3 ± 0 .0 5 )X , correlation coef
ficient 0.996; for tgs/tg as a function o f tonicity: 
y = -(0 .1 7 ± 0 .2 5 )-t-(1 .2 0 ± 0 .1 5 )X , correlation coef
ficient 0.969; for tgg/tg as a function o f tonicity: 
y = -(0 .4 3 ± 0 .2 6 )-l-(1 .4 3 ± 0 .1 6 )X , correlation coef
ficient 0.976 (the suffix S indicates values measured 
in the hypertonic sucrose solution). The variance 
o f the intercept and the slope is given in terms o f  
SD for all line fit.

At tonicities above 2.2 times the standard the 
increase in t, with increasing tonicity only changed 
slightly, but significantly, from linearity, and tg and

tg show ed a dramatic increase with increasing to
nicity. The increase in tg was higher than the in
crease in tg (Fig. 4).

The twitch tension

The twitch tension decreased to a steady value 
within 5 to 10 min when a muscle was transferred 
from the standard to a hypertonic solution. When 
the hypertonic solution was replaced by the stand
ard, the twitch tension was restored in less than 5 
min to the value measured before the exposure to 
hypertonic solution. This restoration only took  
place in the cases where the hypertonicity did not 
e)^ceed twice the standard tonicity or the exposure 
to hypertonicity did not exceed 90 min. At hyper
tonicities betw een 2 and 2.7 times the standard, 
the twitch tension only restored the value in stand
ard solution after exposures to hypertonicity o f at 
m ost 90 minutes. At longer exposures the twitch  
tension started to drop slow ly in the hypertonic 
solution after 90 min o f exposure, and a restoration 
in standard solution never occurred. A restoration 
o f the twitch tension in the standard solution was 
never seen after exposures to hypertonicities o f 3 
times the standard or more, even when the ex
posure was less than 30 min.

The fall in twitch tension as a function o f hyper
tonicity was found to be linear up to a tonicity o f
2.2 tim es the standard (Fig. 5).

100-

.ë50- 

.5

1.0 2.0
Tonicity (xStandard)

3.0

Fig. 5. The amplitude of the twitch tension as a function 
of tonicity. The amplitude is given after a steady value 
was reached in the hypertonic solution and as a percent
age of the value in standard solution, and at the sarcomere 
length giving maximal LR amplitude. The tonicity is 
measured in concentration factors of the tonicity of stand
ard Ringer’s solution.
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Pp,g(2.0x Standard) 

Pr
Pjs (2.0 X Standard)

10-

3.5
Sarcomere Length (pm)
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Fig. 6. The twitch tension Pt and resting tension Pr as 
a function of sarcomere length of a muscle in standard 
Ringer’s solution (no suffix on P t and P r) and in hyper
tonic solution, tonicity twice the standard (Pt and Pr 
with suffix S).

The twitch tension show ed the same dependency  
on sarcomere length in standard and hypertonic 
conditions at all tonicities exam ined, where sarco
mere length could be determined (described later). 
The tension decreased with increasing sarcomere 
length from a sarcomere length o f about 2.3 ,am, 
confirming the findings o f Guld & Sten-Knudsen  
(1960), and those observed during tetanic contrac
tion by Edman (1966). Fig. 6 gives an example o f  
this, showing the twitch tension as a function o f  sar
comere length in standard solution (twice the stand
ard tonicity).

The tim e course o f  the twitch  

The twitch was prolonged as soon as a m uscle was 
transferred from the standard to a hypertonic solu
tion. A s a measure for the elongation t, the time 
from stimulation to maximal twitch tension, was 
chosen. Fig. 7 show s t (after a steady twitch tension  
was reached in the hypertonic solution) as a func
tion o f hypertonicity. The elongation o f  the twitch 
increases with increasing hypertonicity and can be 
described by the polynom ial t=20.3X^-86.3X^4- 
129.7X -64.5, where X is the tonicity. The index  
o f this determination is 0.999, and the standard 
error for t is 1.04.

The resting tension

The resting tension differed at lower tonicities

(up to 1.7 times the standard) from that at higher 
hypertonicities.

At lower hypertonicities, the resting tension rose 
in 30-40 min after exposure to the hypertonic solu
tion to a steady value, higher than the value in 
standard solution. W hen the hypertonic solution  
was replaced by standard solution, the resting ten
sion was restored to the value before exposure to 
hypertonic solution in 2-5 min.

At tonicities above 1.7 tim es the standard, the 
tension rose transiently as soon as the muscle was 
exposed to the hypertonic solution due to a con
tracture as described by Lannergren & Noth (1973) 
in single fibres. The contracture lasted for 20-50  
min whereafter the tension settled at a value higher 
than the tension in standard solution, but lower 
than the tension during the period o f contracture. 
Since tetanic tension was not measured, the size 
of the contracture has not been related to the toni
city, but in agreement with Lannergren & N oth  
(1973) the contractures tended to be higher at a 
tonicity o f 2.2 times the standard than at other hy
pertonicities. W hen m uscles were replaced in stand
ard solution after exposure to hypertonic solutions 
betw een 1.7 and 2.7 times the standard concentra
tion, the resting tension recovered to its original 
value within 4-7  min. After exposure to hyperto
nicities above 2.7 times the standard, the resting 
tension did not recover. The m uscles seem ed to
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Fig. 7. The delay in time for twitch maximum (at the 
sarcomere length giving maximal LR amplitude) as a 
function of tonicity. The polynomial is the polynomial 
fitted to the data.
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suffer when exposed to these highly hypertonic 
solutions, even though no damage was seen by light 
m icroscopy.

The resting tension showed a similar dependency  
on sarcomere length in standard and hypertonic 
solution, but the resting tension was only higher 
than the value in standard solution in hypertonic 
solution up to a sarcomere length betw een 3.2 and 
3.35 txm after which the resting tension was the 
same in standard and hypertonic solution or slightly 
lower in the hypertonic solution as shown in the 
exam ple Fig. 6. The twitch tension is given in stand
ard and in a two fold concentration o f the standard 
as a function o f sarcomere length to show the rela
tion betw een twitch and resting tension. At hyper
tonicities up to tw ice the standard the resting ten
sion in the hypertonic solution was always higher 
than in the standard at a given sarcomere length.

E xtensibility and sarcom ere length determ ination  

At tonicities betw een once and tw ice that o f the 
standard the laser spectra were clear, and sarco
mere length determination was reliable. At tonici
ties above tw ice the standard, the laser spectra 
becam e increasingly blurred with increasing tonic
ity, and at 2.5 times standard tonicity, sarcomere 
length could no longer be determined. A change in 
extensibility follow ed the change in the laser spec
tra. It becam e more difficult to stretch the muscle 
at increasing tonicity above tw ice the standard, and 
at a tonicity o f 2.7 times the standard it was im
possible to change the length o f the m uscle, like 
trying to stretch a m uscle in rigor, so the m uscles 
in hypertonicities o f 2.7 and 3.0 times the stand
ard were only studied at the sarcomere length which  
gave maximal LR. On returning back to standard 
solution the laser spectra and normal elastic be
haviour o f a relaxed m uscle returned.

A s long as sarcomere length could be measured, 
it remained unaltered when standard solution was 
replaced by hypertonic solution and vice versa.

D ISC U SSIO N

During the excitation-contraction coupling the time 
course o f the LR in frog muscle fibres depends 
on sarcom ere length in a way which may reflect 
the diffusion time for Ca^+ from the triads to the 
zone o f overlap betw een the A- and the I-filaments 
(Mulieri 1972, Haugen & Sten-Knudsen 1976,

Bartels et al. 1979). An exposure o f a muscle cell 
to a hypertonic Ringer’s solution, and thereby an 
osm otic shrinkage o f the cell (Dydynska & Wilkie 
1963, Blinks 1965), causes a decrease in free cell 
water which decreases the diffusion constant for 
Ca^+. This can be expected to prolong the LR. We 
found the time course o f the LR to depend on tonic
ity in a linear way up to a factor o f 2.2 times the 
standard tonicity in agreement with the outlined 
hypothesis,w hen assuming that the Ca^+ binding 
to the troponin (Weber & Murray 1973) is not af
fected by the dehydration. At tonicities exceeding
2.2 times the standard, the vast non-linear increase, 
particularly in the time tg, from stimulation until 
maximal tension drop, and the time tg , from stim
ulation until no tension drop is present, with in
creasing tonicity may be caused by several fac
tors, one being the slower diffusion o f Ca^+. Other 
factors could be slower release o f  Ca^+ from the 
cisternae due to swollen cisternae at these higher 
tonicities (H uxley et al. 1963) and a transloca
tion o f Ca^+ to the longitudinal tubuli (Som lyo 
et al. 1977). The time tj, from stimulation until 
first drop in tension, was relatively less extended  
compared to tg and tg in the hypertonicities higher 
than 2.2 times the standard. Since t, is mainly de
pendent on the time for the first release o f Ca^+ 
after stimulation, a slower release o f Ca^+ from the 
cisternae would affect tj, but a translocation o f part 
o f the Ca^+ from the cisternae to the longitudinal 
tubuli would not. The effect o f  the translocation o f  
Ca^+ on tg and tg and not on ti may explain the dif
ferent relative increase in tj compared to tg and 
tg . The only other data on the LR time course are 
those o f D . K. Hill (1968) at 0°C. There is no dis
agreement betw een Hill’s and our data, since he 
found the time course to be progressively extended  
with increasing tonicity, but it is not possible to 
compare the exact values, since we worked at room  
temperature.

The amplitude o f the LR decreased with in
creasing tonicity, but depended in the same way  
on sarcomere length as in standard conditions 
(Guld & Sten-Knudsen 1960). At a given, sarco
mere length the LR amplitude was lower in the 
hypertonic than in the standard solution. After 
changing from standard to hypertonic solution the 
LR either disappeared or the amplitude was smaller 
than the final in a given solution. This may be due 
to a lowering or cessation o f Ca^  ̂ release when the 
m uscle receives the osm otic shock.
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Many theories for the origin o f the LR have been  
proposed (Sandow 1947, A . F. Huxley 1957, San
dow 1966, H. F . Huxley & Brown 1967, Hill 1968, 
Peachey 1968, Mulieri 1972, Haugen & Sten-Knud
sen 1976). The theories mainly suggest either that 
som e forcible lengthening change occurs in the 
contractile substance during the LR or that the LR 
is the result o f a change in either the compliance 
or the equilibrium length o f som e elastic structure 
within the m uscle fibre. Our present results for the 
time course o f the LR are not in variance with any 
o f them. The amplitude o f  the LR show ed, on the 
other hand, dependency on sarcomere length in the 
same way in standard and hypertonic conditions 
but the tension drop was dependent on the tonicity 
in a linear way in the range o f tonicities, where 
the Ca^+ diffusion was slowed down in a linear 
way and this would be accounted for in the theory 
put forward by Haugen & Stend-Knudsen (1976). 
According to their hypothesis the origin o f  the LR 
is regarded to be an elongation o f  the thin filaments 
resulting from a conformational change in the tropo
m yosin m olecules upon the binding o f the Ca-+- 
ions to the troponin sites. If the Ca^+ release in 
hypertonic conditions is lower than in standard 
conditions (Andersson 1973) som e o f  the Ca^+ sites 
may not be occupied, so no conformational change 
takes place at these sites. The slower diffusion 
o f Ca^+ will at the same time delay the binding o f  
Ca^+ to the part o f  the I-filaments furthest away 
from the cisternae, so contraction may start in the 
part closest to the cisternae before the conforma
tional change has taken place in the other parts 
and overwhelm  the tension drop from these parts 
o f the I-filaments.

Mulieri (1972) only studied effects o f  low er hy
pertonicities (up to 1.7 times the standard). He 
found a sarcomere length dependency o f  the LR  
emplitude similar to that in our experim ent, except 
that the LR amplitude increased with increasing 
tonicity up to 1.4 times the standard at sarcomere 
lengths in the range o f 2 .0 -2 .5  ^tm, no change o f 
amplitude in the range o f  2 .5 -2 .8  jxm, but a decline 
o f amplitude with growing tonicity at higher sar
com ere lengths. The only explanation w e can offer 
is a change in sarcomere length when the solution 
is changed. Unfortunately, the sarcomere length 
was not monitored during his experim ent.

D . K. Hill (1968) did not find a decrease in the 
amplitude o f  the LR with an increase o f  the tonic
ity, and the amplitude o f  the LR was constant and

not dependent on sarcomere length in the hyper
tonic solutions. Since Hill worked at 0°C and used 
longitudinal stimulation, that may account for the 
apparent lack o f  sarcomere length dependency in 
the hypertonic conditions. Furthermore his set up 
did not allow him to measure LR at lower hyper
tonicities and at standard tonicity.

The twitch tension decreased with increasing hy
pertonicity and was abolished at the same tonic
ity as the LR was abolished. With increasing hy
pertonicity the time course became more and more 
extended. Our result are in agreement with Ander
son’s (1973), even though it is im possible to com 
pare the absolute value o f  the time course, since 
Anderson worked at 1-3°C. D. K. Hill’s (1968) 
results (from tw o m uscles and two tonicities only) 
are slightly different from Anderson’s and ours at 
higher tonicities, but it is hard to say if this dif
ference is significant. The fall in twitch tension in 
hypertonic solution may simply be due to the 
change in ionic strength inside the m uscle fibres 
w hich alters the mechanical performance o f  the 
contractile system  (Fdman & Hwang 1977). A 
slower Ca^+ diffusion would account for the ex 
tended time course o f the twitch.

Our findings o f a transient rise in resting tension  
when changing from standard to a hypertonic solu
tion o f tonicity higher than about 1.7 tim es stand
ard and the sustained rise in resting tension in all 
hypertonic solutions is in agreement with earlier 
results (Lannergren 1971; Lannergren & N oth  
(1973) and confirms D. K. Hill’s (1968) finding o f  an 
increase in resting tension.

A s this study was mainly concerned with the 
effect o f hypertonicity on LR, tetanus tension was 
not monitored, and a comparison o f  contractile 
force and resting tension is not possible from our 
data. The exam ple. Fig. 6, w hich gives the length- 
tension diagram for a muscle in standard solution  
and in a hypertonic solution, tw ice the standard 
tonicity, may signify that hypertonicity mainly af
fects the contractile system . Where it was possible  
to measure sarcomere length during exposure to 
hypertonic solution, there was a notable but smaller 
effect on the resting tension at sarcom ere lengths 
below 3.2 jxm. This may be caused by a change in 
the com pliance o f the membrane structures due to 
the dehydration and thereby change in the volum e 
of the m uscle cells. The similar dependency on  
tonicity o f  the amplitude o f  the LR and the ampli
tude o f tw itch suggests that the origin o f  the LR is
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in the contractile system  as proposed by D. K.
Hill (1968) and Haugen & Sten-Knudsen (1976).
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D O N N A N  PO T EN TIAL  M E A S U R E M E N T S  IN  

E X T EN D E D  H E X A G O N A L  POLYELECTROLYTE  

GELS SUCH AS MUSCLE
G. F. E l l i o t t  a n d  E. M. B a r t e l s
Biophysics Group. The Open University. Oxford Research Unit. Boars Hill. Oxford. 0X1 5HR.
England

ABSTRACT In this paper we reconsider the theoretical and practical aspects of using KCl-filled microelectrodes in 
extended polyelectrolyte gels such as muscle to measure Donnan potentials, and then calculate protein fixed-charge 
concentrations. An analytical calculation of the electrical potential function between muscle filaments shows that 
whether the microelectrode averages the ionic concentration or the local potentials the results are indistinguishable in 
the practical regime. After consideration of this and other possible sources of error, we conclude that the 
charge-concentration measurements that have appeared in the literature are legitimate.

INTRO DUCTIO N

During the past decade a number of groups have reported 
potentials, measured with KCl-filled microelectrodes, 
from muscle fibers whose membranes have been destroyed 
or removed by the technique of glycerination (Collins and 
Edwards, 1971, Pemrick and Edwards, 1974, Elliott et al., 
1978) and also by chemical skinning and mechanical 
skinning (Bartels et al., 1980, Bartels and Elliott, 1980; 
1981; Stephenson et al., 1981). Stephenson et al. (1981) 
used their data largely to work out average ratios between 
the internal and external concentrations of various ions 
and other solutes. The other authors have taken the 
argument one step further, and invoke the principle of 
electrical neutrality to infer the internal fixed electric 
charge concentration on the contractile proteins. Bartels 
and Elliott (1980; 1981), using high-powered light micros
copy to observe the position of the microelectrode tip, 
recorded Donnan potentials from the A- and /-bands of 
glycerinated rabbit psoas muscle and mechanically 
skinned barnacle muscle in rigor and relaxing solutions. 
They found different and /-band potentials in rigor 
solutions, and concluded that the fixed-charge concentra
tions must be different in the two bands under these 
conditions; in relaxing solutions the A- and /-band poten
tials (and therefore the fixed-charge concentrations) were 
equal.

In making these measurements, all conventional precau
tions are taken to avoid appreciable tip potentials in the 
microelectrodes. Attention should be drawn to the effects 
of KCl diffusion from the microelectrode. This will set up 
a diffusion (junction) potential to which the modified 
Nernst equation applies (Geddes, 1972). For 3-M KCl- 
filled microelectrodes in a solution which is essentially 100 
mM KCl this junction potential is ~  1.6 mV. Because the

internal and external potassium and chloride ion concen
trations are similar, the junction potential will be very 
nearly the same in the internal and external phases 
(Thomas [1978] remarks that it is both small and stable) 
and will not affect a measurement of the Donnan poten
tial, because this is the difference between the potentials 
that the electrode records in the external and internal 
phases. Kushmerick and Podolsky (1969) have shown that 
there are no differences of ionic mobility inside and outside 
the contractile lattice which might make the junction 
potential inside different from outside. A further effect of 
KCl diffusion might be to cause an appreciable change in 
the internal concentrations of the free ions. Fig. 7 in 
Thomas (1978) shows such an effect, caused by chloride 
leakage from a KCl-filled microelectrode into a snail 
neuron, but the time scale (minutes for an appreciable 
concentration change) is very different from the few 
seconds which a Donnan measurement requires. Moreover 
in membraneless systems the internal chloride ion concen
tration is already approximately 30 times that in a normal 
cell, so the relative effect of a small leakage should be 
much reduced. In none of the experiments (see the 
published time records of Naylor, 1978, and Stephenson et 
al., 1981) is there any sign of consistent potential drift, on 
the seconds time scale, which might be caused by bulk 
diffusion.

Since the distance between muscle filaments is of the 
order of 40 nm, and the local potential will vary over this 
distance, while the size of the microelectrode tip used is 
100-200 nm (Naylor, 1977), the microelectrode must 
measure an average potential. The calculation of fixed 
charge requires a knowledge of how this averaging is done 
by the microelectrode within the typical dimensions shown 
in Fig. 2. Our purpose is to reinvestigate this averaging, to
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see whether the calculations of charge concentration which 
have been made in the literature are sensible.

A NA LY SIS

Fig. 1, adapted from Alexandrowitz and Katchalsky 
(1963) represents diagrammatically the extended phase of 
filaments in a salt solution, in equilibrium with an external 
salt solution. In the absence of any permselective 
membrane the small ions are freely diffusible, and in 
equilibrium. There is a potential minimum midway 
between the filaments, and a further negative potential 
(£■) between this minimum and the extended potential in 
the external phase (taken as the zero of potential). For 
convenience all potentials will be expressed in the reduced 
form 0  (0 = eip/kT)  following the notation of Alexandro
witz and Katchalsky (1963).

Alexandrowitz and Katchalsky (1963; Eq. 5) show that 
the product {m^),  x  {m_),  [=  (/Wq)^] is independent of the 
position vector r and that the local chemical potential of 
the salt is therefore constant throughout the system. This 
means that the system is (at all points) in Nernst-Donnan 
equilibrium with the surrounding salt solution. Let us 
imagine that an infinitely small microelectrode, taking the 
form of a salt bridge connected to a junction reversible to 
one of the freely diffusable ions, could be placed at radius 
r. (We can suppose that the negative ions are chloride, and 
that a [reversible] Ag/A gC l junction is connected via an 
[irreversible] KCl bridge.) The electrode would detect the 
Nernst potential for negative (chloride) ions, (p, = log 
{w_r//Wo} relative to an externally placed reference elec
trode. (We could write alternatively 0̂  = - lo g  {/w+r/wol

Negatively charged surface of filament

I
Potential, * ,  increasing -ve 
in upward direction

Filaments and External 
salt solutionsalt solution

Surface of symmetry 
filamentsmidway between

Outside lattice, *  = 0. 
I and m. = m_ = n io

F i g u r e  1 The electrical potentials in an extended gel of charged 
cylindrical filaments, diameter 2a and center-to-center separation 2R, in 
equilibrium with an external phase containing salt molecules only. The 
inset shows the potential at higher magnification, and the counter and 
co-ion concentrations, between the filament surface and the sub-volume 
surface (radius R) where there is a potential minimum between the 
filaments.

Microelectrode tip 
in filament lattice 
approximately to scale

■ '-V .i

F i g u r e  2 A diagramatic cross section o f  a hexagonal lattice o f  
filaments, radius 15 nm and center-to-center separation 40 nm. The 
microelectrode tip, ~ 0 . 1 nm, is shown to scale.

because of the relationship between the ion concentrations 
mentioned above: Alexandrowitz and Katchalsky Eq. 5). 
The microelectrode, however, cannot in practice be made 
much smaller than the situation shown in Fig. 2. Clearly it 
must record an average potential, and it seems very likely 
that the effective averaging will be over the electrically 
neutral sub-volume between the filament surface and the 
symmetry plane (Figs. 1 and 2).

It has been suggested to us that the microelectrode 
might form a vacuole round its tip, and the conditions in 
this vacuole could be different from the original conditions 
within the lattice. There seems to be no good reason why 
this should happen. Once the microelectrode is properly 
inserted, movement generally causes no further potential 
changes unless the microelectrode tip can be seen to bend 
under the (high-powered) microscope or is removed from 
the lattice. A more sensible view is that the microelectrode 
does indeed average the existing environment within the 
filament lattice, and does not make any appreciable distur
bance in the lattice ahead of its approach.

There are two ways in which the averaging may occur.
(û) If the microelectrode averages so that <t>„ (mea

sured) = - lo g  {m^) /mo,  then exp ( -  0 J  = (m + )//Mo. 
(The quantity inside the bracket is positive because 0„ is 
negative.) A similar equation can be written for the 
negative ions.

Wo {exp ( -  0 J  -  exp (4- 0 J }  = <w+> -  (w _ ) .
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The right-hand side represents the charge concentration 
on the filament surface, because the sub-volume must be 
electrically neutral. This is the, charge calculation intro
duced by Collins and Edwards (1971) and used in its 
generalized form by Naylor (1977), Elliott et al. (1978) 
and Bartels and Elliott (1981). More formally.

<t>n

I f /Mo exp (-(^r)d^

mo

i.e„ exp ( -  -  \ I V J y  exp (* ,)  du, where the integral
is taken over the sub-volume. Thus,

exp ( 0 J  “  -  ^  exp (0r) dy

or

exp (<̂ „) = <exp0r). (1)

(b )  If, on the other hand, the microelectrode averages so 
that

/Mo exp ( -0 r )
mo

then

0 m  = log [e x p (-0 r ) l dv 

(the integral is again taken over the sub-volume)

•t’r à v .

I.e.,

0 m  =  ( 0 r ) - (2)

Mathematically, Eq. 2 is different from Eq. 1, and might 
be very different for large values of 0r, so we must ask 
whether the electrode measures Eq. 1 or 2.

Expanding the exponentials, Eq. 1 can be written

1 +  0„, +  (terms in 0 i ,  0«)

= 1 +(0r) +  (terms in (0,) (0?)).

The bracketed terms on the left-hand side converge 
rapidly (it is rare that the measured potential exceeds 
10-15 mV so 0^ < 0.6). As long as exp (0r) is able to be 
linearized over the inter-filament space, the terms in 
brackets on the right-hand side may be neglected and Eq. 
1 reduces to

0 m  =  ( 0 r )

which is identical to Eq. 2. Thus to a first approximation 
Eqs. 1 and 2 are equivalent, as long as 0̂  can sensibly be 
regarded as linearizable through the interfilament region. 
We have therefore calculated the potential 0, using the 
formal approach of Alexandrowitz and Katchalsky (1963) 
who matched a linearized (Bessel function) solution of the 
Poisson-Boltzmann equation for an outer region far from 
the cylinder surface with a nonlinearized solution for an 
inner region close to the cylinder surface. The nonlinear
ized solution was obtained (in trigonometric functions) by 
Fuoss et al. (1951), who assumed that the co-ion concen
tration is negligible (within the inner region). The two 
solutions are matched at a radius chosen to minimize the 
errors caused by neglecting the co-ion density in the inner 
region, and by neglecting the nonlinear terms for co- and 
counter-ion density in the outer region. Both these effects 
increase towards the match point, which is therefore taken 
at a radius that makes the effects equal in magnitude 
(Alexandrowitz and Katchalsky, Eq. 25). Alexandrowitz 
and Katchalsky state that in the worst possible case (zero 
salt concentration) this procedure introduces an error 
of <16% in the value of the charge density, and that the 
potential calculated by numerical integration is ‘practi
cally identical’ to the analytical solution.

Inasmuch as some of the equations are transcendental 
in form, we programmed a computer with the calculation

4.0

3.0

1 0

Match point

1.0
4> linearised

Mid pointFilament surface

F ig u r e  3 The two potential functions, linearized and nonlinearize 
(expressed in units of eypjkT) calculated for AT -  1 nm a “  15 nm, R ■■ 
20  nm and charge per unit length — 57 e/nm. The difference between th 
two functions (cylindrically integrated, see text) is ~5% . Note that in th 
diagram the zero of potential has been shifted for convenience of plottin 
so that it is at the sub-volume surface potential minimum. The potentii 
difference E between this minimum and the external phase is 0 .0345  j 

these potential units (i.e., ~ 0 .8 6  mV).

E l l i o t t  a n d  B a r t e l s  Use of KCl-filled Microelectrodes in Extended Polyelectrolyte Gels 19



2.0 r

1.0

*  linearised

F i g u r e  4 As Fig. 3, but with K -  0.33 n m " '  and charge per unit 
length " 12 e/nm. The cylindrically integrated difference is ~4%. Here 
again the zero of potential is at the mid-point for convenience of plotting; 
£  = 0.94 or 23.5 mV.

using the (full) procedure suggested in Alexandrowitz and 
Katchalsky (III.3, p. 3240).‘ Calculated potentials for two 
typical cases are shown in Figs. 3 and 4. Fig. 3 is for a 
charge of 57 e/nm,  which is about equivalent to the charge 
measured for the A-filaments in rigor muscle by Bartels 
and Elliott (1981) and a Debye length ( l /K )  of 1.0 nm, 
about equivalent to physiological ionic strength. Fig. 4 is 
for lower (by a factor of 5) charge at lower (by a factor of 
10) ionic strength; the conditions shown in these two 
figures roughly bracket current experimental measure
ments in our laboratory.

In both figures the linearized potential function is 
plotted in both the outer and inner regions, and the 
nonlinearized function is plotted as well inside the chosen 
match point. It is apparent that in both figures the 
nonlinearized potential function represents a small correc
tion to the linearized one. An estimate is obtained by an 
approximate numerical integration, carried out in annular 
regions to take account of the near-cylindrical symmetry. 
The difference is ~5% for Fig. 3 and 4% for Fig. 4. In 
either case this is within the experimental error of 
measurement of in a typical experiment with 25 
observations the standard error is usually 5-10%. In all 
cases the integrated potential derived from the linearized 
potential function is lower than that derived from the 
nonlinearized analytical solution. Further calculations

'There are a couple of minor errors in that paragraph, in line nine the 
second expression should read qfB, and the bracket^ expression in the 
final term of Eq. 33' should be squared.

show that at physiological ionic strength the difference 
is ~10% if the charge is twice as great ( -1 2 0  e/nm)  and 
is -20%  if the charge is six times as great ( -3 6 0  e/nm ).

Thus even if the microelectrodes do average as in Eq. 2, 
no significant error will be introduced under our experi
mental conditions by treating the data as if the averaging 
were done in Eq. 1, and calculating the fixed-charge 
concentration as described in Collins and Edwards (1971) 
and Elliott et al. (1978).

D ISCUSSIO N

Although it seems to us intuitively sensible that the 
microelectrode will average the ion concentrations as in 
Eq. 1, it has been suggested that a significant number of 
electrophysiologists would disagree and assume Eq. 2 
(averaging the local potentials) to be correct. We have 
demonstrated that the two are equivalent when the poten
tial function can be approximated by linearization, and 
that this is the case within the experimental regimes used 
in our laboratory and in Edwards’s.

Naylor ( 1982) has calculated the interfilament poten
tials independently, and also concludes that the interfila
ment space is a regime in which the potentials may be 
treated as simple Donnan averages.

In the course of calculations of the interfilament poten
tial, we have confirmed that this approach predicts the 
charge saturation effect, which Millman and Nickel 
(1980) first pointed out, and Naylor (1982) has also 
shown. For example, at a Debye length of 1 nm the 
calculations show that however great the filament charge, 
the potential difference {E)  between the potential mini
mum and the surrounding phase cannot be increased 
beyond 1.25 mV. This potential, at a constant Debye 
length, is directly related to the swelling pressure of the 
gel. For these small values of E  the swelling pressure is 
proportional to E  ̂ (Alexandrowitz and Katchalsky, 1963; 
Eq. 14). A similar conclusion was derived by Bell and 
Levine (1958); see Elliott (1968). Using this relationship, 
a comparison with the calculations of Millman and Nickel 
(1980) was made with the cooperation of Dr. B. M. 
Millman. At a charge density of 100 e/nm,  with a Debye 
length of 1.2 nm, their calculations using numerical inte
gration give a swelling pressure of 3 Torr and the present 
calculation gives a swelling pressure of 6.5 Torr. Either 
value is in reasonable agreement with their experimental 
curves, and the theoretical accord is pleasing considering 
the different approaches adopted. The value taken for the 
cylinder radius in this work, 15 nm, is about twice the 
electron-microscope myosin (thick-filament) backbone 
radius of - 7  nm. Both Millman and Nickel (1980) and 
Naylor (1982) have found it necessary to depart from this 
radius to get reasonable agreement between experimental 
results and theory. We have calculated the swelling pres
sure near charge saturation for a cylinder radius of 7.5 nm, 
and separation of 20 nm, and find it about 10”  ̂times that 
with 15-nm radius. A similar comparison can be obtained
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by extrapolating Fig. 6 of Millman and Nickel (1980), the 
factor from their work is - 2  x  10“^ once again the 
agreement is reasonable.

In this paper we have followed Alexandrowitz and 
Katchalsky (1963) and used ion concentrations rather 
than ion activities in our equations for the Nernst-Donnan 
potential. Our justification for this is largely experimental. 
The experiments of Hinke and Gayton (1971), who 
measured activities using ion selective microelectrodes and 
compared these with chemical measurements of the ion 
concentrations, establish that at least for the major mono
valent ions the activity coefficients are about equal inside 
and outside and thus cancel out in the equations. See for 
example Figs. 1 and 2 of Hinke and Gayton (1971), where 
the experimental points for K+ activity and concentration 
ratios, both measured, are very similar. There are differ
ences between the measured concentration and activity 
data for the Cl" ions, but Hinke and Gayton attribute 
these to chloride binding to the contractile proteins. We 
have come to the same conclusion from our microelectrode 
studies and have discussed it elsewhere (Elliott, 1980).

For barnacle muscle, the internal ion concentrations and 
fixed charge concentrations have also been measured inde
pendently by isotope distribution (Hinke, 1980) and by 
membrane incorporation (Caillé, 1981). The accord with 
our Donnan measurements on the same muscle (Bartels 
and Elliott, 1981) is very reasonable.

C ONCLUSION

After a reexamination of the theoretical and practical 
implications of Donnan potential measurements using 
KCl-filled microelectrodes in extended hexagonal gels 
such as muscle, without effective permselective boundary 
membranes, we conclude that these potential measure- 
rtients can indeed be interpreted to give the fixed electric 
charge on the protein filament lattice in the manner 
introduced by Collins and Edwards (1971) and modified 
by Elliott et al. (1978).

We are grateful to Drs. G.R.S. Naylor and V.A. Parsegian for helpful 
discussions and comments, and particularly to Professor B. M. Millman, 
who would not be satisfied with intuition and insisted on a thorough 
analysis of this problem.

Received for publication 24 June 1981 and in revised form 15 October 
1981.
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D onnan potential changes in  rabbit m u sc le  A-bands are associated  with  
m yosin
B y  E . M. B a r t e l s ,  P. H. C o o k e ,  G. F. E l l i o t t  and R. A. H u g h e s .  Open University 
Research Unit, Foxcombe Hall, 'Berkeley Road, Boars Hill, Oxford 0X 1  5HR

Donnan potentials recorded from the A-bands of skinned or glycerinated striated 
muscle fibres show a reversible drop from the rigor to the relaxed state, caused by 
a drop in the fixed electric charge on the protein m atrix (Bartels & Elliott, 1981,1982, 
1983; Elliott & Bartels, 1982). To determine whether this charge drop is related to 
myosin, the major protein component of the A-band, Donnan potentials have been 
recorded from fine threads (0-5 mm diameter) of cross-linked synthetic thick filaments 
and also of myosin rods (derived from purified myosin isolated from rabbit muscle 
following Offer, Moos & Starr, 1973). The measured concentration of myosin or rod 
in the threads is typically 100-150 mg m P \  about the same as in an in tact A-band. 
The experimental apparatus and methods are described in Bartels & Elliott (1981).

o

T a b l e  1

W hole-myosin threads Myosin-rod threads Myosin in A-band

Rigor solution 112 +  5 (w =  33) 72 +  8  (w =  15) 278 +  4 (n =  20)
Relaxing solution 84 +  6  (« =  23) 46 +  5 ( « = 1 3 )  153 +  4 (% =  20)

The charges are expressed in electrons per molecule, with standard errors o f the mean. Rigor 
solution is 50 mM-KCl, 2 5 mM-MgCb and 10 mM-phosphate buffer, pH 7. Relaxing solution is the 
same, with the addition of 2 5 mM-ATP. The number o f separate experiments is shown, each 
includes at least 40 observations of potential. A-band charges are calculated from data given in 
Bartels & E lliott (1981) assuming each thick filament contains 300 myosin molecules and the charge 
is due only to myosin, and using X-ray values for interfilament spacings.

The results, given in Table 1, show th a t the A-band charge-change effect can also 
be recorded from a thread containing pure myosin filaments or myosin rods so th a t 
the effect is evidently related to the myosin filament backbone, rather than  to the 
globular myosin heads which cross-link thick and thin filaments. The numerical 
values of charge are different in the protein threads and the A-bands, suggesting th a t 
the phenomenon depends on the molecular organization within the myosin filament 
backbone, since it is unlikely th a t the molecular packing is the same in these protejn 
aggregates as in the native filaments of an intact muscle.

Supported by the S.E.R.C.
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fast-fibre preparations (rat and rabbit) the increase in 
the A- and the I-band potentials during contraction 
has not been seen, perhaps because of the speed of 
the contractile processes. With these fast fibres a sus
tained potential rise during contraction appears in the 
microscope to have gone into a 'fluffy' state, and 
when no relaxation can be seen when the muscle is 
transferred back to relaxing solution. The increase in 
the Donnan potential during contraction might be 
due to the heads being locked in an 'on' and electri
cally charged position. When the heads are released 
again the potential will drop again and, due to the 
presence of Ca^\ drop to a lower value than in the 
relaxed condition. We do not understand why this 
should affect the I-band potential during contraction. 
(Supported by the S.E.R.C.)

o

D on n an  p oten tia ls from  contracting m uscle
E. M. Bartels and G. F. Elliott 
Biophysics Group, The Open University, Oxford Research 
Unit, Foxcombe Hall, Boars Hill, Oxford, U.K.
In skinned and glycerinated skeletal muscle, different 
Donnan potentials were found in the A- and I-bahds 
in rigor. In the relaxed muscle, the A- and the I-band 
potentials were found to be equal [Bartels & Elliott, 
J. Physiol. 317, 85-7P (1981); J. Physiol. 327, 72-3P 
(1982)]. Recently we have studied contracting skin
ned muscles. The Donnan potentials aie measured 
with KQ-filled microelectrodes under a high-power 
microscope so that the position of the electrode tip 
can be seen during measurements. We have used 
mechanically skinned barnacle fibres, glycerinated 
(fast) rabbit psoas and chemically skinned fibre 
bundles from rat semitendinosus (fast) muscle and 
rat soleus (slow) muscle. The muscles are stimu
lated with calcium. In some of the experiments the 
mechanical force is registered alongside the potential 
measurements, in other experiments the contraction 
.is followed optically from the changing band pattern.- 

In all barnacle fibres in good condition (fibres used 
on the day that the animal is killed) and in most slow 
fibre rat preparations, the A- and the I-band poten
tials increase during contraction and then decrease, 
to a potential lower than the relaxed muscle potential, 
when no more contraction can be seen. The A- and 
the I-band potentials are equal during contraction. In



L E T T E R  TO T H E  E D IT O R

A Reply to Godt and Baumgartens Potential and Activity in Skinned Muscle Fibers: 
Evidence fo r  a Sim ple Donnan Equilibrium Under Physiological Conditions

O

O

Dear Sir:
The ion-selective microelectrode measurements of Godt 

and Baumgarten (1984) have shown that is in electrochemical 
equilibrium at pH 7, which is close to physiological pH (pH 7.21 
for crab muscle, Aickin and Thomas, 1975). In this observation 
they have confirmed the work of Collins and Edwards (1971) for 
rigor solutions and have extended this to relaxing solutions (in the 
presence of ATP). They Jiave also confirmed the observation of 
Bartels and Elliott ( 1980,1981,1982) that the potential observed 
in the A-band with a 3 M KCl microelectrode is significantly 
more negative in the absence than in the presence of ATP. (We 
have noticed that random penetration of muscle fibers at moder
ate sarcomere lengths is much more likely to monitor the A-band 
than the I-band potential, so that under the conditions of Godt 
and Baumgarten’s experiments the measured potential very 
probably arises from the A-band.)

Because we all agree empirically that there is electrochemical 
equilibrium at physiological pH for K^, the major counter ion, in 
the presence of ATP or in its absence, then unless the major coion 
(Cl") is not in electrochemical equilibrium the analyses of Elliott 
and Bartels (1982) and Naylor (1982) show that it is legitimate 
to use the 3 M KCl potentials to calculate the fixed charge (i.e., 
the contractile protein charge) change between rigor and relaxed 
muscle. Nothing in Godt and Baumgarten’s experimental obser
vations vitiates this analysis or this conclusion.

Is it legitimate to assume that Cl" is in electrochemical 
equilibrium at pH 7? In the absence of experimental evidence to 
the contrary, and given that K^ is in equilibrium at this pH under 
all observed conditions, it seems highly unlikely that this assump
tion will be incorrect, but we shall await with interest any 
experimental reports using Cl" ion-selective microelectrodes.

If the major counter and colons are in equilibrium and yet for 
any reason other diffusible ions are not so, will this cause any 
modifications in the fixed-charge measurements? Godt and 
Baumgarten give no argument to support such a hypothesis, 
beyond their sentences “the most likely explanation is that at pH 
7 charge transfer associated with the ATPase reaction is fortui
tously near balance, whereas at pH 5 it is not. This difference 
may arise from pH-induced alterations in the relative amounts 
and/or mobilities of the various diffusing species.” But unless 
their K+ electrode is sensitive to the diffusing species (and we 
doubt whether they themselves believe this), the K^ balance 
surely shows that the amounts and/or mobilities of diffusing 
species are negligible at pH 7 compared with the electrochemical 
equilibrium. In this event, we know no physical principle that 
suggests that diffusion potentials are other than negligible, so that 
the situation reduces to an effective Donnan equilibrium, which 
leads to the fixed charge values that we have published already.

We are aware of the paper of Overbeek (1956) and the 
statement quoted from that paper. We do not, however, think that 
deviations from electrochemical equilibrium, which at pH 7 are 
too small to be measured with ion-selective electrodes, will cause

highly significant differences in the potentials observed with 3 M 
KCl microelectrodes between rigor and relaxation, which we have 
measured and which Godt and Baumgarten confirm. We shall 
continue to regard these potentials as Donnan potentials and the 
calculated fixed-charge differences at physiological pH as real 
unless Godt and Baumgarten demonstrate theoretically or empir
ically that this is not the case.

Godt and Baumgarten’s results show that under the ionic 
conditions of their solutions the effective isoelectric point is ~pH  
5.8, both with and without ATP. This agrees with similar results 
for frog muscle by Dewey et al. (1982). In addition, Godt and 
Baumgarten have made some most interesting observations at 
low pH. Close to the isoelectric point, but on the alkali side (at pH 
6) their results show that K^ is in equilibrium in the absence ol 
ATP, and very nearly so in its presence. Their results on the acic 
side of the isoelectric point (at pH 5) again show a K^ equilib
rium in the absence of ATP, but a significant disequilibrium ir 
the presence of ATP. However, we think they should considei 
some possible perturbation factors before they relate their obser
vation to working muscle. In the first place, working muscle 
includes a buffering power of 47 slykes (mM H^ added/pH  
change produced) that resists change to lower pH (Aickin and 
Thomas, 1975). The buffering power of 15 mM Tris maleate al 
pH 5, measured in solutions made up according to the data giver 
in Godt and Baumgarten (1984), is only ~2.5 slykes in the acic 
direction (this pH is outside the recommended range for the 
buffer), so that the buffering is unlikely to be very effective at pH 
5 under these circumstances (see Murphy and Koss, 1968). It 
therefore seems possible that H^ ions produced by ATP splitting 
might induce appreciable fixed-charge changes and thus cause 
local K^ disequilibrium. In the second place, it seems possible 
that organic compounds, released at low pH from mechanically- 
skinned fibers in the presence of ATP, might interfere with the 
K^ electrode. In this connection Dawson and Djamgoz (1983) 
have shown that K^ ion-selective electrodes using the Corning 
ion-exchanger 477317 resin give abnormal readings in blow fl> 
larval muscle cells (compared with electrodes using the valinomy- 
cin-based neutral ion carrier [N IC ]). They report that in these 
muscles the 477317 electrode potentials lead to an internal 
potassium activity 26% greater than that derived from the NIC  
electrode potentials (this is a very similar excess to that shown in 
Godt and Baumgarten’s Table III at low pH in the presence ol 
ATP), and they conclude that the 477317 electrodes are sensitive 
to an organic interfering ion.

Even if both these effects turn out to be negligible, however, we 
shall still doubt whether phenomena that have been observed 
close to the isoelectric point or on the acid side of that point are 
important for the behavior of working muscle at physiological 
pH. We would prefer to look for an explanation in the work of 
Sarkar (1950), who measured the effects of ATP and ions on the 
isoelectric point of myosin, and showed that this point was highly 
dependent on the added ions, presumably because of specific ion
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jsorption onto the protein. Dewey et al. (1982) have observed 
lifts of isoelectric point in some muscles, and point out that 
fferent buffers also produce different detailed effects, and they 
ention ion absorption as a probable explanation. The effects 
lat Godt and Baumgarten observe may well be explicable in 
lese terms.

eceived fo r  publication 17 June 1983 and in fina l form  17 
ugust 1983.

REFERENCES

ickin, C. C., and R. C. Thomas. 1975. Microelectrode measurement of 
the internal pH of crab muscle fibres. J. Physiol. (Lond.}. 252:803- 
815.

artels, E. M., and G. F. Elliott. 1980. Donnan potential measurements in 
the A- and 1-bands of cross striated muscles, and calculation of the 
fixed charge on the contractile proteins. J. Muscle Res. Cell Motil. 
1:452.

artels, E. M., and G. F. Elliott. 1981. Donnan potentials from the A- and 
I-bands of skeletal muscle, relaxed and in rigor. J. Physiol. (Lond.}. 
317:85-87P.

artels, E. M., and G. F. Elliott. 1982. Donnan potentials in rat muscle: 
differences between skinning and glycerination. J. Physiol. (Lond.}. 
327:72-73P.

bllins, E. W., and C. Edwards. 1971. Role of Donnan equilibrium in the 
resting potentials in glycerol extracted muscle. Am. J. Physiol. 
221:1130-1133.

'awson, J., and M. B. A. Djamgoz. 1983. Intracellular potassium

activities of blow fly larval muscle cells. Proceedings of the Cambridge 
Meeting of the Physiological Society, June 1983. J. Physiol. (Lond.}. 
343:30-3 IP.

Dewey, M. M., D. Colflesh, P. Brink, Shih-fang Fan, B. Gaylinn, and N. 
Gural. 1982. Structural, functional and chemical changes in the 
contractile apparatus of Limulus striated muscle. In Basic Biology of 
Muscles. B. Twarog, P. Levine, and M. Dewey, editors. Raven Press, 
New York. 53-72.

Elliott, G. F., and E. M. Bartels. 1982. Donnan potential measurements in 
extended hexagonal polyelectrolyte gels such as musch. Biophys. J. 
38:195-199.

Godt, R. E., and C. M. Baumgarten. 1984. Potential and K+ activity in 
skinned muscle fibers. Evidence for a simple Donnan equilibrium under 
physiological conditions. Biophys. J. 45:375-382.

Murphy, R. A., and P. G. Koss. 1968. Hydrogen ion buffers and 
enzymatic activity: myosin ATPase. Arch. Biochem. Biophys. 
128:236-242.

Naylor, G. R. S. 1982. Average electrostatic potential between the 
filaments in striated muscle and its relation to a simple Donnan 
potential. Biophys. J. 38:201-204.

Overbeek, J. T. G. 1956. The Donnan equilibrium. Prog. Biophys. 
Biophys. Chem. 6:57-84.

Sarkar, N. K. 1950. The effects of ions and ATP on myosin and 
actomyosin. £nzymo/og/ca. 14:237-245.

G. F. E l l i o t t ,  E . M. B a r t e l s ,  P. H. C o o k e ,  

AND K . J e n n i s o n ,  The Open University, Oxford 
Research Unit, Foxcombe Hall, Berkeley Road, 
Boars Hill, Oxford 0X 1 5HR, England

o

o

B io p h y s ic a l  J o u r n a l  V o l u m e  45 1984



. /

D O N N A N  POTENTIALS IN RABBIT PSOAS MUSCLE IN  
r i g o r

G. R. S. N a y l o r ,  E .  M. B a r t e l s ,  T. D. B r i d g m a n ,*  a n d  G. F. E l l i o t t  

Biophysics Group. Open University. Oxford Research Unit. Boars Hill. Oxford. England

a b s t r a c t  Collins and Edwards (1971, Am. J. P h ysio l., 221:1130-1133) have shown that a tissue potential can be 
measured with microelectrodes in glycerinated muscle and that this potential is consistent with a Donnan equilibrium of 
small ions due to the concentration of net fixed electric charge on the contractile proteins. This approach has been 
combined with x-ray and light diffraction measurements of the muscle lattice dimensions, and the data are used to 
determine the thick filament charge and thin filament charge under a variety of different conditions. The thick filament 
charge is a function of the bathing solution, in particular its pH and ionic composition. These parameters are important 
in determining the volume of the equilibrium lattice and possibly are involved in the contraction mechanism itself.

INTRODUCTION

The membrane system of striated muscle fibers can be 
disrupted by storing them in a 50% glycerol-water solution 
for several weeks at low temperatures (Szent-Gyorgyi, 
1949,1951). Most of the components of the sarcoplasm are 
leached out (Weber and Portzehl, 1952) but despite this 
comparatively rough treatment the structure of the con
tractile system is preserved as seen in the electron micro
scope (H. E. Huxley, 1957) and by x-ray diffraction (H. E. 
Huxley, 1953). Because of the absence of ATP the fibers 
are in rigor, but if they are bathed in a suitable solution 
containing ATP, they become relaxed and extensible, and 
if calcium is then added, they will contract and generate a 
tension similar to the maximum tension produced in live 
muscle (Weber and Portzehl, 1952, 1954). Thus glyceri
nated muscle is a simpler system than an intact fiber and is 
useful for the study of the basic contractile elements, 
avoiding the osmotic and ion-selective effects imposed by 
the fiber membrane.

Low-angle x-ray diffraction experiments (Rome, 1967, 
1968; Matsiibara and Elliott, 1972) in which the spacing of 
the thick filament lattice is measured in a variety of 
bathing media suggest that there are significant long-range 
electrostatic forces between the filaments (see also Elliott, 
1967,1968; Millman and Nickel, 1980). These long-range 
forces will depend upon the fixed charge on the protein 
filaments.

Naylor and Merrellees (1964) and Weiss et al. (1967) 
observed that a negative resting potential could be mea
sured with microelectrodes in glycerinated fibers. Collins 
and Edwards (1971) showed that this tissue potential

* Deceased.
Dr. Naylor’s present address is Physics Department, James Cook Univer
sity, Townsville, Q 4811, Australia.

behaved as a Donnan phase boundary potential due to the 
net fixed electric charge on the contractile proteins.

We have considered elsewhere (Elliott and Bartels, 
1982; Naylor, 1982) the way in which the measured 
potential is related to the point-to-point potential between 
the muscle filaments, and have demonstrated that in the 
practical regime the average potential can be considered as 
a simple Donnan average, so that the measured potentials 
can be used, together with the principle of electrical 
neutrality, to give the fixed electric charge on the contrac
tile proteins. This is the calculation introduced by Collins 
and Edwards (1971) and used in its general form by Elliott 
etal. (1978).

Here the techniques of low-angle x-ray diffraction and 
electrophysiology are combined to determine the net fixed 
charge on the muscle filaments in situ. The overall aim is to 
characterize the net fixed charge for a variety of different 
conditions of the bathing medium and different physiolog
ical states of the muscle. Some preliminary results of this 
work have already been published (Elliott et al., 1978). 
The experimental techniques have since been modified, 
and it is shown that the preliminary results gave artifac- 
tually high values for the Donnan potential. Here results 
are presented for the A-bands of rigor fibers, in experi
ments varying the pH and ionic strength of the bathing 
medium. In the following paper the effects of relaxing 
solutions are considered in both A- and I-bands (Bartels 
and Elliott, 1985).

METHODS 

Basis of the Method
Collins and Edwards (1971) demonstrated that the fixed charge concen
tration in muscle is due to the contractile proteins, since partial extraction 
of actin and myosin at high ionic strength reduced the measured potential 
(and thus the fixed charge concentration) without having any effect on 
the measured isoelectric point.

B io p h y s .  J. © Biophysical Society 
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To go one step further and measure the electric charge per filament, 
not just the charge concentration, it is necessary to determine the volume 
associated with the fixed charge, i.e., the volume occupied by each 
filament. Low-angle x-ray diffraction studies give the lattice spacing of 
the thick filaments and combining this with laser diffraction, which gives 
the sarcomere length, determines the volume of the sarcomere. Here 
specimens were examined by diffraction and microelectrode methods to 
give information on the actual filament charge rather than the charge 
concentration.

Specimen Preparation
Psoas muscle from several different rabbits were used for all the 
experiments. The method of glycerination was similar to that of Rome 
(1967), the glycerinating solution contained 50% glycerol (by volume) 
and 50% (by volume) 100 mM KCl, 2 mM MgClj, 4 mM EGTA, 7 mM 
KH2PO4, 13 mM K2HPO4, pH 7.0. Strips of muscle ~4 mm in diameter 
were stored in this solution for 2d at 4°C, changing the solution every 8 h, 
and were then transferred to a freezer at — 20°C for 3 wk before use.

Muscle strips were prepared at a wide range of sarcomere lengths by 
stretching the fresh muscle to different degrees before glycerination. For 
our sarcomere-length variation experiments specimens were chosen at 
several sarcomere lengths, measured by light diffraction (see below).

Small strips of muscle, ~ 1  mm in diameter and 30 mm long, were used 
in all experiments. They were left to soak in the required solution for 30 
min before being transferred to the experimental cell and were then 
allowed another 30-min equilibration time. In many experiments the 
specimen was examined in several different solutions and a re-equilibra
tion time of 30 min was found to be sufficient.

Bathing Medium
The standard salt solution used consisted of 100 mM KCl, 5 mM MgC^, 
7 mM KH2PO4, 13 mM K2HPO4, pH 7.0. The ionic strength of the salt 
solution was varied by serial dilution of the standard solution to give a set 
of solutions with KCl contents 100, 50, 20, 10, and 5 mM. The free ion 
concentration of each species was calculated from the accumulative 
association constants of Sillén and Martell (1964) and Portzehl et al. 
(1964) with the computer program described by White and Thorson 
(1972) and Perrin and Sayce (1967). In experiments where the pH was 
varied a citric acid/K2HP0 4  buffer was used from 3.5-6.0 pH; this is one 
of the few buffers that will act effectively over this range.

X-ray Diffraction
The first two equatorial diffraction maxima, the (1,0) and (1,1) reflec
tions from the hexagonal lattice of myosin filaments were obtained using 
a modified double Franks camera (Elliott and Worthington, 1963) 
mounted on a fine-focus rotating anode x-ray generator (Elliott Automa
tion GX-6  GC Avionic Ltd., Boreham Wood, United Kingdom). The 
camera was aligned to give a vertical line and a spot above it. A specimen 
to film distance of between 160 and 2 0 0  mm was used and measured to an 
accuracy of ±0.5 mm. An exposure time of 60-90 min gave well-defined 
patterns. Films were measured with a traveling microscope to an accuracy 
of 0.01 mm and thus a typical spacing of 40 nm could be determined to an 
accuracy of ± 1  nm.

Light Diffraction
The sarcomere length was measured using light diffraction from a 0.5 
mW helium-neon laser (X = 0.6328 /iim) with a beam ~1.5 mm in 
diameter. Because of specimen inhomogeniety the sarcomere length was 
determined to an accuracy of ±0.05 um. Initially the same specimen was 
used for x-ray diffraction, laser diffraction, and microelectrode observa
tion. Later, as more x-ray data were accumulated, it was found more 
convenient to make parallel x-ray and microelectrode observations on 
separate specimens from the same experimental batch, chosen at sarcom
ere lengths defined by laser diffraction. This change of procedure did not

make any significant difference to the gradient of the pooled x-ray data 
plotted against sarcomere length.

Electrophysiology
Borosilicate glass capillary tubing with an inner fiber (Hildenberg, Glass, 
Malsfeld, Federal Republic of Germany) and of 1.5 mm outside diameter 
was used for the microelectrodes (Sato, 1977). It was possible to fill the 
microelectrodes completely by capillary action with a syringe (Tasaki et 
al., 1968); the microelectrodes were filled with 3 M KCl. A few 
microelectrodes were examined in the electron microscope (e.g.. Fig. 1). 
The diameter range of the tips was 0.1-0.2 ^m, for microelectrodes with a 
resistance of 25-30 Mfi. Microelectrodes were connected to a high 
impedance direct current (DC) amplifier (10*̂  fi) via a silver-chloride 
junction (model EH-IS; Transidyne General Corp., Ann Arbor, MI) and 
the output was displayed on a suitable calibrated meter. The circuit was 
completed with a calomel reference electrode (Corning Glass Works, 
Corning Science Products, Corning, NY or Radiometer American Inc., 
Westlake, OH), and a variable millivolt source was available on the low 
impedance side for calibration. In each muscle sample, 20 potential 
readings were taken and averaged; a standard deviation was obtained, 
typically <1 mV.

Junction Potentials
The amplifier will see the phase potential between the muscle and the 
bathing fluid, added to two liquid potentials, one at the calomel electrode 
and one at the microelectrode. As long as these do not change on 
impalement they can simply be “backed-off.” Kushmerick and Podolsky 
(1969) have shown that the ionic mobilities inside and outside the 
contractile lattice are unchanged, except for a “tortuosity” factor, which 
is the same for all ions. This will not affect the liquid junction potentials. 
Since the free ions are identical inside and outside the lattice, and the 
concentrations are similar, it is simple to show that the change in junction 
potential of the microelectrode will be -0.1 mV, and can thus be 
disregarded.

In a recent abstract Rehm et al. (1984) have interpreted the potential 
seen with a 3 M KCl electrode impaling the corneal stroma (an analogous 
matrix of charged proteins and proteoglycans) as solely due to a junction 
or diffusion potential. They state that they “interpret the PD as due to the 
effect of fixed negative charges of connective tissue fibers on the ratio of 
the K  ̂ to Cl" mobilities.” However, it is the essence of a Donnan 
distribution that the local charge distribution is on the average neutral, 
both inside and outside the charged matrix, and it is difficult to believe 
that K  ̂and Cl" ions, diffusing out of the microelectrode tip, will be able 
to differentiate the charges on the matrix from those on the co- and 
counter-ions in local equilibrium with that matrix. The argument is thus 
physically implausible and is, moreover, in conflict with the experimental 
results of Kushmerick and Podolsky (1969) for muscle.

Rehm et al. (1984) and Davis et al. (1970) (and also Viera and 
Onuchic, 1978, for the stratum corneum) report that the potential 
measured with their microelectrodes was a function of the electrode filling 
solution, decreasing to zero when the concentration within the electrode 
was the same as the solution bathing the tissue. This is not evidence that 
changes in diffusion potentials are important, as can be seen using the 
formulation of Teorrell (1953), who considered a situation where two salt 
solutions were in equilibrium with opposite sides of an ionic membrane, 
which consisted of a fixed-charge matrix and an aqueous, salt-containing 
medium. Teorrell showed (Eq. 20:2) that sum of the Donnan potentials at 
the two surfaces could be expressed as

25.6 sinh
2a,

a
2 a ,j

X  is the concentration of fixed charge in the membrane (typically 50 mM) 
and a,, are the salt concentrations on the first and second sides of the 
membrane. Taking the first side as the solution in the microelectrode and 
the second side as the bathing solution in experiments of the type made in
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F igure 1 Electron micrograph o f  a typical m icroelectrode showing the tip diam eter.

this paper and in the papers of Davis et al. (1970) and Viera and Onuchic 
(1978), it is easy to see that this sum will indeed be 0 if a, = O;- E is also 
clear, though, that the second term is unimportant if O; -  100 mM and 
a, ~ 3,000 mM, which is the case in the experiments made in this paper. 
Under the conditions of these measurements, a typical experiment 
decreasing the salt concentration in the microelectrode gives, E = 
(-9 .3  ± 0.7)mV with 3 M KCl electrodes, (-9 .4  ± 0.6)mV with 1 M 
KCl electrodes, and (—9.3 ± 0.6)mV with 0.5 M KCl electrodes.

Teorrell (1953) also considered a third component of potential, a 
diffusion potential between the two surfaces of the ionic membrane. This 
potential he expressed in Eq. 26:2, for the special case where a 1-1 valent 
salt is diffusing, as

25.6 mV.
V + V OiirzU + y/rj)

Here u,r are the mobilities of the diffusing cations and anions, respec
tively, and ri,r2 are the Donnan ratios at the first and second surfaces, 
which can be shown to be 1.00 and 0.78, for a fixed charge concentration 
of 50 mM, using Teorrell’s Eq. 8:2. Apart from the extra terms in the 
brackets, this diffusion potential is the same in form as the conventional 
(Henderson) expression for the diffusion potential from an electrode 
containing a filling solution of concentration a, into a solution of 
concentration O;. Taking the usual values for K  ̂and Cl" mobilities, the 
terms in the brackets give a modifying factor of 0.97 to the logarithmic 
term. The logarithm is 3.40 in the absence of this factor and 3.37 in its 
presence, so that the diffusion potential changes'by - 1%, which under
lines the statement made in the first paragraph under this subheading.

Tip Potentials

The tip of a microelectrode may also produce a potential of 10 mV or 
more, larger than that predicted from a liquid junction; this potential is 
called the “tip potential” of the microelectrode (Adrian, 1956). The tip 
potential depends on the tip diameter, the composition of the glass used.

and the concentration, composition, and pH of the solutions both inside 
and surrounding the tip (Adrian, 1956; Kostyuk et al., 1968; Lavallee, 
1964; Lev, 1968; Szabo, 1966). Adrian showed that the major determi
nants of changes in tip potential (which is the important factor in these 
experiments) were different ions in the solutions (i.e., going from a 
sodium-rich Ringer’s solution to a potassium-rich cytoplasmic solution) 
and different concentrations of these ions. In the experiments described in 
this paper the ions are the same inside and outside the lattice, and the 
changes in concentrations are small, so that large changes in any tip 
potential would not be expected. Nevertheless the tip potential was 
routinely measured (compared to a broken and blunt microelectrode) and 
electrodes where this potential was >1 mV were discarded.

A resistance meter described elsewhere (Naylor, 1978) was added to 
the circuit to enable the resistance of the microelectrode to be monitored 
continuously during impalement. Schanne et al. (1968) showed that the 
resistance of the microelectrode changes at the same time as the tip 
potential. By monitoring the tip resistance during impalement, it is 
possible to avoid situations where the resistance changes dramatically due 
to partial blockage with a possible change in tip potential. Readings where 
the resistance varied by >10% were discarded as a matter of routine. It 
was found (see Results) that a yet more stringent test was needed, so high 
power light microscopy (Bartels and Elliott, 1981, 1982, and 1985) was 
used to observe the tip of the microelectrode during impalement. On some 
impalements where the resistance change was < 10% some mechanical 
deformation of the tip was visible (e.g., a slight bending of the electrode). 
Careful examination revealed that these impalements gave artifactually 
high readings (Results, Fig. 2). Light microscopy was subsequently used 
routinely to aVoid this artifact, and all the microelectrode experiments 
were repeated, giving smaller values for the averaged potentials than in 
the first report (Elliott et al., 1978).

D epth o f  Im palem ent
It is important that the electrode is far enough inside the lattice of 
filaments that edge effects are minimized. The depth of impalement of
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F i g u r e  2 Potential and resistance traces of microelectrode insertions in a two-times diluted solution, based on 50 mM KCl. The first four 
insertions are normal, the next three are inserted too hard (see the section entitled Experiments in the Results).

the microelectrodes was measured by two methods, first by observation in 
the field of view of the microscope, and second by noting the change in the 
readings on the vernier scale used for impalement. Typical impalements 
without electrode deformation, measured by both methods, are 10-15 ^m 
in depth. Since the unit cell in the filament lattice is of the order of 0.04 
/xm, the tip of the microelectrode is several hundred unit cells from the 
edge of the specimen. This is sufficiently far from that edge for edge 
effects on the potential and ion distribution to be ignored.

RESULTS

Initial Experiments
Fig, 2 shows a voltage and resistance trace of an experi
ment (made in a solution based on 50 mM KCl) under 
microscopic observation, which illustrates the problems 
with earlier data taken without microscopic observation. 
The first four impalements were made with the microelec
trode seen in the microscope just to enter the A-band; the 
potential change is clear and apart from small transient 
changes, the resistance of the microelectrode does not vary 
outside the 10% previous criterion. The average of these 
impalements is about —7.5 mV. The next three impale
ments were made with a firmer touch on the micromanipu
lator. In the microscope the A-band could be seen to 
deform slightly, and in the last of these impalements the 
microelectrode could be seen to bend as impalement went 
deeper; these three readings are considerably higher than 
the earlier readings (average (~12 mV) and yet the 
resistance change of the microelectrode is still within the 
10% criterion.

It seems clear that without microscopic observation of 
the electrode tip the observed potentials are higher than 
they would otherwise be and all the microelectrode experi
ments from the initial work have therefore been repeated: 
To see whether the history of a particular specimen would 
affect the measured potential or the measured x-ray spac
ing, it was necessary to study the effect of previous 
solutions on the specimen. (For example, when using 
several solutions is the order in which the solutions are used 
important?) These preliminary experiments were de
scribed in Naylor (1977). The conclusion was that the 
potentials and x-ray spacings measured are the same for a 
given specimen in a given solution as long as sufficient time

is allowed for equilibration. The order in which solutions 
are used is unimportant.

Effect o f Ionic Strength

Strips of muscles were studied in the set of serially diluted 
solutions with varying ionic strength and at different 
sarcomere lengths to find out the effect of sarcomere 
length. In agreement with the results of the preliminary 
investigation (e.g., Fig. 4 in Elliott et al., 1978), the 
observed potentials are independent of sarcomere length. 
Fig. 3 shows potential measurements plotted as a function 
of sarcomere length in four solutions of different ionic 
strength. The least-squares fit gradients of the straight 
lines, from the most concentrated to the most dilute 
solution in order, are —0.05, +0.34, +0.014, and —0.15 
mV ixm~\ The largest gradient represents a change of only 
0.48 mV over the range of lengths and this is within the 
standard deviation of the measurements. Since in addition 
these small gradients are two positive and two negative 
there is no consistent length effect, and the results from all 
sarcomere lengths have therefore been averaged in Table I. 
(See also the section entitled Absence of Sarcomere- 
Length Dependence: Further Details).

X-ray data were collected in the same solutions, giving 
the interfilament spacings ^(1,0) corresponding to the 
microelectrode data. A typical plot showing the variation 
of ûf(l,0) as a function of sarcomere length for a particular 
solution is given in Fig. 4. As Rome (1967) observed, 
f/(l,0) and sarcomere length appear to be linearly related, 
with the spacing decreasing as the sarcomere is increased. 
The data were fitted to a straight line using a least-squares 
method and the equations so obtained are given in Table I.

Effect o f pH

To study the effect of pH a set of four solutions was used —  
centered around the anticipated isoelectric point, pH = 4.5 
(predicted from a minimum in the x-ray equatorial spacing 
[Rome, 1968] and a reversal in the sign of the Donnan 
potential [Collins and Edwards, 1971]). N o x-ray pattern 
could be observed below pH = ~3.5, which was therefore 
chosen as the lowest pH. As far as possible one simple
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F i g u r e  3 Potentials in four standard solutions, plotted as a function of sarcomere length. Circles, standard rigor solution; diamonds, 
two-times diluted triangles, five times diluted; squares, ten times diluted.

buffer system was used to avoid any possible effect of 
different binding affinities of different buffers to the 
filaments; a citric acid-KzPO^ buffer was chosen, allowing 
a maximum of pH 6.0. The data obtained at pH 7.0 in the 
previous section can be included with the results, though 
these were obtained with a different buffer system (phos
phate) and may therefore not be strictly comparable.
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F i g u r e  4 A plot of the x-ray spacing, as a function of sarcomere 
length S  for the solution in the serial dilution set with [KCl] = 50 mM. 
The straight line shows the least-squares fit for all the data. Notice, 
however, that between 5  = 2 .0  and - 2 .6  nm there is no clear gradient in 
the observed data and only from S = 2.6-4 mhi is there an appreciable 
change in side spacing (see Discussion, third paragraph).

pH  Effect at Low Ionic Strength, [KCl] = 10 
mM. Both x-ray and microelectrode techniques were 
used at a variety of different sarcomere lengths. Once 
again the potentials are independent of sarcomere length. 
The dependence of the potential changes sign and becomes 
positive, indicating a change in sign of the net electric 
charge on the filaments as shown in Fig. 5. This is 
effectively an in situ titration curve, and gives an isoelectric 
point of pH 4.5.

A summary of the corresponding x-ray data is also given 
in Table II, A. At the three higher pH’s the x-ray lattice 
spacings decrease with decreasing pH but the least-squares 
straight lines for pH = 3.5 and pH = 4.0 intersect so that at 
short sarcomere lengths the spacing continues to decrease, 
whereas at long sarcomere lengths a minimum is observed 
These results agree well with Rome (1968) who found a 
minimum spacing at pH 4.7 for long sarcomere length data 
(5" = 3.15 Atm) but observed no minimum spacing at short 
sarcomere lengths. Thus the pH behavior of the spacing ol 
the myosin lattice unperturbed by the actin (at long 
sarcomere length) appears to reflect directly the charge or 
the thick filaments.

pH  Effect at High Ionic Strength [K C l] = 5C 
mM. To see the effect of ionic strength on the titratior 
curve and the isoelectric point the experiment was repeated 
at a higher ionic strength. The potentials were agair 
independent of sarcomere length and the average poten
tials are also plotted as a function of pH in Fig. 5. Thh
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TA B L E  I
SUMMARY OF RESULTS OF VARIATION OF IONIC STRENGTH

Solution E [Pr] X-ray data

mV mM e/nm e/nm
100 mM KCl 

5 mM MgClj 
20 mM phosphate buffer 

pH 7.0
M = 0.14M

-4 .7  ± 0.6 

rt = 400

52 ± 7
rf* = (47.2 ± 1.6) 

- (3 .0  ± 0.5) X S t

M = 31

7.1 47 6.5

2 X dilution,
50 mM KCl, etc.

-= 0.071 M

-9 .7  ± 1.1 

/I = 400

56 ± 7 = (48.1 ± 1.1) 
-(3 .4  ± 0.5) X S 

n = 43

6.1 45 7.4

5 X dilution,
20 mM KCl, etc.

0.029 M

- 2 0 .8  ± 1.1 

n = 400

56 ± 4 d = (56.1 ± 1.5) 
-(6 .3  ± 1.2) X 5" 

n = 28

2.7 40 15

10 X dilution,
10 mM KCl, etc.

fi -  0.015 M

-26.8 ± 1.2  

n = 400

40 ± 3 -  (59.6 ± 1.8) 
- (7 .0  ± 1.5) X 5  

« = 21

2.5 30 12

20 X dilution,
5 mM KCl, etc.

M “ 0.0074 M

-34.6  ± 1.8 

« = 40

31 ± 3 d  = (68.9 ± 2.0) 
-(9 .6  ± 2.7) X S 

n — 14

1.7 2 2 13

cr„ and a. are the linear densities, the thick and thin filaments, respectively. All potentials and the associated [Pr] are given as a mean and standard 
deviation. The x-ray data are shown as the least-squares straight line fit to the experimental data, with standard errors calculated in the normal manner. 
The charge ratios in column 5 have a precision of about ±50%, the thick filament linear charge in column 6  of about ±25%, and the thin filament linear
charge in column 7 (much less precise for reasons given in the text; see Analysis) of about ±75%.
*d is measured in nanometers. 
i s  is measured in microns.

lOmM

2 0

5 0  ml

10 -

- 20 -

-30

F i g u r e  5 A  plot showing the variation of the Donnan potential £  as a 
function of pH. (a) [KCl] = 10 mM (b) [KCl] = 50 mM. The error bars 
show the standard error of the mean. Note that the measurements at pH 7 
were obtained with a different buffer (phosphate) and may not therefore 
be strictly comparable with the other points, in citrate buffer.

shows an isoelectric point of pH = 5.2, so that the in situ 
isoelectric point has shifted to a higher pH on increasing 
the ionic strength. The corresponding x-ray data are also 
summarized in Table II, B. At pH = 6,0 and 5.0 the 
dependence of the i/(l,0 ) spacing on sarcomere length is 
less pronounced than in the low ionic strength solution.

Absence of Sarcomere-Length Dependence: 
Further Details

We have made extensive investigations of the measured 
potentials at different sarcomere lengths in an attempt to 
discover any sarcomere length dependence of the poten
tials. In no case was such an effect observed either in rigor 
solutions of different ionic strength (Elliott et al., 1978), 
rigor solutions of different pHs, or of different magnesium 
concentrations, or in relaxing solutions (Naylor, 1977; 
Bartels and Elliott, 1985), and the measured potentials are 
independent of sarcomere length in all the solutions that 
have been investigated.

In the preliminary experiments (Elliott et al., 1978) it 
had been concluded that in rigor muscle there were 
different charge concentrations in the A-bands and I- 
bands and therefore there should be different potentials 
arising from those bands. It therefore seemed possible that 
two families of potentials might be seen at longer sarcom
ere lengths, when the chance of hitting an I-band ought to 
be greater. Accordingly, a series of observations were made 
without light microscopy, recording large numbers (-1 5 0 )
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TA B LE II
SUMMARY OF RESULTS OF VARIATION OF pH

Solution E [Pr] X-ray data Ta

A.
10 mM KCl 

0.5 mM MgClj
0.8 mM phosphate/citric-acid buffer 

pH 5.8 
n = 0.013 M

mV 
- 11 .8  ± 0 .8

« = 100

mM 
- 1 1  ± 1 d*^ (55.4 ± 2.0) 

— (6.4 ± 1.6) X

M= 17

2.3
e/nm

7
e/nm
3

As above 
pH 4.8 

= 0.014 M

-7 .2  ± 0.5 

n = 1 00

—6  ± 1 d  = (50.6 ± 2.2) 
-(5 .0  ± 1.2) X 5  

/! = 18

3.6 4 1.1

As above 
pH 3.95 
M = 0.014 M

12.9 ± 0.7

rt = 100

14 ± 1 £f= (49.2 ± 1.8) 
-(5 .7  ± 1.4) X 5  

« = 17

2.5 7
net positive charge

2 .8
net positive charge

As above 
pH 3.4 
n = 0.014 M

22.7 ± 0.7 

n = 1 0 0

27 ± 1 (32.3 ± 1.7)
+ (0.5 ± 0.05) X 5- 

« = 14

-4 2 21
net positive charge

0.5

B.
50 mM KCl 

2.5 mM MgCl;
4 mM phosphate/citric-acid buffer 

pH 5.7 
// = 0.071 M

-7.1 ± 0.5 

n = 10 0

-3 2  ± 3 -  (38.5 ± 1.6) 
-(0 .6  ± 0.1) X S'

w = 19

32.2 29 0.9

As above 
pH 4.7 
M = 0.069 M

7.5 ± 0.8 

n = 1 0 0

42 ± 5 -  (36.9 ± 1.4) 
-(0 .8  ± 0.2) X 5  

« = 2 0

25.9 33
net positive charge

1.3
net positive charge

As above 
pH 3.7 

= 0.071 M

10.6 ± 0.7

M = 10 0

60 ± 4 -  (34.6 ± 1.4) 
-(0 .9  ± 0.2) X S  

M = 17

30.5 58
net positive charge

1.9
net positive charge

As above 
pH 3.5 
// = 0.073 M

15.5 ± 0.6 

n = 1 00

92 ± 4 t/=  (33.7 ± 1.3) 
-(0 .5  ± 0.03) X S  

n — IS

73.3 6 6
net positive charge

0.9
net positive charge

*d is measured in nanometers. 
$5 is measured in microns.

of potentials observed by random penetration in prepara
tions at a range of sarcomere lengths in the rigor solution 
based on 20 mM KCl (fivefold dilution) and plotting the 
results in the form of histograms. These are shown in Fig. 
6 a-d). It will be seen that at the longer sarcomere lengths 
(3.0 and 3.3 iim) the distribution is skewed at the lower 
potential end, while at the shortest sarcomere length (2.2 
/im) the histogram shows a more nearly symmetrical 
distribution. It was not possible, however, to distinguish 
two separate peaks in experiments of this type with glyceri
nated rabbit muscle at long sarcomere lengths. The best-fit 
Gaussian curves are also seen in Fig. 6 a-d , and it will 
readily be appreciated that the mean potentials did not 
vary outside the experimental error, as was apparent also 
from the other experiments. Notice that the skewing of the 
histograms in Fig. 6 is not due to a sarcomere length effect 
on the A-band potential, which is eliminated by the data 
shown in Fig. 3. It is the result of the convolution of the 
A-band potential with the I-band potential, which is more 
likely to be observed in random observations at long

sarcomere length. In experiments under optical control, 
where the location of the electrode is known, the data are 
not skewed in this manner.

It seems, therefore, that random penetration experi
ments, made without light microscope back-up, record the 
A-band potential in glycerinated rabbit muscle. In the 
subsequent paper further observations relevant to this 
point will be reported.

What Is the Effect of the H-Zone?
Although there is, in rigor glycerinated rabbit psoas mus
cle, a clear difference between the observed A- and I-band 
potentials (Bartels and Elliott, 1981, 1985) no effect has 
been seen experimentally in these muscles that needs be 
assigned to a manifestation of different potential regions in 
the overlap region of thick and thin filaments and in the 
H-zone of nonoverlap at the center of the A-band. Now  
there clearly is a different potential regime in the overlap 
and nonoverlap regions of the A-band, and if the experi-
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mental method were sufficiently sensitive, it might be 
possible to detect the Donnan effects of these two different 
potential regions. This has not been observed here, nor has 
it been observed in the experiments of Aldoroty and April
(1984) and Aldoroty et al. (1985) who have made similar 
measurements on crayfish muscle, where the A-band is 
three times longer than in rabbit or rat and where it 
therefore would be easier to detect the H-zone region when 
placing the microelectrode.

A possible reason for this inability to detect different 
H-zone potential is that the region over which the microel
ectrode senses an average is of the order of a l~nm 
diameter sphere. This would tend to average both H-zone 
and overlap zone in an A-band of 1.6 nm  in length. 
Whatever may be the reason. Fig. 3 shows that there is no 
sarcomere length on the observed A-band potential, as 
might have been expected from an H-zone effect.

A N A LY SIS

The concentration of all ions in the external solution can be 
calculated from the Perrin program. Therefore, when the 
Donnan potential has been determined, the application of 
the Nernst equation gives the concentrations of all these 
diffusible ions inside the filament lattice. Since the lattice 
must maintain electrical neutrality, the protein charge 
concentration [Pr'] in millimolar units is given by: [Pr] = 

where and are the internal 
millimolar concentrations and valencies of the diffusible 
cations and and z f  are the internal concentrations and 
valencies of the diffusible anions. Normally, with a nega
tive Donnan potential this equation expresses the concen
tration of net negative charge on the protein filaments. 
Since the concentrations are all expressed in millimolar 
quantities it is simplest to express [Pr] in millimoles of 
univalent charge, because the valency of the charged 
matrix is unknown.

The working hypothesis for the interpretation of the 
preliminary results was that a microelectrode inserted 
randomly in glycerinated muscle in rigor recorded the 
higher A-band potential rather than the lower I-band 
potential (Elliott et al., 1978). Experimentally, this A-band 
potentials is indepedent of sarcomere length. In the present 
experiments microelectrode measurements have been com
bined with direct observation of the microelectrode tip 
under a high-powered light microscope and under these 
circumstances it is possible to differentiate between A- and 
I-band potentials, see Bartels and Elliott (1985).

Using the A-band potential alone, however, combined 
with the x-ray data, it is possible to calculate the charge on 
the thick and thin filaments. At long sarcomere lengths the 
A-band is composed solely of thick filaments, and one unit 
cell contains exactly one thick filament. Thus the net

charge on the thick filament (per unit length) is given by: 
(Tm = [Pr] X (volume occupied by unit length of the 
filament) x N„, where Ng is Avogaradro’s number. But 
volume occupied by the filament per unit length is di^/sin  
60°. (Adopting the notation for the square of the value 
of £?[1,0] evaluated at S' = 3.8 /im). Hence = 6.95 x 
10 X [Pr] X dyÿ. It is assumed that the myosin filaments 
are 1.6 (xm in length and the actin filaments are 1.1 /rm in 
length, reasonable values for mammalian muscle, so that
3.8 /im is the point of zero overlap. If d  is nanometers, and 
[Pr] is millimolar, cr̂  is in electrons per nanometer.

At the short sarcomere length (S' = 2.2 /im), where the 
thin filaments just meet, a unit cell in the A-band contains 
exactly one thick filament and two thin filaments. Thus the 
net charge (per unit length) on the thin filament is given 
by: 2cTa -F <r„, = 6.95 x lO''* x [Pr] x  d l _2 (where d l _2 is the 
square of the value of f/[l,0], evaluated at S  = 2.2 /lim). 
Combining this expression with the expression evaluated 
above for = 3.48 x 10“'’ x [Pr] x {d l i -  d\^) and 
the charge ratio, = 2 d \^ l(d \ 2  -  d]_ )̂. Notice that 
this ratio does not depend on the value of [Pr], and thus of 
the value of the measured potential, but only on the 
parameters of the x-ray data. It does depend on the 
experimental fact that the A-band potential is independent 
of the sarcomere length, and thus that the A-band charge 
concentration is the same at all sarcomere lengths (see also 
Elliott, 1973).

(Ta and (Tm are given in Table I for the experiments 
varying ionic strength and in Table II for the experiments 
varying pH. In the calculations we used the values for the 
spacings (^(1,0) that are predicted from the least-squares 
fit. The values calculated for <ĵ  are inherently of lôw 
precision because of the subtraction of two large and nearly 
equal numbers, d \ 2 and d\^.

D ISCUSSIO N

Veracity of the Method
The electrophysiology of the Donnan potential measure
ments has been discussed by Elliott and Bartels (1982) and 
in the Methods section here. Two additional points may be 
made.

(a) First, Aldoroty and April (1984) have performed 
elegant model experiments using agar gels, and have 
shown that the measured Donnan potentials behaved as 
expected when the concentration of the agar was varied. In 
other experiments the potential was unchanged when the 
tip diamenter was varied, when the concentration of KCl in 
the electrode was varied, and when the bathing solution 
was changed from potassium chloride to the same concen
tration of potassium propionate. They report that the 
absence of significant variation under these conditions, 
where diffusion potentials would be expected to change.

F igure 6 Histogram s o f  a large number (1 5 0 + )  o f  potential readings taken in the sam e solution (the five tim es diluted solution based on 20
mM KCl) at different sarcomere lengths (a) 2.2/xm, (6 ) 2 .6  jum, (c) 3.0 ^m, and ((/) 3.3  Mm.
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demonstrates that artifactual diffusion potentials do not 
contribute significantly to the measurements, (b) Second, 
the A-band of a rabbit muscle fiber contains proteins 
whose amino-acid sequence data are known, and whose 
charge can therefore be calculated (Appendix). At zero 
overlap none of the thin filament proteins contribute to the 
A-band charge. The volume can be measured with preci
sion by a combination of x-ray and light diffraction. Under 
low ionic strength conditions, where ion binding would be 
expected to be minimal, the measured thick filament 
charge by the methods used here is 22 electrons (e) nm~'. 
The calculated charge range (Appendix) is 9-26 e nm~' 
(depending on the degree of ionization of the histidine 
residues) with a mean at ~  18 e nm~'. The accord between 
these two values is pleasing, and gives added confidence in 
the veracity of the method.

Discussion of the Experimental Results

The approximate linear behavior of the x-ray lattice spac
ing as a function of sarcomere length is similar to that 
observed by Rome (1967, 1978). In Rome’s study of the 
effect of ionic strength the results are in good agreement 
with ours at short sarcomere length; at long sarcomere 
lengths (3.2 jum) she found that the spacing decreased 
with increasing dilution (opposite to the effect at short 
sarcomere length, S  = 2.9 fim). This effect was not 
observed in our experiments at 5  = 3.2 urn but is clearly 
seen at 5" = 3.8 fim (i.e., at zero overlap). Thus at long 
sarcomere lengths the behavior of the lattice spacing in the 
myosin lattice unperturbed by actin filaments follows the 
electric charge on myosin (see Table I). Compare this with 
the similar pH behavior (see Results).

(In collaboration with Professor B. M. Millman of Guelph University 
[Guelph, Canada] a computer data bank has been established of all the 
available published and unpublished x-ray equatorial data on muscle, 
collected by several different investigators, in several different laborato
ries. over the last two and a half decades. The least-squares fit straight 
lines of the x-ray data in Table I agree closely with the collations of all this 
data. This is particularly true for the 100-mM solution, where the data 
bank contains a total of 226 individual observations.)

We are aware that it is only approximately correct to 
treat the x-ray data as a linear function of sarcomere 
length, and that the experiments of Shapiro et al. (1979) 
and Magid and Reedy (1980) show nonlinear behavior. 
(Indeed some of the present x-ray data show similar 
nonlinearity, see Fig. 4.) For the present purposes however, 
the precision of this approximation is sufficient for the 
analysis presented.

The trend of our observations of potential as a function 
of ionic strength agrees with that of Collins and Edwards 
(1971) who studied glycerinated frog ventricle and sarto- 
rius, and found that the fixed charge concentration 
increased with [KCl]. The major result of these experi
ments is that the net charge on the thick filament varies 
considerably with ionic strength, even taking into account 
the volume changes due to the swelling of the lattice. The

thin filament charge, in comparison (although its determi
nation is less accurate) seems to be less dependent on the 
ionic composition of bathing solution.

There are two effects that might account for the 
variation in the thick filament charge.

{a) First, hydrogen ions themselves will be distributed 
across the phase boundary according to the Donnan equi
librium and thus the pH of the medium surrounding the 
filaments will not be the same in the various solutions. For 
the experiment varying the total ionic strength the internal 
pH jmiies_from 6.8 to 6.2, the lower ionic strength giving 
the lower internal pH.

At this point the effect of the changing internal pH on 
the thick filament charge will be considered in more detail. 
It is well known that the range pH 6-7 probably contains 
the effective p K  of the histidine residues in proteins. Fig. 5 
shows that there are definite changes in potential over this 
range of pH and there must be a similar change in fixed 
charge also. Is this sufficient to account for the effects seen 
in Table 1? It is shown in the Appendix that there are 82 
histidine residues on myosin and its associated light chains. 
If all these histidine residues became ionized the myosin 
filament charge would decrease from 26-9 e nm~^ (Appen
dix). The measured values lie from 47-22 e/nm . Put in 
another way, the change in myosin charge concentration 
would be less than the existing amount, i.e., 12 mM 
(Appendix), and the observed change is from 56-30 mM. 
The histidine effect seems insufficient to account for this 
even if allowance is made for a change of the actin charge 
to take account of its histidine content, 8 per monomer 
from the data of Collins and Elzinga (1975). (Tropomyo
sin and the troponins have negligible amounts of histidine 
according to the sequence data mentioned in the Appen
dix.) It is interesting though that on the interpretation 
given here the thick filaments, which contain the larger 
amount o f histidine per unit length, are also those that 
seem to have ion-binding properties (see b below) and it 
might be speculated that one effect may perhaps be 
involved in the other.

(6) Second, the effect of ion binding must be considered. 
The major effect is due to the binding of a negative ion 
since on dilution the binding is presumably reduced and it 
is seen experimentally that the negative charge is reduced. 
There are therefore three possibilities for this binding, 
either chloride ions or phosphate ions or both of these ions 
together. The present experiments do not distinguish 
between these possibilities, although note that the chloride 
ions are present at much higher concentrations. In other 
experiments, to be reported in a subsequent paper (Bridg
man, T. D., E. M. Bartels, and G. F. Elliott, manuscript in 
preparation; see also Elliott, 1980), it has been shown that 
either chloride or phosphate in the absence of the other is 
sufficient for this effect, that both appear able to bind at 
the same time, but that the binding of phosphate ions is 
interactive with the level of free magnesium ions, so that an 
increase of the magnesium causes a fall in Donnan poten

56 B i o p h y s i c a l  J o u r n a l  V o lu m e  48 1985



tial, and therefore of protein charge concentration, if there 
are phosphate ions present.

The term ion binding is used here to refer to ions that 
are associated with the fixed-charge matrix of the total 
system and are thus not freely diffusible in and out of the 
system. This does not imply that these are necessarily 
covalently bound. Probably they are associated electrosta
tically with the matrix, and possibly it would be better to 
use the older term adsorbed ions.

In the Appendix expected thick and thin filament 
charges have been calculated on the basis of sequence data 
for the contractile proteins. The measured values for the 
thin filament charge, in the range 6-15 e nm“‘, agree well 
with the calculated value considering that the error of 
measurement is large. The measured values for the thick 
filament charge are up to two and a half-times the 
calculated value, though they drop to the calculated value 
as the ion concentration approaches zero. Table II. It is this 
fact that leads to the postulation of negative ion binding as 
an important characteristic of intact thick filaments in 
glycerinated psoas muscle. The total of all the calculated 
charge concentrations is <30 mM, the measured values 
range from 30-60 mM, and increase with ionic strength. 
This strongly suggests that negative ion binding must occur 
somewhere in the contractile system. Moreover the same 
conclusion can be drawn from the data of Collins and 
Edwards (1971) and Pemrick and Edwards (1974) if their 
values of charge concentration are recalculated using all 
the ions in their solutions and not just the KCl concentra
tions as they have done.

The experiments varying the pH of the bathing solution 
confirm and extend the earlier results of Collins and 
Edwards (1971) who showed a reversal in the sign of the 
measured potential at low pH. The data also confirm the 
x-ray results of Rome (1968), i.e., that the interfilament 
spacing decreases with decreasing pH and that at long 
sarcomere lengths there is a distinct minimum of the 
interfilament spacing at low pH. The fact that the potential 
changes sign at this point is very strong evidence that the 
potential being measured is related to the Donnan potential 
since it follows the sign of the net charge on the filaments, 
changing on passing through the isoelectric point. The 
graph of the potential vs. the pH represents the titration 
curve of the proteins, probably essentially the titration 
curve of the thick filaments because the A-band at long 
sarcomere lengths is composed solely of thick filaments, 
which contain mainly myosin but also a small amount of 
other components, notably C-protein (Offer, 1973). The 
change is slope of the curves near pH 7.0 is in the histidine 
p K  region, which appears to depend on the ionic strength.

The experimental data have been analyzed on the 
hypothesis that the measured potential is a Donnan poten
tial, and is the average of the potential well between the 
filaments (see Elliott and Bartels, 1982; Naylor, 1982). 
This hypothesis has been substantiated by previous work
ers (Collins and Edwards, 1971; Pemrick and Edwards,

1974), who showed that the potential increased on decreas
ing the ionic strength and behaved in the expected manner 
on different sides of the isoelectric point of the muscle 
proteins. These experiments have been repeated and 
extended with a similar outcome and there seems to be no 
difference between the behavior of the experimental tis
sues. Using this hypothesis a detailed analysis of the data 
yields a self-consistent set of results that are in agreement 
with other data. In this respect the experiments varying pH 
are important; these results show that the titration curve 
and the isoelectric point of myosin are a function of the 
ionic composition of the bathing medium.

APPENDIX

Charge Values from Sequence Data
The data of Barlow and Thorntop (1983, and personal communication) 
established that at least 85% of the ion-pairs in known protein structures 
^re accessible to the solvent, and that the unpaired ionic groups are also so 
accessible. Rashin and Honig (1984) put the proportion even higher, 
>95%. It is therefore reasonable to predict the net protein charge on any 
protein from the amino acid or sequence data.

Such an attempt to predict filament charges, and hence muscle charge 
concentration was made by Elliott (1973). The major problem at that ' 
time was that the amide NH3 is difficult to measure with accuracy and 
had largely been left unmeasured by workers more recent than Kominz et 
al. (1954). A secondary problem was that the number of myosin 
molecules in a myosin filament was a matter of controversy. Using a 
myosin charge value of 15 electrons per 10* daltons (or -75 e for the 
whole molecule) from Kominz et al. (1954), which agreed with the 
titration data of Milhayi (1950), Elliott (1973) calculated a thick 
filament charge of -20  e nm“'. (This calculation assumed Huxley’s 
[1960] figure of 432 myosin molecules per filament.) Pepe’s (1967) model 
for the myosin filament has -400 molecules, similar to Huxley’s number, 
so that the calculated filament charge using Pepe’s model does not differ 
appreciably from Elliott’s calculation. Squire’s (1973) model has -300  
molecules, giving a figure of -15  e nm“'. These filament-charge figures 
ignored the C-protein (Offer, 1973) but this is unlikely to cause more than 
a 10% error. They also ignored the myosin light chains, see below.

The recent complete myosin sequence data of McLachlan and Karn 
(1982) and Karn et al. (1983) for nematode myosin, gives 90 e/molecule 
of which 94 e is on the myosin rod and 2 e"*" on each myosin head. Each 
myosin molecule in rabbit fast muscle has four light chains associated 
with it, two to each myosin head, and the sequence data on these are given 
by Grand (1982). These add 19 e to each myosin head, making a total 
charge on myosin heavy and light chains of 128 e. (Notice in passing that 
the light-chain charge makes a considerable difference to the myosin head 
charge, as might be appropriate for a control function. Equal occupancy 
of LCj and LC3 has been assumed).

In these calculations it has been assumed that none of the histidine 
residues are ionized at physiological pH. There are a total of 82 histidine 
residues on the molecule and its light chains ( 3 4  on the rod, 21 on each 
head, and 3 on the light chains associated with each head). If all these 
were ionized the 128 e would fall to 46 e.

It is now clear that the myosin filament is three stranded (Kensler and 
Stewart, 1983) so that there are 300 myosin molecules in a rabbit or frog 
thick filament. The total range for the myosin filament charge from 
amino acid sequence and structural data is thus 9-26 e nm"‘, a rather 
wide range that includes the 1973 estimate. Taking the average value —18 
e nm"‘, and a sarcomere volume at S' = 3.8 /im of 4 x 10"'* ml in the 
solution with 100 mM KCl (from the data given in Table I), the charge 
concentration in the whole sarcomere due to the myosin filaments is - 1 2  
mM, which is close to the value (12.1 mM) given by I êmrick and
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Edwards (1974) who approached the same problem from bulk protein- 
concentration measurements.

For the thin filaments, Elliott (1973) calculated -10  e nm"‘. This also 
can now be modified since the actin sequence data of Collins and Elzinga 
(1975) give a precise figure, 7 e, for the actin molecule charge, the 
tropomyosin sequence data of Stone and Smillie (1978) gives 50 e for 
tropomyosin, the sequence data of Collins et al. (1977) for troponin C 
gives 29 e for that protein, the sequence data of Pearlstone et al. (1977) 
gives 9 ê  for troponin T and the sequence data of Wilkinson and Grand 
(1975) gives 9 e+ for troponin I. The total net molecular charge on the 
troponins is thus 11 e (negative). From these figures the thin filament 
charge is 2.5 e nm"' due to actin, 2.4 e nm"' due to tropomyosin, and 0.5 e 
nm"‘ due to the troponins, and the total calculated thin filament charge is 
5.4 e /tm"'. The charge concentration in the whole sarcomere due to actin 
is 4.6 mM, considerably less than Pemrick and Edwards (1974) figure 
(19.2 mM); this is due to their using an actin charge (24 e) that is 
untenable in the light of the sequence data. The other values (4.4 mM due 
to tropomyosin and 5.7 due to the troponins) are not appreciably different 
from those given by Pemrick and Edwards (1974).
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D O N N A N  POTEN TIALS FROM THE A- A N D  I -B A N D S  OF 

GLYCERINATED A N D  CH EMICALLY S K IN N E D  MUSCLES,  
RELAXED AND IN RIGOR

E. M. B a r t e l s  AND G. F. E l l i o t t

Biophysics Group, Open University Research Unit, Oxford 0X 1 5HR, England

ABSTRACT Using a combination of microelectrode measurements and high-power microscopy we have demonstrated 
that different Donnan potentials can be recorded from the A- and I-bands of glycerinated and chemically skinned 
museles in rigor, so that the A-band fixed charge concentration exceeds the I-band fixed charge concentration in the 
rigor condition. In relaxation the two potentials, and therefore the two eharge concentrations, are equal in the two bands. 
X-ray data are presented for relaxed and rigor rat semitendinosus muscle, chemically skinned, and actin and myosin 
filament charges are calculated under a variety of conditions. Our conclusions are that (a) the fixed (protein) charge is 
different in the A- and I-bands of striated muscle in the rigor state; (A) the fixed charges are equal in the A- and I-bands 
of relaxed muscle; (c) the largest eharge change between relaxation and rigor is on the thick filament. This occurs 
whether or not the myosin heads are cross-linked to the thin filaments, {d) Possibly an event on the myosin molecule, the 
binding of ATP (or eertain other ligands) causes a disseminated ehange that modifies the ion-binding capacity of the 
myosin rods, or part of them.

INTRODUCTION

The experiments reported in the preceding paper (Naylor 
et al., 1985) convinced us that different Donnan potentials 
should arise from the A- and I-bands of glycerinated rabbit 
psoas muscles in rigor, but that it was impossible to 
demonstrate these different potentials clearly by “random 
insertion” microelectrode methods. Here the optical meth
ods used to show these different A- and I-band potentials 
directly are described, and the observations are extended to 
glycerinated rabbit muscle in relaxing solution and to 
glycerinated and chemically skinned rat muscle, both 
relaxed and in rigor. We wished to investigate possible 
differences between glycerinated and chemically skinned 
preparations, and since one of us had experience with rat 
muscle (Bartels et al., 1979) this was an obvious choice, 
because it is comparatively easy to dissect small bundles in 
a relaxing solution without glycerination, a protocol that 
we found difficult with the classical rabbit psoas muscle.

Here the changes in A- and I-band potentials between 
relaxed (ATP and EGTA present) and rigor muscles are 
described. The differences, in a single muscle, between 
specimens prepared by glycerination and by chemical 
skinning are also investigated. Preliminary reports of some 
of these experiments have appeared before (Bartels et al., 
1980; Bartels and Elliott, 1980, 1981a, b, 1982,1983).

METHODS

Preparations
Chemically Skinned Rat Muscle. Experiments were carried 

out on the rat semitendinosus muscle. A portion of a fiber bundle, 
0.25-0.5 mm in diameter and 10-15 mm in length, was dissected as

described for the gracilis muscle by Bartels et al. (1979).in (rat) Ringer’s 
solution, containing (in millimoles per liter): 140 NcCl; 5 KCl; 3.2 CaCh; 
1.1 MgCl;; 4.5 D-glucose; 1.5 phosphate buffer, pH 7. After dissection, 
the bundle was transferred to relaxing solution, containing (in millimoles 
per liter): 150 KCl; 5 MgCl ;̂ 5 Na^ATR (BDH); 4 EGTA; 10 imidazole 
buffer, pH 7, for 5 min before final transfer to the skinning solution, 
which was the relaxing solution with the addition of 50 /xg saponin ml"'. 
After 25 min in the skinning solution, the muscle was washed in relaxing 
solution for 30 min and then transferred to the experimental solution. The 
fiber bundle was tied into a perspex cell, the sarcomere length was 
adjusted to the chosen length (using laser diffraction), and the muscle was 
left to equilibrate for 30 min in the experimental solution before the start 
of the experiment. The experiments were carried out at a fixed sarcomere 
length in the range 2.5-3.4 /xm, and the sarcomere length was checked at 
3-4 points along the length. At longer sarcomere lengths rat muscle does 
not always show a uniform sarcomere length distribution along the 
muscle, but in this paper all the results are from preparations with a 
uniform sarcomere length distribution.

Glycerinated Rat Muscle. Fiber bundles, 1—2 mm in diame
ter and as long as possible (1 - 2  cm), were dissected and tied to perspex 
rods and glycerinated following the procedure for rabbit muscle described 
by Naylor et al. (1985). Bundles of 2—10 fibers were attached either in a 
perspex cell or in a petri dish and left to equilibrate in the experimental 
solution for 30 min before start of the experiment.

Glycerinated Rabbit Muscle. Fiber bundles from the psoas
muscle were dissected and glycerinated as described by Naylor et al. 
(1985) and the experimental procedures were the same as for glycer
inated rat muscle.

Experimental Chambers/Cells
A circular perspex chamber was used for.all the diffraction experiments 
and for some of the potential measurements in the chemically skinned rat 
muscle. The chamber had moveable muscle attachments that made it 
possible to stretch the specimens when required. The rat specimens were
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typically 12 mm long and the chamber had a 9-mm diameter Mylar 
window in the base, so that diffraction measurements could in principle be 
made over most of the specimen length. Some of the microelectrode 
measurements were made in the same chamber, the size was adequate 
(-26 mm in diameter, 5 mm deep) for an ample volume of bathing 
solution to be present. As a precaution, if more than two or three 
microelectrodes were broken in the course of the measurements, the 
bathing solution was replaced to avoid any possibility of concentration 
change due to small amounts of 3 M KCl released.

All potential measurements in the glycerinated preparation and in 
some of the skinned ones were performed in a petri dish. The bottom of 
the disk was filled to a depth of 2-3 mm with a casting resin (Sylgard-184 
[silicone]; Dow Corning Corp., Midland, MI), which when solidified has 
the consistency of a firm jelly and is biologically inert. A suitable slot (3-4 
mm wide, 2 cm long) was cut in this resin, and the single fiber or fiber 
bundle was stretched between the sides and held by pushing its ends into 
slots cut in the resin with razor blades.

Solutions
Two series of solutions were used, a rigor series and a relaxing series. The 
rigor solutions were the same as in Naylor et al. (1985) (see Table I), 
these are a set of serially diluted ATP-free rigor solutions with decreasing 
ionic strength. For relaxed muscles the solutions were modified to contain 
suitable amounts of ATP and also EGTA to chelate calcium ions (Table 
II). We also made some measurements in solutions of varying pH, 
keeping the ionic strength constant (Table III). In all our solutions, the 
concentrations of the free ions were calculated using the Perrin program, 
see Naylor et al. (1985). The calculated ionic strengths are given in Table 
I-III.

Microelectrode Measurements
Donnan potentials were measured with the microelectrode techniques 
described by Naylor et al. (1985). The microelectrodes were filled with 3 
M KCl, and the resistance of the microelectrode was monitored at all 
times using a modification of Naylor’s (1978) circuit; readings were 
discarded if the steady resistance changed by >5% inside the impaled 
tissue. The microelectrodes resistances were in the range of 14-25 Mfl, 
which implies that the tip diameters of the electrodes were ~ 0 .1- 0 .2  ;xm. 
Tip potentials were also measured routinely, as described by Naylor et al. 
(1985), and electrodes with tip potentials >1 mV were discarded. Because 
we wished to see whether two separate (A- and I-band) potentials could 
be detected from rat muscles examined by random insertion, some 
experiments were made by this technique, and the results were displayed 
as histograms of numbers of readings against observed potentials. Most of 
our experiments, however, were made under optical observations as 
described in the next paragraph.

Optical Arrangements
The petri dish or experimental cell with the muscle specimen was placed 
on the stage of an inverted microscope (model 405; Carl Zeiss, Inc.,

T A BL E II
COMPOSITION OF THE RELAXING SOLUTIONS

Relaxing
solution KCl MGCU

Phosphate NajATP 
buffer, pH 7 (BDH) EGTA Ionic

strength

mM mM mM mM mM M
Standard 100 10 20 5 4 0.180
2 x diluted 50 5 10 2.5 2 0.086
5x diluted 2 0 2 4 1 0 .8 0.038
10 X diluted 10 1 2 0.5 0.4 0.019

Thornwood, NY), overall magnification 400 times. A simultaneous 
combination of phase contrast and polarization contrast was possible with 
the Zeiss instrument and this was used in all the experiments reported 
here. Under these conditions of illumination and contrast and with the 
single fibers, or bundles of a few fibers, there was no difficulty in 
identifying the A- and I-band regions from the different appearances of 
the Z-line and H-zone structures at moderate sarcomere lengths.

The method of obtaining contrast proved to be successful with skeletal 
muscle and the practical resolution was so good that it was possible with 
confidence to see the position of the microelectrode tip in the A-band or 
the I-band of slightly stretched muscle fibers (sarcomere length 2.6 pm 
and above) (Fig. 1), particularly since it was possible to focus up and 
down to help in locating the tip. At sarcomere lengths -2.5 fim it was not 
so easy to locate the tip but it was still just possible. At lower sarcomere 
lengths it became extremely difficult to see exactly where the tip was 
placed. Most of our experiments were therefore carried out at sarcomere 
lengths >2.7 /xm, after we had checked that the Donnan potentials were 
independent of sarcomere length in a particular solution.

The microelectrode was carried on a micromanipulator, which was not 
mounted on the microscope stage or on the microscope itself, so that the 
microelectrode could be moved independently of the experimental cell or 
chamber. The impalement was made using the microscope stage to move 
the speciment onto the microelectrode, rather than moving the microelec- 
trode into the specimen. The whole apparatus was at ground floor level, 
and mounted on a massive concrete bench to minimize vibration.

Diffraction Techniques
The methods for x-ray and laser diffraction were as in Naylor et al. 
(1985). X-ray data for the glycerinated rabbit muscle were taken from 
their results, but equatorial spacings were measured for the skinned rat 
muscles. A suitable lid with a second Mylar window was fitted to the 
specimen cell, which was mounted directly on the x-ray or laser diffrac
tion apparatus as required. When a petri dish was used for microelectrode 
experiments, sarcomere lengths were determined with a vertically 
oriented laser beam.

T A BL E III
COMPOSITION OF THE pH-CHANGE SOLUTIONS 

AT HIGH AND LOW IONIC STRENGTH

TAB L E I
COMPOSITION OF THE RIGOR SOLUTIONS pH solution KCl MgCl: Citric acid- 

K2HPO4 buffer
Ionic

strength

Rigor
solution KCl MGCI2

Phosphate 
buffer, pH 7

Tris-HCl- 
buffer, pH 6

Ionic
strength pH 5.8 low fx

mM
10

mM
0.5 0 .8

M
0.013

mM mM mM mM M
pH 4.8 low n 
pH 3.95 low fi

10
10

0.5
0.5

0 .8
0 .8

0.014
0.014

Standard 100 5 2 0 — 0.141 pH 3.4 low M 10 0.5 0 .8 0.014
2 x diluted 50 2.5 10 — 0.072 pH 5.7 high u 50 2.5 4 0.066
5 X diluted 2 0 1 4 — 0.030 pH 4.7 high u 50 2.5 4 0.069
lOx diluted 10 0.1 2 — 0.015 pH 3.7 high u 50 2.5 4 0.071
Low pH 50 2.5 — 4 0.074 pH 3.5 high u 50 2.5 4 0.073
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F i g u r e  1 Micrograph of bundle of fibers, showing a microelectrode in position in an A-band. The sarcomere length is - 3  fim the 
calibration bar is 1 0 /xm.
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Theory
The theory was given in Elliott and Bartels (1982), Naylor (1982), and 
Naylor et al. (1985). The internal concentrations of the free ions were 
determined from the external concentrations, using the measured Donnan 
potential and the Nernst equation. A computation of the net internal 
charge then gave the fixed charge on the protein (filament) matrix, and 
since the geometry of the A- or I-band was known from the measurements 
with the diffraction techniques, the charges on the muscle filaments could 
be determined.

RESULTS

Potential Measurements
In the following account the potential measured in the 
A-band is called the potential measured in the I-band 
is called Ex. The potentials in all experiments were found to 
be independent of sarcomere length. Experimental data 
are shown in Fig. 2 for a typical example, chemically 
skinned rat muscle in rigor and relaxing solutions.

Chemically Skinned R at Muscle. In random 
insertion experiments, some of which were made before the 
set-up was improved with high-power microscopy, two 
potential peaks were always observed in rigor when 20 
readings, taken randomly, were plotted as a histogram.

The distribution on the two peaks was dependent on 
sarcomere length, with fewer readings around the less 
negative peak at shorter sarcomere lengths and an approxi
mate equal number of readings in each peak at longer 
sarcomere length (where the A- and the I-band are of 
similar length), see Fig. 3. Comparing with experiments 
where the position of the microelectrode is located in the 
microscope, the less negative potential peak coincides with 
El and the more negative peak coincides with

In relaxing solutions only one potential peak was found 
in random insertion experiments. The two potentials E^ 
and El, observed with light-microscope location, were 
found to be equal in all relaxing solutions. Table IV and V 
give the data for rat muscle at four ionic strengths, in rigor 
(IV) and in relaxed (V) conditions. All potential data in 
the tables are from direct observations under the light 
microscope. We also made observations in a rigor solution 
at pH 6 and n = 0.074 M (see Table III). Data from this 
solution are included in Table IV and show that in 
chemically skinned rat muscle, as in glycerinated rabbit 
muscle, the protein charge concentration in both bands 
decreases with decreasing pH (above the isoelectric point).

Glycerinated R at and Rabbit Muscle. There 
was no significant difference in the potential measure-

- 3 0 -

- 2 0 -

I

-10  -

3 .02.5 3.52.0 4 .0

S arcom ere length (/im)

F ig u r e  2  Skinned rat muscle, potentials in the various solutions plotted as a function of sarcomere length; standard error shown. Note that 
in a given solution there is no sarcomere-length variation of potential. These results are from the A-band without Brij treatment and in this 
band there is no difference between the potentials in relaxation and rigor in these conditions. Solid circles, standard rigor solution; opep circles, 
standard relaxing solution; solid diamonds, 2 x diluted rigor solution; open diamonds, 2 x diluted relaxing solution; solid triangles, 5 x diluted 
rigor solution; open triangles, 5x diluted relaxing solution; solid squares, lOx diluted rigor solution; open squares, lOx diluted relaxing 
solution.
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inents taken from glycerinated rat fibers and from glyceri
nated rabbit fibers, and ii, were found to be different 
and Ef̂  more negative than £ , in all rigor solutions. Ep, and 
El were found to be the same in the relaxing solutions. The 
results are given in Table VI for rat muscle. Notice that in 
the rigor solution based on 50 mM KCl there was a 
difference in the values of the potentials between the 
skinned and the glycerinated muscle. Both the A- and the 
I-band potentials were significantly more negative in the 
skinned than in the glycerinated rat preparations. Data for 
glycerinated rabbit muscle in the relaxing solutions are 
given in Table VII, and are not very different from the rat 
data.

In relaxing solution there was a difference between 
skinned and glycerinated muscle, which was reported in a 
preliminary communication by Bartels and Elliott (1982). 
In the glycerinated preparations, Ep, decreased from rigor

to the relaxed state to a value close to £ | stayed constant 
at a given ionic strength. In the skinned muscle Ei 
increased from rigor to relaxed state to a value close to Ep̂ . 
Ep̂  stayed approximately constant. We shall return to this 
point in the Discussion section entitled Rat Muscle—  
Differences between Skinning and Glycerination.

Naylor et al. (1985) predicted the I-band charge in 
glycerinated rabbit muscle from experiments on the A- 
band alone in rigor, varying the ionic strength and the pH. 
To check these predictions the experiments were repeated 
measuring the I-band potentials in the solutions used by 
Naylor et al. (1985). An I-band potential is indeed present 
(Table VIII) different from the A-band potential in all 
rigor solutions (compare with Naylor et al., 1985, Tables I 
and II). The I-band charge decreases with decreasing pH 
and becomes positive on the acid side of the thin filament 
isoelectric point.

40-1

•% 2 0 -

K)-

-W
Q

-1 5  - 2 0

Pot«nti«l

t L p
- 2 6 -3 0  mV

F ig u re  3 Histograms of 20 potentials taken at random (without microscopic observation) in skinned rat muscle in the rigor solution based 
on 20 mM KCl. Note the different form between long and short sarcomere lengths, (a) S  = 2.51-2.75 (Jb) 5  -  3.26-3.50 /im.
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T AB L E IV
SUMMARY OF THE RESULTS FROM SKINNED RAT MUSCLE IN RIGOR, INCLUDING ONE SET OF RESULTS AT

LOW pH

Solution Ei [Pr]. [Pr], X-ray data
x - r a X )  x - r a X )

mV mV mM mM
Standard rigor 
pH 7 

H -  0.14 M

2 x diluted

-5 .7  ± 0.6 -2 .7  ± 0.7 -6 3  ± 7 -3 0  ± 8

« 200 «  =  200

-11 .7  ±1.0 -8 .0  ±0.7 - 6 8  ± 6  -4 6  ± 4

U -  0.072 M n = 200 «  =  200

5x diluted -19.9  ±0.9 -14 .0  ±0.8 -5 3  ± 3 -3 5  ± 2

H = 0.030 M « = 200 «  =  200

lOx diluted -28.9  ±1.0 -19 .6  ±1.0 -4 4  ± 2  -2 6  ± 3

L̂ = 0.015 M « = 200

Low pH rigor 
solution 

pH 6
U = 0.074 M « = 300

«  =  200

— 8.4 ± 0.5 —6.0 ± 0.5 —45 ± 3 —32 ± 3

« = 300

d*-= (50.0 ± 1.0 )
-(4 .4  ± C'.9)5t

« = 2 2

d = (58.1 ± 1.4)
-(7 .0  ± 12 )S

«=37

d = (60.3 ± 0.7)
-(6 .9  ± 1.4)5

«=26

d = (59.0 ± 1.2 )
- ( 6 .2  ± 1.7)5

«=15

d = (61.1 ± 1.3)
-(7 .7  ± 2.1)5

«=15

e/nm e/nm

51 12

47

43

38

32

20

16

12

15

e/nm

12

16

2.7

11

11

4.4

2.4

3.0

3.1

2.2

4.2

3.0

3.4

2.8

(T„ and are the linear charge densities of the thick and thin filaments, respectively. [Pr] is the concentration of protein charge expressed as mM of 
univalent charge. All potentials and the associated [Pr]s are given as a mean and standard deviation, « is the number of readings. The x-ray data are 
shown on the least-squares straight line fit to the experimental data, with standard errors calculated in the normal manner. The charge ratio’s from the 
x-ray slope have a precision of about ±50%, the thick filament and thin filament linear charges calculated from the A- and 1-band potentials have a 
precision of about ±20%, and the thin filament linear charge derived from the x-ray slope has much lower precision (see Naylor et al., 1985).
*d is measured in nanometers. 
tS  is measured in microns.



X-ray Data
For chemically skinned rat muscle the equatorial (1,0) 
lattice spacing {d) was determined before the measure
ment of the potential for 20-25 preparations in each 
solution. A typical set of data is plotted Fig. 4 for skinned 
rat muscle in the relaxing solution based on 20 mM KCl.

The spacing shows linear relationships as a function of 
sarcomere length, decreasing with increasing sarcomere 
length. For the lowest ionic strength in rigor muscle this is 
not quite true, however; up to a sarcomere length of 3 nm  
the regression coefficient for the fitted line fulfills the 
criteria for a straight line, with d  decreasing, but above 3 
nm, d  stays approximately constant. In this case we have 
used the equation from the points at or below 3 jxm for our 
present purposes, and we are investigating the phenomenon 
further. X-ray data for skinned rat muscle, in rigor and 
relaxed, are given in Tables IV and V.

We are not able to measure stiffness of the fiber in rigor 
and relaxing solutions because this would have made the 
apparatus impossibly cumbersome, so as a test for the 
efficacy of our relaxing solutions we used the relative 
intensities of the (1,0) and (1,1) equatorial reflections as 
an index of the state of the muscle (Huxley, 1968; Rome, 
1972). Fig. 5 shows the intensity ratio categories (using the 
scale introduced by Elliott et al., 1963) against sarcomere 
length for rigor and relaxing solutions. At all ionic 
strengths the intensity ratio shifts towards the relaxed 
position of the cross-bridge in the appropriate solution. The 
value of the lattice spacing, however, did not behave in the

same way at all ionic strengths. Comparison of the x-fa> 
data summarized in Table IV and V shows that in the 
relaxing solution based on 100 mM KCl solution the lattice 
spacing was generally -1 .5 -2 .0  nm greater than in the 
corresponding (rigor) solution, in the solutions based on 5C 
mM KCl the spacings were about equal, and in the 
solutions based on 20 and 10 mM KCl the rigor spacing 
was greater than the relaxed by ~  1.0 and 2.0 nm, respec
tively.

No x-ray data were recorded for glycerinated rat 
muscles, and the x-ray data for skinned rat muscle in a 
given solution are used in all calculations where there is no 
separate set of data. The justification for this is that in our 
experience, for both rat and rabbit muscles, x-ray equato
rial data for skinned and glycerinated preparations are 
similar in the same solution under all conditions where 
both sets of data are available.

X-ray data for glycerinated rabbit muscle in rigor are 
given in Tables I and II of Naylor et al. (1985); for relaxed 
glycerinated rabbit muscle in our standard relaxing solu
tion we have combined the data of Naylor (1977) and 
Rome (1972) with the addition of six experimental points 
taken subsequently. This gives, for the standard relaxing 
solution based on 100 mM KCl, d  = (56.1 ± 0.9) -  (6.2 ± 
0.7) S  {n =  74, units as in Tables IV and V). Notice that 
the slope of this line is not significantly different from 
skinned rat muscle in the same solution (Table V) and the 
difference in the intercepts of the two lines is barely 
significant.

55  •

50  ”

45  ■

A A

is
TJ

35  ■

30  ■

25
3.5

Sarcom ere  leng th  (pm)

F ig u r e  4 A typical set of x-ray data for rat muscle in standard relaxing solution (pH 7, /t -  0.18). The best fit straight line is shown.

B a r t e l s  a n d  E l l i o t t  Donnan Potentials from the A- and I-Bands o f  Muscles 67



T A B L E  V
SUMMARY OF THE RESULTS FROM SKINNED RAT MUSCLE IN RELAXING SOLUTIONS

Solution E, [Pr]A [Pr], X-ray data (Tm
0-, 

(from 
x-ray slope) (from El) (from 

x-ray slope) (from El)

mV mV mM e/nm e/nm ejnm
Standard relaxing d* = (59.1 ± 0.9)
pH 7 -5 .0  ±0.8 -5 .0  ± 0.8 -(6 .4  ± 1.4)5t (59) (2 0 ) (30) 3.0 2 .0
M = 0.18M /I = 2 0 0 n = 2 0 0 -7 0  ± 11 « = 2 2

2 x diluted 
H = 0.086M

-9 .2  ± 0.9 
n = 2 0 0

-9 .1  ± 1.0 
« = 2 0 0

-6 5  ± 7
= (53.0 ± 1.0) 

-5 .5  ± 1.3)5 
« = 19

(47) (15) (24) 3.2 . 0

5x diluted 
H =- 0.038M

-19.5 ± 1.0 
n “ 2 0 0

-19 .6  ± 1.0 
« = 2 0 0

-6 2  ± 4
d  = (59.9 ± 0.9) 

-(7 .4  ± 1.6)5 
« = 2 2

(44) (19) (2 2 ) 2.3 2 .0

lOx diluted 
M-0.019M

-27.4  ±1.0  
« = 2 0 0

-27 .3  ± 0.9 
« = 2 0 0

-4 9  ± 3
d = (5 8 .2 ±  1.1) 

-(6 .4  ± 1.4)5 
« = 24

(39) (14) (2 0 ) 2.9 2 .0

The charge values from the A- and I-band potentials are given in parentheses because it seems likely that these include SR values as well as hiament 
effects (see text). Other details as Table IV.
*d is measured in nanometers.
$5 is measured in microns.
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S a r c o m e r e  l e n g t h  ( p m )

F ig ure  5 The relative intensities o f the (1,0) and ( 1,1) equatorial reflections in relaxation and rigor as a function of sarcomere length. The 
qualitative scale used is taken from Elliott et al. (1963), and uses the following categories: (a) 1,0 seen clearly, no sign of 1,1; (b) 1,0 seen 
clearly, traces of 1,1; (c) 1,0 > 1,1, both seen clearly; ((/) 1.0 =« 1.1, both seen clearly; (e) 1.0  < 1.1, both seen clearly; ( / )  traces of 1.0 , 1.1 seen 
clearly; (g) no sign of 1.0, 1.1 seen clearly. Other symbols as in Fig. 2, open symbols are in relaxed muscle, solid symbols in rigor, circles are 
standard solutions, triangles 5x diluted, and squares lOx diluted. Notice that the intensity ratio shows appropriate changes between the rigor 
and relaxing solutions, at all dilutions and at all sarcomere length.
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T AB L E VI
POTENTIALS AND CHARGE VALUES FROM GLYCERINATED RAT MUSCLE

Solution Ek El [PrlA (Pr),

Standard rigor
relaxing

mV 
-5 .3  ± 0.5 
-2 .5  ± 0.5

mV 
— 2.7 ± 0.6 
- 2 .6  ± 0 .6

mM 
-5 9  ± 5

-3 6  ± 7

mM 
— 30 ± 6

2 x diluted rigor
relaxing

— 8 .6  ± 0.7
— 5.2 ± 0.6

-5 .2  ±0.7  
-5 .2  ± 0.7

-4 9  ± 4
-3 7  ± 3

-2 9  t  4

5x diluted rigor
relaxing

-20 .4  ± 0.9 
-12.9  ± 1.0

-13 .0  ± 0.9 
-12.9  ± 1.0

-5 4  ± 3
-3 9  ± 3

-3 2  ± 2

lOx diluted rigor
relaxing

-27.1 ± 1.0 
- 2 0 .1  ± 1.0

- 20 .1  ± 1.0  
-19 .9  ± 1.0

-4 0  ± 2
-3 2  ± 2

-2 7  ± 2

Standard deviations shown. [Pr] defined as in Table IV.

Calculations of Filament Charge
The protein charge concentration [Pr] was calculated in 
each case (Elliott and Bartels, 1982) and the results are 
given in Table IV VIII.' The net charge per nanometer of 
filament was calculated using the diffraction data to 
determine the relevant volumes, these charges are also 
given in Tables IV, V, VII, and VIII. The thin filament 
charge is seen to be essentially constant over the range of 
ionic strengths, the thick filament charge increases with 
ionic strength.

DISCUSSION

Relaxation and Rigor — Thick Filament 
Charges

In relaxed muscle, an excess of Mg-ATP is present in 
solution and pCa is held >7 by a chelating agent. The 
myosin heads are free to move, and are in thermal motion 
about their equilibrium positions (Poulsen and Lowy, 
1983). In rigor muscle there is no free ATP, and the 
myosin heads are very probably bound to the actin fila
ments in the overlap zone; the x-ray evidence for this 
statement is well reviewed in Hanson (1968). It has often 
been suggested (e.g., Reedy et al., 1965; Hanson, 1968) 
that the rigor conformation represents a frozen state of the 
myosin heads in one phase of the contractile cycle. 
Although Huxley (1973) pointed out that the x-ray pattern 
of contracting muscle does not resemble that of rigor 
muscle to any large extent, it is likely that rigor muscle is

‘Here also it is convenient to express protein charges in millimoles per liter 
, of univalent charge, see Naylor et al. (1985).

related to contracting muscle, so that information about 
muscle in rigor may be relevant to the contraction mecha
nism.

The first measurements of Donnan potentials in relaxed 
(glycerinated rabbit psoas) muscle were made by Pemrick 
and Edwards (1974). In this pioneering study they 
reported a sarcomere-length effect in relaxation though not 
in rigor (their Figs. 2 and 3); this sarcomere-length effect is 
not seen in the present measurements. However, their 
experimental data are not convincing on this point, because 
the values of potential that they report do not accord with 
our own, theirs being considerably more negative both in 
relaxation and in rigor in the same muscle in similar 
solutions at similar ionic strengths. Possibly they may have 
been affected by the microelectrode artefact, which was 
described in Naylor et al. (1985). Note that the tip size of 
their microelectrodes (~1 nm) was 5-10 times greater than 
those used here (Naylor et al., 1985) and it is therefore 
possible that their electrodes averaged the potentials differ
ently from those used here. Our experience is that there is 
no sarcomere length effect on the A-band or I-band 
potentials, either in relaxation or in rigor (i.e.. Fig. 2). This 
statement includes observations made in solutions identical 
with those used by Pemrick and Edwards (1974).

The explanation for the lack of sarcomere-length effect 
given by Elliott et al. (1978) and see also the preceding 
paper, Naylor et al. (1985), is that the volume o f' the 
A-band phase increase as extra charge is brought into the 
A-band by the thin actin-containing filaments, and that 
this volume change compensates for the extra charge, so 
that the average charge concentration in the A-band, 
which will determine the observed potential, stays con
stant. This explanation is very similar to that given by
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T A BL E VII
SUMMARY OF RESULTS FROM GLYCERINATED RABBIT MUSCLE IN RELAXING SOLUTIONS

Solution El [PrjA fPrJ, X-ray data (from x-ray 
slope)

(from £ i) (from x-ray 
slope) (fro m £ |)

m y mV mM ejnm ejnm e/nm
Standard relaxing — 2.3 ± 0.6 -2 .2  ± 0.7 d* -  (56.1 ± 0.9)
pH 7 -3 1  ± 9 - (6 .2  ± 0.7)5$ 23 8 12 2.8 2.0
M -0.18M n -  400 n — 400 « -  74

2x diluted 
/ i-0 .0 8 6 M

-6 .0  ± 1.0 
n -  400

- 5 .7  ± 1.0 
n -  400 - 4 2  ± 7 ^

d  -  (53.0 ± 1.0) 
-(5 .5  ± 1.3)5 

« — 19
30 9 15 3.2 2.0

5x diluted 
U -  0.038M

—14.8 ±1.1 
« - 4 0 0

-1 4 .8  ± 1.1 
n - 4 0 0 - 4 5  ± 4

d  -  (59.9 ± 6.9) 
- (7 .4  ± 1.6)5 

« - 2 2
32 14 16 2.3 2.0

lOx diluted 
U -  0.019M

-1 9 .8  ± 1.1 
n — 400

-1 9 .5  ± 1.0 
n — 400 - 3 2  ± 2

< /-(5 8 .2  ± 1.1) 
- (6 .4  ± 1.4)5 

« — 24
26 9 13 2.9 2.0

Other details as in Table IV. 
*d is measured in nanometers. 
$5 is measured in microns.

Elliott (1973) to explain the roughly linear behavior of the 
( 1,0) x-ray spacing with muscle length in glycerinated and 
skinned muscles. The explanation implies that the micro
electrode responds to the average ionic concentration (or 
potential, see Elliott and Bartels, 1982) within the whole 
A-band, and does not respond to the local concentrations in 
the H-zone or overlap regions where the tip finds itself. 
This suggests that the microelectrode tip, although only 
0.1-0.2 jam in diameter, nevertheless has a response field 
that is probably a single order of magnitude larger than 
this. Certainly, as was pointed out in the previous paper, it 
has not been possible to detect separate potential regions in 
the H-zone and overlap regions, see also Fig. 2.

Aldoroty et al. (1985) in their investigation of crayfish

muscle fibers, where the A-band is three times longer than 
rat or rabbit muscle, have observed a small sarcomere- 
length effect on the A-band potential. In this muscle there 
are six thin actin-containing filaments for every thick 
myosin-containing filament, so the charge brought into the 
A-band as the overlap increases is considerably larger than 
in rat and rabbit muscle where there are only two thin 
filaments per thick filament. Possibly in these circum
stances the volume change in the A-band is unable to 
compensate for the extra charge, so that the charge 
concentration, and thus the A-band potential, does 
increase with sarcomere length decrease.

The major observation of this paper is that for both rat 
and rabbit muscle it is possible to record Donnan potentials

T A B L E  VIII
I-BAND POTENTIALS AND CHARGES FOR GLYCERINATED RABBIT MUSCLE IN RIGOR SOLUTIONS

Solution El
[Pr] (mM) 
ff, (e/nm) Solution El

[Pr] (mM) 
a, (e/nm) Solution El

fPr](mM) 
or, (e/nm)

mV mV mV
Rigor series -2 9  ± 5 pH series, low /x -6 .3  ± 1 pH series, high m -2 5  ± 3
pH 7.0 — 2.6 ± 0.5 13 pH 5.8 — 5.8 ± 0.5 2 pH 5.7 -4 .6  ± 0.6 9
U -  0.14 M « - 4 0 0 U — 0.013 M « — 80 u — 0.066 M « — 80
pH 7.0 — 5.4 ± 1.0 -31  ± 6 pH 4.8 -4 .7  ± 0.6 -4 .6  ± 1 pH 4.7 4.6 ± 0.6 26 ± 4
U -  0.072 « - 4 0 0 13 U — 0.014 M « — 80 1 M - 0.069 M « — 80 11

net positive charge
pH 7.0 -14.5  ± 1.1 — 36 ± 3 pH 3.95 6.9 ± 0 .6 9 ± 1 pH 3.7 6 .8  ± 0.5 42 ± 4
M - 0.030 « - 4 0 0 13 U -  0.014 M « — 90 2 /X -  0.071 M « — 80 19

net positive charge net positive charge
pH 7.0 —18.8 ± 1.5 -2 5  ± 2 pH 3.4 15.1 ± 0.7 27 ± 3 pH 3.5 10.1 ± 0 .6 73 ± 6

0.015 « — 400 9 U -  0.014 M « — 80 7 U -  0.073 M « — 80 21
net positive charge net positive charge

Values are measured for comparison with derived values in Naylor et al., 1985. Other details as in Table IV.
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T A B L E  IX

A- AND I-BAND POTENTIALS, IN STANDARD RIGOR AND 
RELAXING SOLUTIONS, FROM CHEMICALLY SKINNED RAT 
MUSCLES TREATED WITH 500 /tg ml"' BRIJ 58 SOLUTION IN 
THE SKINNING SOLUTION FOR 35 min TO INACTIVATE SR

Ek

Standard rigor -5 .4  ±0.7 (/!= 120) -2 .4  ±0.6 («=  120)
solution

Standard relaxng -2 .5  ± 0.7 ( /I  = 80) — 2.4 ± 0.6 (/2 = 80)
solution

The A- and I-band potentials, under these conditions, conform to the 
pattern seen in glycerinated rat muscle (Table VI) rather than in 
chemically shinned rat muscle without Brij treatment (Tables IV and V). 
Standard deviations are shown, n is the number of readings.

from the A- and I-bands separately and directly. In rigor 
the A-band potential, E^, is significantly more negative 
than the I-band potential, E,. In relaxation the two poten
tials are equal within the experimental error and their 
value is close to E, measured in rigor. (The last part of the 
second statement does not apply to chemically skinned rat 
muscle in relaxing solution; we will comment in the next 
section on the difference between the results for skinned 
and glycerinated muscle in relaxing solutions.) This clear 
observation of an A-band potential, which is more negative

in rigor than in relaxation, means that the lattice electric 
charge in the A-band is significantly higher in rigor than in 
relaxation (after making proper allowance for any 
observed volume changes).

How much higher is the A-band protein charge in 
rigor? This depends on the solutions that are compared. 
Taking the rigor and relaxing solutions, both based on 100 
mM KCl, the values are 53 mM in rigor and 33 mM in 
relaxation, an increase of ~60% in rigor. However, the 
relaxing solution has a greater ionic strength than the rigor 
solution (Tables IV and V) because of the added ions. In 
Fig. 6 the A- and I-band protein charges for rabbit muscle 
are plotted as a function of ionic strength. At a constant 
ionic strength of 0.14 M appropriate for mammalian 
muscle, the A-band charge is 53 mM in rigor and 38 mM 
in relaxing solution, an increase of ~40% in rigor. Which
ever of these increases may be appropriate in the physiolog
ical case, the increase is too large to be explained by the 
binding of two ligands (ATP, for example) to the myosin 
molecule. Taking the lower of the two figures, if the net 
myosin charge in relaxation is ~ 80-90 electrons (e )/ 
molecule (Milhayi, 1950, Jennison et al., 1981, and Karn 
et al., 1983, all give values close to this range), then the 
extra charge in rigor is 32-36 e, too large for two ATP 
molecules (~ 6 -8  e). In addition, in relaxed muscle these 
ligands are supposed to be bound, and to be released when

1 00

6 0 -

2 0 -

50 20 0100 150

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

F ig u r e  6 The protein charge in glycerinated rabbit psoas muscle, relaxed and in rigor, as a function of ionic strength. Standard deviations 
shown, number of readings n = 400 for each point. Solid circles, A-band, rigor; open circles, A-band relaxed; solid squares, I-band, rigor; open 
squares, I-band relaxed.
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the muscle goes into the contraction cycle and presumably 
into rigor also, an effect that would be in the reverse 
direction to our observation. The implication is that the 
charge effect must be amplified in some way, and we shall 
return to this point in the section entitled Charge Amplifi
cation.

There is a further implication of our results and those of 
Naylor et al. (1985). Since the extra charge in rigor is not a 
function of sarcomere length, and thus not a function of 
filament overlap, the effect cannot depend primarily on 
actin-myosin cross-linking unless a very few cross-links are 
sufficient for total charging. It seems then that in rigor 
there may be two quite separate effects, the myosin- 
containing filaments charge up throughout the A-band, 
and they cross-link to the actin filaments in the overlap 
region. These effects both depend on the absence of free 
ATP, but the charging effect may occur independently of 
cross-linking.

Scordilis et al. (1975) used the fluorescent dye CC-6 to 
serve as an indicator of the potential measured in glycerol- 
extracted muscle with microelectrodes, and showed that 
the fluorescence decreased by ~30% on the addition of 
ATP. They did not then localize this effect, but Scordilis, 
S. P. (unpublished results), using synthetic thick and thin 
filaments showed that the effect was primarily due to the 
myosin-containing filaments. This work correlates closely 
with the present observations.

Rat Muscle — Differences between 
Skinning and Glycerination

In chemically skinned rat muscle, different behavior to 
glycerinated rat muscle was observed. For both prepara
tions in rigor, is significantly greater than Ei and in 
relaxation the two potentials are equal within experimental 
error. Except in the solution based on 50 mM KCl (see the 
section entitled Potential Measurements in Results) the 
rigor results from the two preparations are not significantly 
different, but in the glycerinated preparations, E^ 
decreases in relaxation to E, (rigor), whereas in the skinned 
preparations, E, increases in relaxation to E^ (rigor), see 
Tables IV-VI. We found this difference puzzling, and it 
seemed that it could be explained most simply by another 
structure, in parallel with the whole sarcomere, which 
charged up (negatively) as the myosin-containing fila
ments discharged, and vice versa. Since this structure 
would appear to be effective in skinned preparations but 
not in glycerinated ones, an obvious candidate is the 
sarcoplasmic reticulum (SR), because the main difference 
between the two preparations could be the lack of an 
effective SR in the glycerinated case. It is therefore 
suggested that the different behavior of the two prepara
tions might be caused by charging the longitudinal ele
ments of the SR in relaxation, probably by phosphate 
compounds absorbed to the outer surface. This hypothesis 
was tested (Bartels and Elliott, 1982) by treating skinned

fibers with a 500jug/m l Brij 58 solution for 35 min to 
inactivate the SR (Orentlicher et al., 1974). As predicted, 
these muscles then gave similar results to glycerinated 
muscle (Table IX). Potential measurements are difficult in 
the Brij-treated muscles because the electrode tip tends to 
block, possibly with pieces of SR.

The hypothesis may be made quantitative by consider
ing the fixed charge concentrations in the two bands. In the 
solutions based on 100 mM KCl, for glycerinated relaxed 
both are -  36 ± 8 mM, and for skinned relaxed both are 
— 70 ± 11 mM, so the SR contribution, according to our 
hypothesis, is about „  34 mM. The total surface area per 
unit volume of the Sjjhas been estimated (for frog muscle) 
to be ~2.0 Aim"* of fiber (Mobley and Eisenberg, 1975). 
Combining these figures gives a charge change of ~  10 e 
nm"^ of SR membrane. This figure seems plausible, but 
suggests that the hypothetical charging is not simply the 
binding of ATP at the ATPase sites. This would require 
about three ATP molecules per square nanometer, while 
the x-ray studies of Worthington and Liu (1973) show that 
ATPase particles in SR membranes are ~7 nm apart. It is 
therefore necessary to invoke some as yet unspecified effect 
of the Ca-ATP membrane pump, and of the ions that have 
been pumped into the SR. A very similar behavior to that 
in the chemically skinned rat muscles has also been 
observed in mechanically skinned barnacle muscles (Bar
tels and Elliott, 19816). These barnacle muscles also have a 
well-developed SR system (Selveston, 1967) and the same 
considerations probably apply as in rat muscles. Aldoroty 
and April (1984) have also observed effects that they 
ascribe to membrane charging. Although the hypothesis 
has been developed by considering the SR, it remains 
formally possible that another parallel system might be 
involved. The cytoskeleton is an obvious alternative candi
date.

Thin Filament Charge, the Effects of ATP, 
Ionic Strength, and pH

The thin filament charge measured in the I-band changes 
between the ATP-free rigor solution and the ATP-contain- 
ing relaxing solution. From Fig. 6 ,  at = 0.14 M, the 
change is from about —28 mM (rigor) to about —38 mM 
(relaxing). This corresponds to an increase of (negative) 
charge of ~5 e/actin monomer in the thin filament, and 
might be the binding of two phosphate ions per monomer 
(in a recent preliminary communications, El-Salch and 
Johnson [1982] have suggested that actin can bind up to 
nine phosphate ions noncovalently). The thin filament 
charge also changes with ionic strength ( Fig. 6) and with 
pH (Tables IV and VIII).

The thin filament charges measured in the I-band can 
be compared with those predicted from the A-band charge 
using the method of Naylor et al. (1985). The values in 
Table VIII, for both ionic strength and pH variation, may 
be compared with those in Tables I and II of Naylor et al.
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(1985). There is reasonable agreement in the ionic strength 
series, and in the low n pH series at all pHs except pH 3.5, 
if it is assumed that because of the uncertainty in Naylor et 
al.’s method of prediction a factor of two difference 
between the two figures is acceptable. In the pH series at 
high IX the agreement is not within this criterion, and the 
predicted charge is much smaller than that measured in 
the I-band. This might imply that in such rigor solutions 
negative ions are lost from the actin-containing filaments 
when they cross-link to the myosin heads (or alternatively 
that more positive ions bind). Alternatively, and more 
likely, the disagreement may indicate that the Naylor et 
al.’s method is not a good one where the gradient term in 
the x-ray data is <3.0 (in the units defined by the equation) 
because the uncertainty in the spacing difference between 
S  = 2.2 ixm and 5  = 3.8 /im is then too great. In relaxing 
solutions the thin filament charge in glycerinated rabbit 
muscle predicted from the A-band spacing variation is in 
reasonable agreement with that directly measured from 
the I-band potential (Table VII). This is also true of the 
results from skinned rat muscle in rigor (Table IV). In both 
these cases the gradient terms are >3.0. It is concluded 
that in skinned and glycerinated preparations the gradient 
of the d  vs. S  relationship of the x-ray data can be used to 
indicate the relative charges on the thick and thin fila
ments, as suggested by Elliott (1973) and Naylor et al.
(1985), except when the gradient term is <3.0 in the units 
defined by the equation.

Charge A m plification

The charge amplification effect, which appears as a firm 
conclusion from these experiments (see the Relaxation and 
Rigor —  Thick Filament Charges section above) leads 
immediately to a question, exactly where in the thick 
filament does this amplification occur? It seems very 
probable that it must involve the myosin molecules them
selves, since these are the major constituent of thick 
filaments, and since the work of Scordilis, S. P. (unpub
lished results) also suggests this. We are currently seeking 
to confirm this with experiments on threads made from 
purified myosin molecules (Cooke et al., 1984; Bartels et 
al., 1985). On the assumption that it is so, where in the 
myosin molecule, or the assembly of myosin molecules, 
does the charge amplification reside?

At the present time any answer to this question must of 
necessity be hypothetical. There are, however, a number of 
clues. The amino acid sequence data of McLachlan and 
Karn (1982) and Karn et al. (1983) leads to a net charge of 
2 e^ on the heavy chain of each myosin head, if the 21 
histidine residues are not ionized. On the rod portion of the 
molecule the net charge is 94 e, if the 34 histidine residues 
are not ionized; thus the net molecular charge (excluding 
the light chains) is 90 e (two heads and one rod). Notice 
that the major part of the molecular charge is one the rod, 
the heavy chains of the myosin heads are comparatively

neutral at physiological pH. Lowey et al. (1969) observed 
by chromotographic elution that the head was less nega
tively charged than the rest of the myosin molecule.

It is possible that the extra charge in rigor appears on 
the head alone, and that the head charge increases from 2 
e^ to 16 e to accommodate an extra 18 e per head (see the 
Relaxation and Rigor —  Thick Filament Charges section 
above). This seems a very large increase to be accommo
dated in a comparatively small globular protein, and no 
obvious physical model comes to mind. As has already been 
explained this could not be just the effect of binding one 
ligand molecule (ATP or ADP) per head.

A second possibility is that the head charge stays the 
same or nearly the same, and the extra charge is distrib
uted uniformly along the rod. McLachlan and Karn (1982) 
have shown that in a myosin rod there are 38 repeat 
sequences of 28 amino acids, showing a similar and 
pronounced charge pattern in each sequence. The charged 
state, which has been observed, would on this basis be 
about one extra electronic charge for each of these 38 
sequences. As a third possibility, the change might be 
confined to the S 2 region of the myosin molecule, the first 
12 of these sequences. In this case the extra charge per 
sequence would be ~3 e, which looks interestingly as 
though it might be one phosphate ion (though the numero
logy should not be taken too seriously, for the whole rod 
only one in three sites might be occupied, each with a 
phosphate ion).

The latter two models have a common mechanism, the 
binding of ATP to myosin (which is the major effect in 
relaxation) causes the release of ions from the myosin rod 
or at least from part of it. How could this occur? For a 
possible mechanism, attention may be drawn to the views 
of Saroff (e.g., Loeb and Saroff, 1964) who considers that 
ion binding to proteins takes place by hydrogen bonds onto 
networks of charged side chains clustered along the poly
peptide chain (Fig. 7). In myosin such clusters, which have 
been called “Saroff sites,” may be set up between the 
myosin molecules in the filament (Elliott, 1980) or possi
bly, in view of the sequence data of McLachlan and Karn 
(1982), between the two polypeptide chains in one myosin 
molecule. In either case, mechanical stress transmitted 
along the shafts of the molecules, or between the two 
chains in a single molecule, might make small alterations 
in the structure of the intermolecular, or interchain Saroff 
sites. Saroff (1973) discussed “linked sites,” which give 
rise to cooperativity in ion binding; we have observed 
(Elliott, 1980; Bridgman, T. D., E. M. Bartels, and G. F. 
Elliott, manuscript in preparation) that the ion-binding 
effects in muscle A-bands do appear to be cooperative.

Extended salt-bridge networks have been demonstrated 
in crystallographic studies by Bloomer et al. (1978) 
between the subunits of tobacco mosaic virus (TMV) coat 
protein, and by Adams et al. (1973) in lactate dehydroge
nase. In the latter study the networks were specifically 
identified as anion binding sites. Perutz (1978) gives other
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F ig u r e  7 A hypothetical Saroff site, a network of charges side chains between two myosin rods (or possibly between two myosin polypeptide 
chains in a single myosin rod). The binding of some ion to such a site would affect the local charge balance, and this might cause a 
disseminated mechanical strain in the rod or rods, which might affect the binding properties of a similar neighboring binding site, possibly 
cooperatively. Notice that the vertical scale between the rods has been much exaggerated to show the network. In all probability the site is 
much more compact than it appears in this diagrammatic representation.

examples of extended salt-bridge interactions, and draws 
attention to their probable involvement in the allosteric 
interactions of hemoglobin. In a recent review of methods 
of reconstructing myosin filaments from solution, Koretz 
(1982) stresses the importance of pH and precise ionic 
conditions, which will control the molecular charge, and 
probably the ion-binding capacity, of the filaments formed.

It would not be appropriate to go further into these 
matters in this paper, so we will merely suggest the 
tentative model shown in Fig. 7. The interactions of myosin 
with ATP/A D P, by transmitting stress along the rod, 
controls the ion-binding characteristics of the rods, or of 
part of them. To explain the present results the binding of 
ATP would cause the low-charge state, its release would 
cause the high-charge state. Preliminary experiments have 
shown (Bartels and Elliott, 1983) that PP  ̂ also gives the 
low-charge state, while ADP and AM P-PNP give the 
high-charge one.

This mode of action would fit easily into models of 
muscle contraction of the type envisioned by Harrington et 
al. (1979) though it would also fit easily into models of the 
swelling type (Elliott et al., 1970, see also the discussion 
after the paper of Elliott et al., 1978). Current work on 
myosin threads (Cooke et al., 1984; Bartels et al., 1985) is 
aimed at clarifying the details of the mode of action.

CONCLUSIONS

{a) The fixed protein charge is different in the A- and the 
I-bands of striated muscle in the rigor state. (6) The fixed 
charges are equal in the A- and I-bands of relaxed muscle, 
(c) The largest charge change between relaxation and rigor 
is on the thick filaments, and occurs whether or not the 
myosin heads are cross-linked to the thin filaments, {d )  
Possibly an event at one position on the myosin molecule, 
the binding of ATP (or certain other ligands) causes a

disseminated change that modifies the ion-binding capac
ity of the myosin rods or parts of them.

APPENDIX

Discussion of Postulated Diffusion 
Potentials in the Presence of ATP

It has recently been suggested that there is a substantial contribution 
from diffusion potentials, particularly in the presence of ATP, which 
affect the measured Donnan potential (Godt and Baumgarten, 1984). We 
have commented already on these experiments (Elliott et al., 1984) but 
would like to give a quantitative calculation here.

The concentration of myosin heads in a typical A-band is -0 .4  mM 
and at the height of activation each head hydrolyzes —35 ATP 
molecules/s. Therefore in a contracting muscle A-band the turnover of 
ATP and its product is -14  mM/s. It is more difficult to know what is the 
ATP turnover in a relaxed muscle, but it is probably a factor of 10 or 100 
times smaller. De Simone (1977) used the Nemst-Planck diffusion 
equation to calculate the deviations from equilibrium (Donnan) poten
tials. The deviation potential was governed by a dimensionless coefficient, 
M, which he defined in his Eq. 21.

Jr /  I
'‘ - T A o r k

Here J, is the flux of reactants, K  is the Debye-Hiickel constant, c is the 
reservoir ion concentration, and D, and Z>2 are the diffusion coefficients of 
the reactant and product.

This equation can be applied to the diffusion of ATP and its products 
in the muscle case. If cylindrical geometry and radial flow are assumed 
the flux of the reactants in contracting muscle is 14 x r/2 mM-s~‘ per 
unit area, where r is the cylinder radius. (For spherical geometry the 
factor is r/3, the difference is trivial.) The diffusion coefficients for ions in 
muscle were measured by Kushmerick and Podolsky (1969) who gave 
-0 .2  X 10“’ cm̂  s“* for ATP and -0.4 in the same units for SO4 (this is 
probably similar to PO4, which they did not measure). In our experiments 
the reservoir ionic strength is 180 mM in standard relaxing solution, and 
the Debye-Hiickel constant at this ionic strength is of the order 10’ cm“‘.

De Simone’s coefficient in these circumstances is n ~ (14/10’ x 
180) X 10’ X (2.5 -  5) X (r/2) (working in centimeters, seconds, and
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millimoles) 1 x If r is taken as the myofibrillar radius ( - 1 0  ^
cm), this coefficient is of order 10"’, if as the fiber radius ( - 1 0 "’ cm), the 
coefficient is of order 10"’. In either event De Simone’s analysis shows 
that the deviations from the equilibrium potential are negligible for 
contracting muscle, and thus even more so for resting muscle.

We have already demonstrated (Elliott and Bartels, 1982, and in the 
previous paper, Naylor et al., 1985) that the KCl diffusion potentials are 
within the experimental error the same inside and outside the muscle 
lattice, and therefore cancel out in the Donnan potential measurement. It 
can be concluded that diffusion potentials, either passive diffusion 
potentials from KCl or active diffusion potentials from metabolically used 
ATP, are negligible in the experimental measurements of Donnan 
potential described in this paper.
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S u m m a ry  In muscle biopsy specimens from fibrositis 
patients and healthy subjects no differences 

in electrical charges on the contractile proteins were detected 
with a microelectrode technique. However^ microscopical 
examination o f fibrositis muscle showed muscle fibres 
connected by a network of reticular or elastic fibres which are 
absent in normal muscle and which may be the cause of the 
disorder.

• Introduction
F i b r o s i t i s  (fibromyalgia)*’̂  is characterised by severe 

muscle pain without any obvious functional defect, although 
some pathological changes are seen.^ As a result, many 
fibrositis patients, although disabled by the disorder, are 
wrongly given a psychiatric rather than a physical diagnosis. 
The disorder presents with varying degrees o f severity, and 
the pattern o f symptoms categorised as the fibrositis 
syndrome has been described by Smythe.'*

In the present study, a microelectrode technique^’̂  has 
been used to determine fixed electrical charges on muscle 
proteins in muscle biopsy specimens from fibrositis patients 
and healthy subjects. Fibre bundles taken from the same 
muscle specimens were stained with Van Gieson’s stain’’® to 
reveal any histological changes in the fibrositis muscle.

Methods
Preparation of Muscle Samples

Biopsy specimens were taken with a Bergstrom needle  ̂from the 
quadriceps muscle of 7 healthy subjects and 13 fibrositis patients. 
The average age of the patients (4 men and 9 women) was 49 years 
(range 38-59). All the patients fulfilled the criteria for the fibrositis 
syndrome.'* All subjects were informed about the nature, purpose, 
and possible risks of the experiments before giving their consent to 
participate. The biopsy specimens were transferred directly from 
the Bergstrom needle to a glycerination solution to remove the cell 
membranes and internal membrane systems.  ̂ The glycerination 
solution consisted of KCl 50 mmol/1, MgCl2 1 mmol/1, EGTA 
2 mmol/1, and phosphate buffer (pH 7) 10 mmol/1 in a 50% glycerol 
solution.

Bundles of 2 to 4 muscle fibres were then dissected from the 
glycerinated biopsy specimens and transferred to a petri dish 
containing a 2-3 mm layer of biologically inert silicone resin 
(Sylgard-184, Dow Corning Corporation, Midland, Michigan, 
USA) in which a slot 2 mm wide had been cut to accommodate the

fibre bundles. The bundles were stretched between the sides of the 
slot and held in place by pushing the ends of the fibres into razor- 
blade cuts in the resin.

Measurement of Electrical Potentials

Measurements were made on muscle fibres soaked in a rigor 
solution and a relaxing solution, both at two different ionic 
strengths. Rigor solution I contained KCl 100 mmol/1, MgCl2 
5 mmol/1, and phosphate buffer (pH 7) 20 mmol/1. Relaxing solution 
I contained KCl 100 mmol/1, MgCl2 10 mmol/1, EGTA 4 mmol/1, 
Na2ATP 5 mmol/1, and phosphate buffer (pH 7) 20 mmol/1. Rigor 
solution II was half the concentration of rigor solution I, and 
relaxing solution II was half the concentration of relaxing solution I.

All muscle preparations were soaked in the experimental solution 
for an hour before any measurements were taken. Donnan 
potentials were measured from the A and I bands with a micro
electrode technique combined with high-power. light microscopy 
with phase and polarisation contrast (magnification x 400), as 
described by Bartels and Elliott.  ̂ In each experiment the protein 
charge concentration was calculated from the Donnan potential.  ̂
Assuming that the volume of the contractile apparatus is the same 
for a given ionic strength in the rigor and relaxed state, ’̂̂  the 
protein charge concentrations can be compared directly and taken to 
represent the fixed electric charges on the contractile proteins.

40 to 60 readings were taken from two different fibre bundles from 
each subject and in each experimental solution.

Histology

Each muscle sample used for electrical measurements was 
examined under a Zeiss 405 inverted microscope (phase contrast at 
X25 and x 400 magnifications), to investigate possible differences 
between healthy and fibrositis specimens.

Small fibre bundles, containing 3 to 6 fibres, from the 
glycerinated sample were soaked for an hour in one of the rigor 
solutions. The preparations were then stained with a modification 
of Van Gieson’s method,’’® using 2 % acid fuchsin in a saturated 
picric acid solution. This staining method leaves collagen fibres red 
and elastic fibres, reticular fibres, myofibrils, and cytoplasm yellow. 
Since fuchsin (red stain) and picric acid (yellow stain) compete for 
the stain-binding sites, myofibrils tend to turn slightly red with the 
destaining time of 5-7 min used here.

Quadriceps Strength Measurements

The maximal isokinetic muscle strength of the knee extensors was 
measured on all subjects with an isometric dynamometer (Cybex II, 
Lumex, New York), as described by Danneskiold-Samsqe et al.*** 
The isokinetic strength measurements were carried out at various 
angular velocities—30, 60, 120, 180, and 240 degrees.

Results
Electric Charges

The electric charges on contractile proteins in the A and I 
bands of muscles from fibrositis patients did not differ 
significantly from control values (see table).

Histology

The unstained and stained preparations showed the same 
characteristic differences between fibrositis and healthy
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C O N C E N T R A T IO N S OF FIXED ELECTRICAL CHARGES IN A A N D  I BANDS  

OF G LY C ER IN A TED  M U SCLE FIBRES FROM  FIBROSITIS PA T IE N T S A N D  

HEALTHY C O NTRO LS (M EA N +SD )

Solution*

Charge concentration (mmol/l)-f

Normal Fibrositis

Rigor I:
A band -6 0 ± 5 -6 6 ± 8
I band -3 2 + 6 -3 7 ± 4

Rigor II:
A band -6 0 + 4 -6 1 ± 5
I band -4 0 + 3 -4 0 + 2

Relaxation I:
A band -4 5 + 5 -4 8 + 4
I band - 4 5 ± 5 -4 7 ± 4

Relaxation II:
A band -5 1 ± 4 -5 0 + 3
I band -5 1 ± 4 -5 0 + 3

*T he ionic strength of the I solutions was 0 • 14 mol/1 and that of the II solutions 
0 ■ 07 mol/1.
fE a c h  data set represents the average value from 7 normal or 13 fibrositis 
subjects.

Fig 1—Fibre bundle from a glycerinated quadriceps m uscle from a 
fibrositis patient, showing rubber-band-like structures along the 
fibres (arrows).

Van Gieson, x400.

muscles. Although the fibrositis muscles showed a regular 
sarcomere repeat, the fibres looked as if rubber bands had 
been placed around the diameter at varying intervals, 
constricting the fibre at these sites (fig 1). Another difference 
found in the fibrositis muscle was an interconnecting network 
of thin threads between the individual muscle fibres which 
looked as if  they connected with the rubber-band structures 
(fig 2). In normal muscle (fig 3) rubber-band structures are 
never seen, and interconnections rarely seen. The thin 
interconnecting threads appeared yellow even after brief 
destaining, which classifies them as either elastic or reticular 
fibres.

Quadriceps Strength Measurements

In the fibrositis patients the isokinetic muscle strength at all 
the measured angular velocities was considerably less (by 
36-42%) than that of healthy controls (fig 4). The steepness 
of the force-velocity curve in patients was similar to that 
demonstrated in healthy subjects.

Discussion
Measurements of the fixed electric charge in the A and I 

bands of striated muscle cells with the Donnan potential 
method is a simple method that has not before been applied to 
medicine. A difference in the electric charges on the 
contractile proteins in either the A band or the I band between

Fig 2—Interconnecting network of thin threads between fibres of 
fibrositis m uscle (arrows).

Van Gieson, x400.

•L

Fig 3—Fibre bundle from a glycerinated healthy quadriceps muscle.

Van Gieson, x400.

150-

1 0 0 -

50-

30 60 120 180 240

Angular velocity (degrees/s)

Fig 4—M aximal isokinetic quadriceps strength in fibrositis patients 
( # ----------- • )  and healthy subjects (Q:----------O ).
XXX p< 0-01; XX p< 0-02 ; x  p< 0-05  (M ann-W hitney test for unpaired 

samples).
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a healthy and a diseased muscle must be due to a difference in 
the contractile proteins. Any such difference could affect the 
contractile processes and appear as a malfunctioning muscle.

Our results, however, show that patients with fibrositis 
have normal charge values in both A and I bands. They 
confirm that the contractile processes in the muscle cells of 
these patients are normal, as are biochemical values such as 
the level o f muscle enzymes in the plasma.  ̂'

What, then, is wrong with these patients? All fibrositis 
patients have pains and tenseness in their muscles, and those 
we examined were from a subgroup of patients who do not 
respond to massage treatments.'^ Another subgroup, who do 
respond positively to massage treatments, show a rise in 
creatine kinase and plasma myoglobin during treatment.'^ 

Since our patients were clearly in pain, and this muscle pain 
was not caused by failure of the contractile system, it must 
have been caused by something outside the cells. The 
microscopical appearance of the muscles from our patients 
was different from that of normal muscle even after 
glycerination, which removed the membrane structures. The 
connections between the cells and the rubber-band structures 
around them may indicate the nature of the disorder. If one 
muscle cell is stimulated to contract, it will create a piill in all 
the connecting cells as the contraction progresses. This will 
cause a passive sideways stretch or pull, which may be painful 
in itself or may perhaps stimulate the neighbouring cells. 
This will affect a new area of muscle fibres and start a cascade 
of contractions, bringing the muscle into a state of exhaustion 
and pain. This state of exhaustion and pain may account for 
the muscle weakness in fibrositis demonstrated by a 
reduction in isokinetic knee extensor strength.

We conclude that a likely cause for the symptoms in our 
group of patients is a network of elastic fibres connecting the 
muscle fibres and forming constricting bands around the 
fibres in a way that creates pulls between neighbouring cells 
whenever a cell contracts. We suggest that microscopical 
examination o f a muscle biopsy specimen, combined with 
isokinetic strength measurements, is a reliable method for 
diagnosing the fibrositis syndrome in patients who do not 
respond to massage treatments.

W e thank D r A. Y oung for his support. P ro f G. P. Elliott and D r R. Bach- 
Andersen for their encouragement, and Salomia H irschhorn, Anette 
Nawrocki, and Daw n Collins for technical assistance. T h is study was 
supported by the SERC, the D anish Rheum atism  Association, the Danish 
M edical Research Council, and the Foundation o f  1870.
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PERCUTANEOUS DOUBLE-BALLOON MITRAL 
VALVOTOMY FOR RHEUMATIC 

MITRAL-VALVE STENOSIS
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S u m m a ry  Percutaneous transatrial mitral valvotomy 
with a double-balloon technique produced 

striking symptomatic improvement in 7 o f 9 patients with 
severe mitral stenosis. In 7 patients the mitral valve area 
(Gorlin formula) increased significantly and the mitral end- 
diastolic gradient fell significantly. Similar improvements 
were noted in follow-up haemodynamic studies at 6 weeks. 
There were no procedure-related complications. It is 
concluded that percutaneous double-balloon mitral 
valvotomy may be an alternative to surgical treatment for 
mitral stenosis.

Introduction
T h e  Kingdom o f Saudi Arabia, in common with many 

other parts of the world, still has a high prevalence of 
rheumatic heart disease.' Rheumatic mitral stenosis appears 
at one end of the spectrum o f the clinical manifestations of the 
disease.

Currently, symptomatic rheumatic mitral stenosis requires 
surgical intervention. The use o f a non-surgical therapeutic 
alternative was first described in 1984 by Inoue et aF in 6 
patients, and Lock et aP has used the same transvenous single 
transatrial approach in children. However, Lock et al had to 
dilate the atrial septal puncture with an 8 -10  mm angioplasty 
balloon catheter, which could interfere with the 
haemodynamic assessment o f mitral.stenosis.''

We now describe the results obtained with our 
percutaneous double-balloon mitral valvotomy technique in 
9 patients with rheumatic mitral stenosis.

Patients and Methods
Patients

Percutaneous balloon mitral valvotomy was attempted in 9 adults 
with rheumatic mitral stenosis. (6 women and 3 men, mean age of 
25±7 SD years). Patients were selected according to the following 
criteria; (i) severe symptomatic rheumatic mitral-valve stenosis 
(A2-0S ^80 ms, mitral valve area ̂ 1 cm̂  ); (ii) no previous history 
of thromboembolic complications or cardiac surgery; (iii) age >15 
years; (iv) in sinus rhythm; (v) no mitral regurgitation on 
auscultation; (vi) absence of mitral calcification on fluoroscopy; (vii) 
no detectable left atrial clot on cross-sectional echocardiography and 
absence of extensive mitral subvalvular fusion.

6 patients had symptoms in New York Heart Association (NYHA) 
class III, 2 in class II, and 1 in class IV. Medication included digoxin 
(all patients), diuretics (all patients), beta-blockers (patients 1, 3, 4, 
6, 7, 9), and verapamil (patient 8). 5 patients had an apical diastolic 
thrill. Auscultation revealed a palpaWe first heart sound and a close 
opening snap, together with a diastolic rumble with presystolic 
accentuation ^grade 3/4 in all cases. Mild aortic regurgitation was 
detected clinically in 3 patients.

Medication
All patients were anticoagulated with warfarin for 3-4 weeks 

before the procedure. On admission warfarin anticoagulation was 
replaced by intravenous heparin infusion, which was continued for
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THE MYOSIN FILAMENT; CHARGE AMPLIFICATION AND CHARGE CONDENSATION
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Current models for the molecular mechanism of muscular contraction are 
derived largely from structural and biochemical information. Experimental 
evidence has traditionally been obtained as answers to questions like "where 
are the various contractile proteins located, what are the physical and 
chemical properties of the isolated, purified proteins in solution, how do 
the kinetics of muscle chemistry correlate with structural changes in working 
muscles?" A detailed picture of many essential events in muscle contraction 
has been obtained in this manner and has been incorporated into current views 
of the sliding filament hypothesis, see for example the monographs of A.F. 
Huxley (1980) and Bagshaw (1982).

A direct physical approach to any working mechanism of microscopic 
dimensions should include (1) the distribution of matter, and importantly 
(2) the distribution of electric charge. Some understanding of these two 
distributions would provide an essential step in defining a working mechanism 
in physical terms. While the experimental paradigm in the biological 
sciences usually includes substantial effort to define the distribution of 
matter in systems which may have been simplified, in solution for example, 
the distribution of electric charge is often overlooked or ignored in kinetic 
schemes, largely because of the technical difficulties in obtaining a relia
ble index of charge patterns at high spatial and temporal resolution. Even 
in contracting muscle, where finite changes in the,distribution of contract
ile material occur on a measureable time scale, very little effort has been 
made to analyse the mechanism in the physical terms of charge density and 
distribution.

Collins and Edwards (1971) showed that Donnan potentials could be 
observed from vertebrate striated muscle (using 3 M KCl electrodes) after the 
membrane had been rendered porous by glycerol treatment, and that these pot
entials could be used to. calculate the fixed charge on the contractile 
proteins. After this pioneering work we combined the same approach with 
X-ray and light diffraction-' (Elliott et al 1978, Naylor et al 1985) to 
derive the linear charges on the thick (myosin-containing) and thin (actin- 
containing) filaments in the muscle. The theoretical and practical basis of 
the method of filament-charge measurement is discussed in Elliott and Bartels 
(1982), Elliott et al (1984) and Naylor (1982).

Using light microscopy to locate the microelectrode tip, we also demon
strated (Bartels and Elliott 1980, 1981, 1985) different Donnan potentials



in the A- and I-bands of glycerinated vertebrate striated muscle (and in 
mechanically skinned barnacle muscle). In rigor (the absence of ATP) the 
negative A-band potential is about twice the I-band potential. In relaxing 
solution (containing ATP) the A-band potential in the glycerinated muscle 
falls to the same as the I-band potential. This potential fall is also 
observed in a solution containing pyrophosphate (PP^) but not o n e  containing 
ADP or AMP-PNP (Bartels and Elliott 1983), so that it appears to be caused 
by the pyrophosphate moiety of the ATP molecule. In a contracting solution 

and ATP present) both A-band and I-band potentials exceed resting 
values in the early phase of tension development, and then fall below resting 
values during the recovery phase (experiments made with slow muscle fibres, 
mechanically or chemically skinned, Bartels and Elliott 1984a and b).

There are some differences in the behaviour of the A- and I-band poten
tials in relaxing solutions between muscles that have been glycerinated and 
those that have been skinned mechanically or chemically. We have shown 
(Bartels and Elliott 1982, 1985) that these may arise from the presence in 
skinned muscles of a parallel system, probably the sarcoplasmic reticulum, 
which charges up as the thick filaments discharge, and which is not present 
(or not functional) in glycerinated muscle or in skinned muscle treated with 
specific detergents to remove the sarcoplasmic reticulum.

The A-band potential change on the addition of ATP is a dramatic effect. 
In collaboration with Dr. Peter Cooke we have developed threads of purified 
myosin, the major protein component of a muscle A-band, and have made Donnan 
measurements on such threads (Bartels et al 1985). Figure 1 shows the 
results of a typical experiment, the myosin molecular charge falls sharply 
with the addition of small amounts of ATP, the fall is essentially over by 
0.5 mM [ATP]. This i.s about twice the concentration of myosin molecules in 
the threads, so that the effect may be stoichiometric, with one or two ATP- 
binding sites per molecule. The potential (and charge) decrease coincides 
with the rise of [MgATP— ] in the solution, and the charge in this experiment 
falls from about 75e (electronic charges) molecule"^ in the absence of ATP to 
about 50e in the presence of 0.5 mM [MgATP— ], so the change is too large for 
2 ATP molecules (~ 4-8e). In a relaxing solution (containing ATP) the ligand 
is known to be bound, and to be released when the muscle goes into the con
traction cycle and into (ATP-free) rigor also; the consequent change due to 
this alone would be in the reverse direction to our observations. The impli
cation is that the charge effect must be amplified in amount and reversed in 
sign, and our working hypothesis is that the ion-binding properties through
out the protein are modified as a result of some initiating event.

McLachlan and Karn (1982) have shown that in a myosin rod (the a-helical 
tail of the myosin molecule) there are 38 repeat sequences of 28 amino acids, 
each sequence showing a similar and pronounced charge pattern. The charge 
change would, on this basis, be about one extra electronic charge for each of 
these 38 sequences. Alternatively, the change might be confined to the S-2 
region of the myosin molecule, the first twelve of these sequences. In this 
case the charge change per sequence would be about 3e, which looks interest
ingly as though it might be one phosphate ion. The hypothesis is that the 
binding of ATP/PP^ to myosin (the major effect in muscle relaxation) causes 
the release of negative ions from the myosin rod, or at least from part of it. 
Alternatively, positive ions might be bound rather than negative ions rel
eased. For a possible mechanism, we favour the ideas of Saroff (Loeb and 
Saroff 1964), that ion-binding to proteins is by hydrogen bonding onto net
works of charged side chains clustered along the polypeptide chain. In 
myosin such clusters (Saroff sites) may be set up between the myosin rods in 
the filament or between the two polypeptide chains in one myosin rod (Figure 
2). Mechanical stress transmitted through the filament backbone might cause 
small alterations in the structure of the Saroff sites (Figure 3) giving rise 
to the co-operativity in effects which we have observed in muscle A-bands

l O



Myosin charge

150mM

I
I Ionic-strength In)

3mMFree potassium  (K*>
? <DO-
I  D

Free Mg ATP'"

I
Free Mg

ATP added (mM)

o
Fig. 1. An ATP titration experiment on threads containing

filaments of purified myosin shows that the molecular 
charge reduction occurs sharply at low values of 
added ATP, and is maximal by about 0.5 mM [ATP].
The levels of several of the solution constituents are 
plotted; the fall in charge coincides with the rise in 
[MgATP— ]. The subsequent increase in charge is prob
ably a non-specific ionic-strength effect, since it 
coincides with the rise in p. and we have observed 
similar effects in both rigor and relaxing solutions.
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Fig. 2. A hypothetical Saroff site, a network of charged side- 
chains between two myosin rods. Such networks are 
apparent from the work of McLachlan and Karn (1982), 
although the form of this one is taken from tobacco 
mosaic virus coat protein. Notice that the vertical 
scale between the rods has been much exaggerated to 
show the network, in all probability a myosin site 
is much more compact than appears in this diagramatic 
representation.

A natural question arises; if the charge reduction that we have observed 
is initiated by ATP/PP^ binding to a specific site, where is that site on the
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Fig. 3. In a myosin filament, with many identical Saroff 
sites between adjacent myosin rods, the binding 
or release of an ion at one site may cause a rel
ative mechanical shift of the two rods, affecting 
the adjacent sites and giving rise to co-operativ- 
ity of the ion-binding or release.

myosin molecule? Since the effect is observed in myosin rod gels as well as 
in whole myosin gels (Bartels et al 1985) it would seem that the effect 
cannot be caused by ATP/PPj^ binding at the primary ATP-ase site on the glob
ular myosin head (S-1) . There must, then, be some further ATP-affected site 
on the a-helical backbone of the myosin rod. Such secondary ATP sites have 
been observed by a number of previous workers, including Harrington and 
Himmelfarb (1972), whose studies revealed the presence of one or two binding 
sites in the rod segment of myosin. They investigated the association/ 
dissociation of myosin filaments at pH 8, and remarked that these rod sites 
exert a profound effect on the stability of the filaments at low substrate 
concentrations. They did not, however, find substantially different behav
iour between ATP, ADP, AMP-PNP or PPj,. In our experiments, at pH 7 where the 
filaments are associated, ATP and PP^ do cause the charge decrease, ADP and 
AMP-PNP do not do so. There seem to be some parallels between our experi
ments and those of Harrington and Himmelfarb, but the details remain to be
explained.  ̂-

A second question should also be asked. Does the striking decrease in 
negative charge in the presence of ATP/PPi stem from the release of negative 
i o n s  from the protein, or from the binding of positive ions to the protein 
when the ATP/PPj_ initiates some Saroff-type mechanism? Here the clues are 
contradictory. Experiments in which the anion type is varied (T.D. Bridgman, 
E.M. Bartels and G.F. Elliott, paper in preparation) show that there are 
differences between the filament charges measured in different anions. This 
could imply that anion binding in rigor is the important effect, and that 
anion release occurs on ATF/PP^ addition. On the other hand, Lewis and
Saroff (1957) showed that myosin binds about 20 K+ ions at pH 7 and [K+] =
0.1 M, and showed moreover that actomyosin (that is, myosin linked to actin 
in the rigor configuration) bound less ions under similar conditions.
This work suggests that changes in cation binding might be important, but 
unfortunately Lewis and Saroff did not investigate the effect of ATP upon K+ 
binding. This second question could probably best be answered by equilibrium 
dialysis experiments using radioactive isotopes, and we intend to carry these 
out as soon as possible.
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Fig. 4. The swelling pressure in Torr as a function of sur
face charge, calculated as explained in the text 
for filaments of charge radius 15 nm, at a Debye 
length of 1.0 nm. Charge saturation begins at about 
100 e nm~^ and is advanced by about 200 e nm~^.

We have demonstrated that charge changes can be observed in muscle in 
situations which are of direct physiological importance. Do these charge 
changes give rise to effects which are relevant to the function of muscle?
The charge changes might affect the electrostatic swelling pressure within 
the muscle filament lattice, and thus change the transverse force balance 
that must exist in that lattice (Elliott 1968, April 1975, Millman and Nickel 
1980). However, Millman and Nickel (1980) first drew attention to the 
charge-saturation effect for muscle, that the calculated electrostatic repul
sive force between the filaments does not increase beyond a certain level 
with filament charge; the alternative formulations of Elliott and Bartels 
(1982) and Naylor (1982) have also shown this effect.

Charge saturation is related to counter—ion charge condensation (Manning 
1969, 1978). Manning has shown that for those molecules that may be approx
imated as a line charge, there is a maximum molecular charge which can affect 
the field produced by the molecule, because if the molecule charge exceeds 
this critical maximum, the excess charge is neutralised by the condensation of 
counter ions in the region of the line charge. The critical charge, in this 
line charge approximation, is one electronic charge per Bjerrum length, and 
this length, at 25°C in an aqueous environment, is about 0.7 nm.

The Manning analysis applies to line charges, and has been used success
fully to explain experimental effects in systems of small polyion radius such 
as DNA molecules (e.g. Manning 1978). It is not immediately clear how the 
analysis may be applied to systems of much larger polyion radius, such as 
muscle thick filaments. Lampert (1983, see also Lampert and Crandall 1980), 
has considered this problem theoretically, and gives numerical tables which 
can be used to estimate the maximum effective charge and confinement radius 
for an isolated charged cylinder (of finite radius) in an electrolyte. An 
alternative approach is to derive the swelling pressure saturation as the 
filament charge increases, and this is shown in Figure 4, calculated using 
the computer programme described in Elliott and Bartels (1982), based on
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X-ray-spacing (d^g), round points, and myosin fila
ment charge, square points., measured in rigor solu
tion of similar composition obtained by serial 
dilution of a standard salt solution to different 
ionic strengths (for details of the solutions see 
Naylor et al 1985). All were at pH 7, phosphate 
buffer, and all X-ray spacings were taken at sar
comere lengths of 3.8 ]im. Experimental errors are 
shown. The saturation in myosin filament charge is 
a real effect, for higher ionic strengths the fila
ment charge falls, but the X-ray spacing is then very 
difficult to measure because the reflections become 
very diffuse. The correlation between X-ray spacing 
and filament charge is clear (curves fitted by eye).

Alexandrowicz and Katehalsky (1963). Figure 4 shows that for filaments of 
15 nm charge radius, at a Debye length of 1.0 nm, the charge saturation 
occurs at between 100 and 200 e nm"^. This agrees with the 100 e nm“  ̂
figure given by Millman (1985, this volume) . 100 e nm"^ on the surface a
15 nm radius filament is about 1 e nm”  ̂ of filament surface area, so that the 
individual charges under these circumstances are on the average separated by 
rather more than the Bjerrum length, which seems intuitively reasonable.

In view of the agreement between us and Millman (1985), and the intuit
ive reasonableness of the oider of magnitude, it might be hoped that the 
maximum effective charge derived from Lampert (1983) would also agree. Un
fortunately this is not so, and calculation from this paper suggests a maxi
mum effective charge of 14 e nm“  ̂ for cylinders of radius 15 nm at a Debye 
length of 1.0 nm. The table in Lampert's paper which leads to this conclu
sion is derived by numerical integration, so that we are unable to go further 
into this discrepancy.

It is possible, however, to demonstrate experimentally that the X-ray
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Fig. 6. X-ray spacing (dig), round points, and myosin fila
ment charge, square points, in rigor solutions all 
at ionic strength ~ 0.014 M, and of different pH's.
All X-ray spacings were taken at a sarcomere length 
of 3.8 pm except for those at pH 8 and 9, which are 
at 3.45 Jim (we are indebted to Mr. R.J. Ward for these 
two measurements). At pH's below 6.0, citrate buffer 
was used, at pH 7 and 8, phosphate buffer and at pH 
9, borate buffer. Most of the data are from Naylor et 
at 1985, with the addition of subsequent experiments 
at pH 8 and 9. Experimental errors are shown. The 
general correlation between charge and spacing is 
clear. The curves are fitted by eye, and we have not 
chosen to suggest a minimum in the X-ray spacing bet
ween pH 4 and 5, since the measurements are not con
vincing although a minimum would be expected at 
around the isoelectric point, pH 4.4.

spacing between the muscle filaments is sensitive to the myosin charge. This 
is most easily seen at long sarcomere lengths, where the situation is not 
complicated by actin-myosin- interactions. The results for ionic strength 
variation are plotted in Figure 5, and for pH variation in Figure 6. The 
data for these Figures are largely from the results of Naylor et al (1985), 
and the Figures are plotted for rigor muscle at a sarcomere length of 3.8 jim, 
which is zero overlap between the thick and thin filaments. These Figures 
show clearly that the interfilament repulsive forces are not charge saturated 
in the experimental regime in rigor, and that they certainly will not be so 
at the lower filament charges seen in relaxed muscle.



Our contracting muscle results, in conjunction with the measurements on 
relaxed and rigor muscles, would fit naturally into Harrington's (1971) model 
where the force is generated by some ionic-led phase change within the S-2 
link between the myosin head (S—1) and the filament backbone. They would 
also fit into models where the basic event is ionic swelling in the filament 
lattice, converted to longitudinal force by the myosin heads acting as drag
ging anchors (e.g. Elliott, Rome and Spencer 1970 modified as suggested in 
the discussion following Elliott et al 1978). In either case we may recall 
the words of Albert Szent-Gyorgyi (1941), "I was always led in research by my 
conviction that the primitive, basic functions of living matter are brought 
about by ions, ions being the only powerful tools which life found in the 
sea-water where it originated. Contraction is one of the basic primitive 
functions".
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D onnan potential m easu rem en ts from  the sarcop lasm ic reticu lu m  o f rabbit 
m u scle  under rigor and relaxed  conditions
B y  E . M. B a r t e l s ,  G. F. E l l i o t t  and B. S. W a l l .  The Open University, Oxford 
Research Unit, Foxcombe Hall, Boars Hill, Oxford 0X 1  5HR

Two methods of preparation of ra t semitendinosus muscle, glycerination and 
chemical skinning, give rise to differences in the Donnan potentials recorded in the 
A and I  bands of the muscle (Bartels & Elliott, 1982, 1985) ; in skinned muscle both 
the A and I  bands are more highly negatively charged in the presence of ATP than 
in glycerinated muscle. This difference could be due to the presence of an additional 
parallel system present in the skinned muscle. Sarcoplasmic reticulum (SB) has been 
suggested as a possibility, as glycerination is thought to remove or inactivate the SB 
system to a greater extent than  mild chemical skinning procedures.

To investigate its effect on charge measurements, SB was prepared as described 
by Nakamura, Jilka, Boland & Martonosi (1976). The SB vesicle suspension thus 
obtained was centrifuged a t 100000 g'max 1 h to give a densely packed pellet 
consisting of light and heavy SB which was then used for micro-electrode measure
ments. The vesicle suspension in sucrose/buffer solution could be frozen and stored 
a t —20 °C for several weeks.

Donnan potentials were measured from the pellets immersed in solutions contain
ing 50 mM-KCl, 4 mM-imidazole/HCl buffer, pH  7 0, 200 mM-sucrose (standard 
solution), in the presence and absence of 2 5 mM-ATP, using the set-up described by 
Bartels & Elliott (1985). The results (Table 1) show th a t addition of ATP increases 
the protein charge concentration in the pellet. The volume of the pellet does not alter 
when the ATP solution is added, therefore the charge density of the SB has increased.

Standard solution  
Standard solution +  ATP

T a b l e  1

Donnan potential (mV)

— 7 9 + 0  6  s .D .
— 1 0 - 8 + 0 - 6  s .D .

[Pr] (mM)

— 33 +  3 s.D .
— 63 +  4 s.D .

Pooled data from one batch o f pellets where the protein concentration of the pellets is known 
to be cü 100 m g/m l (4 experiments, 80 readings in each solution).

These results demonstrate th a t addition of ATP to pelleted SB vesicles produces 
an increase in the charge concentration of the vesicles, most likely due to their protein 
component. This supports the hypothesis th a t in skinned muscle the SB, which is 
present in an active form, contributes to the charge measurements, increasing them  
in the presence of ATP. I t  seems likely th a t the charge pattern  seen in a skinned 
muscle preparation is therefore a sum of the contributions from the myofilament 
system and the sarcoplasmic reticulum.
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A S T R U C T U R A L  STU D Y OF GELS, IN THE FORM  

OF THREADS,  OF M Y O S I N  A N D  M Y O S IN  ROD
p. H. Cooke, E. M. Bartels, G. F. Elliott, and R. A. H ughes

Biophysics Group, The Open University, Oxford Research Unit, Oxford, 0X 1 5HR, United Kingdom

INTRO DUCTIO N

W hen a glycerinated, cross-striated m uscle cell goes from  
relaxation to rigor at pH  7, w ith the removal o f  A T P , the  
fixed negative electrical charge in the A -bands increases by  
-4 0 %  (B artels and E lliott, 1980, 1981, 1982, 1985). T he  
addition o f  A T P  to the rigor m uscle causes the A -band  
charge to decrease again; the charge change is reversible. 
T he major A -band protein is m yosin, and each head o f  the  
m yosin m olecule has a single nucleoside phosphate binding  
site (Y oung, 1967; Luck and Low ey, 1968). Possible sites 
for the initiation o f  the A -band charge change m ight 
therefore be the m yosin heads or som e other part o f  the  
m yosin m olecule under the influence o f  A T P  binding to the  
heads.

T o find out m ore about the site o f  the charge changes in 
the A -band, a gelled  thread o f  purified m yosin, containing  
oriented filam ents, has been developed. In this preparation  
the protein concentration is com parable to the concentra
tion o f  A -band m yosin. A  preparation o f gelled  purified 
m yosin rod (the m yosin m olecule w ithout the tw o globular  
heads) has also been prepared. D onnan potentials have 
been m easured from  these preparations in rigor and relax
ing solutions at several ionic strengths (B artels et al., 1985; 
and paper in preparation).

T his paper and the one that follow s (Poulsen et al., 
1987) describe the preparation and structure o f  the  
threads, as investigated by electron m icroscopy and x-ray  
diffraction. T he electrical m easurem ents on the threads 
will be reported in full in a subsequent paper (B artels, 
E. M ., P. H . Cooke, G . F. E lliott, and R . A . H ughes, 
m anuscript in preparation). Prelim inary reports o f  som e o f  
these experim ents have appeared previously (C ooke et al., 
1984; Bartels et al., 1985, 1986).

METHODS

Preparation o f M yosin and M yosin Rod

Back and leg muscles (400-500 g) were excised from rabbits that had 
been killed by cervical dislocation. Bulk quantities of myosin (2-7 g) were 
isolated and purified according to the method described by Starr and

Dr. Cooke’s present address is Integrated Microscope Facility, University 
of Wisconsin, Madison, WI 53706.
Offprint requests should be addressed to Dr. Elliott.

Offer (1982). There was one modification of their method; the initial 
precipitation of protein from Guba-Straub solution was allowed to settle 
overnight at 4°C. About 50-80% of the crude myosin, subjected to 
anion-exchange (DEAE) chromatography, was eluted, after binding to 
the column, by the addition of 0.1-0.3 M KCl to the buffer. These KCl 
fractions contained the purified myosin from which the gelled threads of 
myosin were prepared.

Myosin rod was prepared from a papain digestion of purified myosin, 
using the procedures of Margossian and Lowey (1982) for producing 
heads and rod subfragment. The purified rod fraction was finally 
re-dissolved in a small volume of a solution containing 0.6 M KCl, 0.05 M 
potassium phosphate buffer (pH 7.0).

The purity of the myosin and rod subfragment preparations was 
checked by SDS gel electrophoresis, and no significant contamination by 
other proteins was observed.

The EDTA-activated ATPase activity of the purified myosin and 
myosin threads was estimated in a system containing 0.3 M KCl, 0.1 M 
Tris/HCl (pH 7.5) with 0.005 M KjEDTA. The liberated inorganic 
phosphate was measured at 730 nm after the addition of ammonium 
molybdate and Fiske and Subbarrow (1925) reagent. The activity of 
myosin thread samples was also determined in the experimental solu
tions.

T he M anufacture o f the Protein Threads

To produce a fixed protein phase suitable for measuring Donnan poten
tials with microelectrodes, separate methods were devised for handling 
myosin and myosin rod. For myosin, 1-2 g of the protein at 5-10 mg/ml 
was induced to form bipolar filaments by dialysis to equilibrium in 0.1 M 
KCl, 0.005 M MgCl;, 0.02 M potassium phosphate buffer (pH 7). This i; 
the basic rigor solution, which we will call standard rigor solution (see 
Table I). After 24 h, the suspension of filaments was sedimented bj 
centrifugation in 38-ml tubes at 65,000 g for 2 h. The translucent paste 
containing sedimented filaments, was transferred to a 10-ml syringe 
equipped with a 4-cm long silicone rubber tubing with an inside diametei 
of 0.56 mm and a wall thickness of 1.57 mm. The paste of myosir 
filaments was extruded manually as threads up to 10-cm long into ar 
ice-cold fivefold dilution of the standard rigor solution, at a rate of 1-2 err 
s~'. The extruded protein quickly gelled into an opaque thread and settlec 
to the bottom of the container. It was allowed to stand undisturbed foi 
several hours at 4°C, before further manipulation.

For myosin rod, 1-2 g of purified rod subfragment were dialyzed intc 
filamentous tactoids according to the procedure of Margossian and 
Lowey ( 1982) and were then sedimented by centrifugation at 16,000 g  foi 
40 min. The supernatant fluid was decanted and a small volume of 1.2 M 
KCl solution, equal to the volume of the precipitated rod, was added to th« 
top of the pellet and mixed using a small magnetic stirring bar. This 
procedure slowly dissolved the precipitated rod tactoids into ~2 ml ol 
concentrated solution containing 50-100 mg ml"' protein in 0.6 M KCl 
The solution was transferred by pipette to a syringe and extruded as £ 
transparent thread, which quickly gelled, into 1-2 liters of an ice-colc 
solution of the fivefold diluted standard rigor solution. It was ther 
handled in the same way as the threads of myosin.

B io p h y s. J. © Biophysical Society
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T A B L E  I

COMPOSITIONS OF THE SOLUTIONS USED IN THIS STUDY

KCl MgCl, Phosphate buffer, pH 7 Na^ATP NazADP Ionic
strength

M
Standard rigor 100 5 20 0.141
'/2 Standard rigor 50 2.5 10 0.072
'/s Standard rigor 20 1 4 0.030
Standard relax 100 5 20 2.5 0.149
'/2 Standard relax 50 2.5 10 2.5 0.081
'/s Standard relax 20 1 4 2.5 0.044
Standard ADP 100 5 20 2.5 0.144
‘/2 Standard ADP 50 2.5 10 2.5 0.080
'/s Standard ADP 20 1 4 2.5 0.039

The amounts are given in millimoles per liter, apart from the ionic strength calculated by the Perrin programme, which is molar.

The myosin and the rod threads that were not used during the week of 
reparation were stored in a glycerinating solution at — 20°C. The 
lycerinating solution contained 50% glycerol and 50% of a solution with 
composition of 0.040 M KCl, 0.002 M MgCl;, 0.008 M phosphate 

uffer, pH 7. The glycerinated threads were soaked for 1 h in fivefold 
iluted standard rigor solution before experiments were carried out. 
here were no differences in the measurements of charge-concentration 
btaincd from experiments with fresh threads and with glycerinated 
breads.

Electron Microscopy
'he threads were examined either as thin sections of embedded segments 
r as small fragments produced by mechanical homogenization. In 
mbedding, oriented 3-4-mm long segments were treated with 1% 
lutaraldehyde in an appropriate rigor solution for at least 1 h and then 
umersed in a solution of 2% OsO  ̂and 0.1 M j-collidine at pH 7.2. The 
breads were then dehydrated for 2 h by immersion in a graded series of 
thanol solutions and finally embedded and cured in an epoxy resin 
fixture. Thin sections of oriented threads were stained with solutions of 
ranyl acetate and lead citrate.

Filaments were also isolated from segments of the threads by mechani- 
al homogenization in a tissue grinder. The homogenate was adjusted to a 
rotein concentration of 0.1-0.2 mg/ml by the addition of rigor solution 
nd drops were applied to Formvar-carbon-coated specimen screens and 
tained with 2% uranyl acetate after removal of the excess solution by 
bsorption into filter paper.

X-ray Diffraction
'he x-ray data were obtained using the synchrotron radiation source at 
)aresbury. All recordings were taken on the low-angle scattering camera 
dth a specimen-to-film distance of ~2 m; the exposure time on film was 
0 min for a meridional pattern and 5 min for an equatorial pattern. Some 
-ray diffraction patterns were taken on Caeverken AB Reflex 25 film, 
nd some were recorded using the linear proportional counter. This 
epended on the configuration that was in use for the parallel x-ray 
tudies on corneal collagen from this laboratory (e.g., Sayers et al., 
982).
The specimens consisted of straight parallel bundles of 5-10 threads, 

hese were fixed in a circular muscle cell, similar to the perspex cell 
escribed in Naylor et al. (1985). The distance between the mylar 
dndows in the cell was 1-2 mm. To use the beam dimensions for 
maximum resolution, the thread preparations were placed vertically for 
meridional diffraction and horizontally for equatorial diffraction.

Because the specimen-to-film distance varied from run to run at the 
ynchrotron, the x-ray spacings were calibrated against the collagen

period, assuming that the spacing in wet, freshly dissected, rat-tail tendon 
in (0.15 M) sodium chloride was 67.0 nm.

Measurement of the Volume and Volume 
Changes of the Protein Threads

The threads were normally taken to be cylindrical (constant diameter) 
and their volume was calculated as ttIP, where / is the length of the thread 
and r is the radius. A few rod threads were clearly more ellipsoidal in 
shape and in those cases the volume was calculated as tt lab, where / is the 
length of the thread and a and b are the two half diameters of the ellipse. 
The diameter and length of the thread were measured under the 
microscope using a micrometer scale; 10 measurements were taken over a 
1-cm long thread. These measurements were taken on a Zeiss Ultraphot 
microscope at a final magnification of 68 or on a Zeiss 405 inverted 
microscope with a final magnification of 25. In no case did we observe any 
length changes when the experimental solutions were changed.

A swelling factor, Ŝ , was defined as

where 4, is the diameter in the equilibration solution and is the 
diameter in a particular experimental solution. This factor was then used 
to correct for volume changes between the different experimental solu
tions. The equilibration solution was the fivefold diluted standard rigor 
solution, at pH 7. The opacity of the threads was also noted during these 
experiments; some interesting transparency changes were observed.

Determination of the Protein Concentration 
in the Threads

Protein concentration was determined by the microbiuret methods (Leg- 
gett-Bailey, 1967). Threads of known volume were completely digested in 
a known volume of 3% NaOH before assay. The measurements gave the 
total amount of protein in a given sample, and the protein concentration in 
the thread was then calculated in milligrams of protein per milliliter.

Most protein determinations were carried out on samples in the 
equilibration solution (fivefold diluted standard rigor solution) since all 
threads are produced and are easy to handle in this solution. When the 
threads were transferred to the other experimental solutions, it was 
assumed that there was no diffusion of protein out of the sample, so the 
protein concentration of a thread in the new solution was P/S^, where P is 
the protein concentration in the fivefold diluted rigor solution, and 5"] is 
the swelling factor, remembering that the threads did not change their 
length during swelling.
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F i g u r e  1 Two optical micrographs illustrating changes in diam eter o f segm ents o f the sam e gelled thread o f myosin in solutions o f  different 
ionic strength (the effect o f the ligand A T P  is sim ilar). In A, the thread is condensed at low ionic strength (the fivefold diluted rigor solution,
0 .030 M ) after extrusion. In B, an increase in ionic strength to standard rigor solution (0.141 M ) results in a 10% increase in diam eter. Scale  is 
1 mm. 6 8 X.

RESULTS

M orphology and Structure  
of the Protein Threads

T he structure o f the threads was designed em pirically to 
provide solid, cylindrical gels o f nearly m icroscopic dim en
sions at protein concentrations that com pare with the 
density o f m yosin in the A -bands o f m uscle.

Light M icroscopy

Fig. 1 shows a gelled  thread o f myosin at equilibrium  with  
tw o solutions at different ionic strengths. A t low ionic 
strength {p =  0 .030  M ) in dilute rigor solution excluding  
A T P , the diam eter o f the thread with a protein concentra
tion o f 125 mg m l"' was uniform ly - 5 5 0 p m  (F ig. 1 A ) .

A fter (a )  the addition o f 0 .0025 M  A T P  and adjusting  
the pH back to 7, (com puted p  =  0 .044  M ) or (b )  increas
ing the ionic strength by substitution with standard rigor 
solution (ju =  0.141 M ), the diam eter o f the threads 
increase to 5 8 0 -6 0 0  p m ,  w hich is an increase o f -1 0 %  
(F ig. 1 5  shows rigor, jr =  0.141 M ). A  further addition o f  
0.0025  M  A T P  to the standard rigor solution at physiolog
ical ionic strength (/i =  0 .149  M ) resulted in a >30%  
increase in diam eter o f the thread, to over 700 pm .  T hese  
changes in diam eter w ere essentially com plete in 1 0 -15  
min and were reversible for up to 5 h o f exposure to the 
solutions at ionic strengths < 0 .1 5  M. T able II gives the 
average changes in the sw elling factor calculated from the 
diam eter changes.

Electron M icroscopy o f W hole Filam ents

T he m icroscopic structure o f the threads m ade from  
myosin were based on typical reconstituted filam ents 
(H uxley , 1963). Fig. 2 shows an electron micrograph o f a 
single, isolated filam ent from the hom ogenate produced by 
liquid shearing o f a gelled thread. For dilute suspensions

T A B L E  II

Solution N . o f  experim ents 5 , ±a

M yosin
Standard rigor 30 1.64 0.18
'/a Standard rigor 66 1.27 0.16
'/s Standard rigor 58 I —
Standard relax 28 2.06 0 .39
‘/2  Standard relax 46 1.50 0 .24
’/s Standard relax 40 1.33 0.19
Standard A D P 14 1.73 0.22
'/2  Standard A D P 22 1.33 0.20
'/s Standard A D P 20 1.15 0.20

M yosin rod
Standard rigor 26 1.02 0.06
'/2  Standard rigor 26 1.02 0.06
'/s Standard rigor 26 1 —
Standard relax 24 1.06 0.06
'/z Standard relax 22 1.05 0 .04
‘/s Standard relax 20 1.08 0.06

The number o f experim ents, and the sw elling factors with their standard 
deviations in the various solutions, for threads o f myosin and o f  myosin  
rod. W ith m yosin rod the swelling factor is not significantly different from  
unity in any solution.

C o o k e  e t  a l .  Gels o f  Myosin and Myosin Rod 949
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F i g u r e  2 E le c tro n  m ic ro g ra p h  o f  a n  is o la te d  m y o s in  f i la m e n t  o b ta in e d  f ro m  a  d i lu te  s u sp e n s io n , m a d e  b y  h o m o g e n iz in g  a  th r e a d  in  r ig o r  
s o lu tio n  a t  a n  io n ic  s tr e n g th  o f  0 .0 7 2  M . P ro je c tio n s  (arrows) w ith  d im e n s io n s  o f  th e  s ize  a n d  s h a p e  o f  m y o s in  m o le c u le s  e x te n d  f ro m  th e  
ta p e r e d ,  b ip o la r  s h a p e . B a r , 100 n m . 1 2 8 ,0 0 0 x .

- 0 .1 - 0 .2  mg ml"' protein) in standard rigor solutions, 
)ver the range o f ionic strengths from 0 .072  to 0.141 M , 
learly all o f the isolated filam ents exam ined as whole 
nounts by electron m icroscopy were betw een 1- and 
.5 -pm  long, ~  15-nm  w ide at their m id-points, and very 

gradually tapered along both ends. A  central bare zone was 
lot a lw ays observed; instead , irregular projections  
extended from the filam ent shafts along the entire length  
see Fig. 2).

Electron M icroscopy o f Thin Sections  
of Threads

T he arrangem ents o f filam ents in threads were analyzed  
by electron m icroscopy o f thin sections cut from  em bedded  
segm ents. A  set o f results, corresponding to the series o f  
swollen threads studied by light m icroscopy, is illustrated  
in Fig. 3.

In cross-sections o f threads that w ere fixed at low ionic

‘v  .  '

F i g u r e  3 Electron m icrographs illustrating thin sections o f a fixed em bedded series o f swollen threads. A indieates an area o f th e edge and a 
cortical area (25-^tm deep) o f  a thread. Irregular bundles o f close-packed filaments in nearly exact cross-section and resem bling m uscle  
A -bands in size are seen. T he filam ent bundles are separated by clear regions o f comparable areas. B  dem onstrates the effect o f 0 .0025 M  A T P  
in a relaxing solution o f  low ionic strength (0 .044  M ). Bar, 1 gm . 2 8 ,0 0 0 x .
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strength (0 .030  M ) and view ed at low m agnifications, 
nearly all the filam ents appeared in cross-sectioned profile, 
indicating m ainly axial orientations, and w ere tightly  
packed into irregular groups, with intervening clear areas 
o f eom parable and irregular size (F ig . 3 A ) .  This pattern  
o f arrangem ent and orientation am ong the filam ents was 
uniform  over large areas in cross-sections, prim arily in its 
cortical 50 or 60 jtm, or 25% o f the thread diam eter.

W hen the cross-sectional profiles o f the filam ents were 
clearly resolved, differences in the packing arrangem ents 
in sw elled threads were evident. A t low ionic strength, 
bundles contain irregular groups o f 50 to over 100 com pact 
filam ent-profiles w ith an average near-neighbor spacing o f 
- 3 4  nm, as determ ined by optical diffraction (F ig. 3 A ) .  
T he m orphological effects resulting from addition o f the 
ligand A T P , causing a relatively minor increase in ionic 
strength from 0 .030  to 0 .044  M , are shown in Fig. 3 B.

In the presence o f 0 .0025  M  A T P , the profiles o f 
filam ents appeared to be w idely dispersed and retained no 
evidence o f a uniform  interfilam ent spacing or close pack
ing into bundles separated by clear spaces. S im ilarly, a 
significant increase in total ionic strength o f the solution  
phase (a shift from 0 .030  to 0.141 M ) appeared to disperse 
the bundles o f filam ents, and a broad distribution o f 
distances betw een filam ent profiles w ere seen.

H igh-pow er transverse sections o f the threads (F ig . 4) 
show that the m yosin filam ents are quasi-regularly packed,

that they have a solid back bone, and are surrounded by a 
continuous halo, w hich probably consists o f disordered 
heads. T he interstitial spaces are clearly seen in this 
micrograph, which is o f a thread in the fivefold diluted  
rigor solution. It is, however, difficult to judge the degree of 
regularity in the filam ent packing from such micrographs; 
there are som e regions where the packing appears roughly 
hexagonal but on the w hole the order appears liquid-like, 
with perhaps a nearest neighbor spacing (see the x-ray 
results, below ).

T he shape o f the filam ents seen in cross-section is very 
variable, probably because the range o f alignm ents means 
that the cross-section is rarely precise. Som etim es the 
cross-sectioned filam ent appears more circular, w ith a hint 
o f fine subfilam ents (or projection origins).

In longitudinal sections o f plastic-em bedded threads at 
low ionic strengths, the filam ents w ere grouped into an 
axially  oriented trabecular network o f bundles. Each bun
dle contained a staggered arrangem ent o f filam ents, num 
bering from 5 to 10 filam ents in a section o f the small 
bundles to upwards o f 50 filam ents in large bundles. The 
bundles were roughly aligned with the fiber axis. This 
alignm ent varied from bundle to bundle, however, with 
m ost filam ents in m ost bundles within -  ± 1 5°  o f the fiber 
axis. O ccasional bundles, or single filam ents, w ere a1 
greater angles to the axis, and there are also electron-dense 
dots, som e o f w hich are probably cross-sections o f such

F i g u r e  4 Higher power transverse section at 0 .030 M ionic strength, showing details o f  the cross-sectional profiles o f the filam ents, and the 
surrounding halo, which represents the myosin head region. Bar, 250 nm. 59,000x .

C o o k e  e t  a l .  Gels o f  Myosin and Myosin Rod 95



y/

+  '■* " %  ! ■ ' ' ’  : '

' î i
' l u i .
f Y*

*/■
I-1̂'

: î '

' VA'T\
ï %

< "  ' - . I

r i:

F i g u r e  5 A  shows low-power longitudinal section of a myosin thread at low ionic strength (0 .030  M ) .  The orientation o f the bundle 
directions, and the intervening clear regions, can be seen. T he fiber axis is vertical on the page. Bar, 500 nm. 20 ,000 x .  B  shows higher power 
longitudinal section showing a single myosin filam ent bundle. T he arrows show the cross connections, arranged like the rungs o f a ladder. The 
fiber axis is horizontal on the page. Bar, 250 nm. 88 ,000 x .
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m isaligned filam ents. T he interstices o f the filam entous 
network w ere clear and com parable in size to the filam ent 
bundles. T hese interstitial spaces appeared to contain little  
or no electron dense m aterials. A ll these features can be 
seen in low power micrographs o f  longitudinal sections 
(F ig . 5 yd).

In higher m agnification longitudinal sections (F ig . 5 B ) ,  
the filam ents appear to have a dense shaft, ~  1 0 -1 2  nm in 
diam eter, and wispy projections can be seen from these  
shafts. In adjacent filam ents these projections often give a 
ladder-like effect (see the arrowed regions in Fig. 5 B).  T he  
spacing o f the rungs on these ladders could not be 
measured with any precision, but it seem ed to be in the  
range 1 3 -2 0  nm.

Electron M icroscopy o f M yosin Rod

W hen aliquots o f concentrated tactoids m ade from aggre
gated m yosin rod subfragm ents in the standard rigor 
solution w ere extruded over the sam e ionic strength gra
dient that was used for m yosin filam ents, stable gelled  
threads did not form. Instead, the threads dissociated into a 
suspension o f rod filam ents or tactoids within a few  hours

(F ig . 6 A ) ,  presum ably because the aggregates o f rod were 
unable to cross-link into a network o f bundles.

To induce soluble rod subfragm ents to gel in extruded 
threads, very concentrated solutions o f rod were extruded  
into a large volum e o f low ionic strength salt solution (see 
M anufacture o f T hreads). T he structure o f the resulting 
gels in thin section was unusual (F ig. 6 B):  one com ponent 
was identical to the filam entous tactoids, but another 
major com ponent was unique. It consisted o f stellate or 
elongated clusters o f fine radially oriented strands, possibly 
m olecules or sm all aggregates o f rods, -2 0 0 -n m  long, 
m utually linked into a geod esic  network extending  
throughout the longitudinal and transverse axes o f the 
gelled threads. T his geodesic network encloses rod fila
m ents or tactoids, w hich look very m uch like those in the 
suspension seen in Fig. 6 A,  taking account o f the different 
staining conditions o f the two m icrographs. Probably these 
tactoids are identical in the two preparations.

X -ray Diffraction Patterns

M yosin .  T he electron m icrographs o f the m yo
sin gels showed regular, roughly parallel, m yosin filaments. 
T he x-ray pattern, as would be expected, show s a m erid

. . 'A

^ y
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F i g u r e  6 In A, typical tactoidai filaments o f purified myosin rod subfragm ent are shown in a negatively stained preparation. These  
filaments did not form a solid gelled thread. In B, rod subfragm ents in a gelled thread are shown, organized as a m ixture o f filamentous 
tactoids and cross-linked stellate clusters, in a thin-sectioned, em bedded preparation. Bar, 1 /am. 2 0 ,0 0 0 x .

C o o k e  e t  a l .  Gels o f  Myosin and Myosin Rod 953



F i g u r e  7 X-ray diagram s from m yosin threads, fiber axis vertical, in the fivefold diluted (0 .030 M ) rigor buffer. {Top) T he meridional 
pattern, showing the clear, arced, 14.4-nm  m eridional reflection (marked by an arrow) and the continuous low-angle scattering. {Bottom) The 
equatorial pattern, showing the single diffuse equatorial reflection at 38.0 nm, marked by arrows.

ional spacing o f 14.4 ± 0.7 nm (S D , 12 observations, four 
on film  and eight using the proportional counter). Fig. 7 A  
show s a m eridional x-ray pattern o f a m yosin thread taken  
on film. T he 14.4-nm  m eridional reflection is seen clearly, 
but com pared with an intact m uscle it shows considerable 
arcing across the m eridian. T he 14.4-nm  m eridional reflec
tion m ust com e from a relatively well-ordered com ponent 
and this is likely to be the filam ent backbone, probably 
consisting o f the light m erom yosin subfragm ent o f the 
m yosin m olecules. O ccasionally  there w ere traces o f other 
m eridional reflections, particularly on the counter spectra.

but these could not be m easured with any precision, and 
m ight have been artifacts o f the apparatus. N o  off- 
meridional layer lines, w hich could have been interpreted  
as an organized state o f the m yosin heads, were seen in any 
o f our patterns.

In the equatorial direction, a single reflection is seen  
(F ig. I B ) .  This looks too diffuse to be the (1, 0) spacing of 
a hexogonal lattice, and by analogy with the cornea 
(Sayers et al., 1982), it is probably the nearest neighbor 
distance in a packing that is essentially like a two- 
dim ensional liquid. T he spacing o f this reflection is —39

9 5 4
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nm both in the fivefold and the twofold diluted rigor 
solution.

A strong diffuse scatter is seen in the central region, 
similar to the scatter reported in intact muscles (Poulsen 
and Lowy, 1983) as arising from the myosin head subfrag
ments, scattering in a disordered mode. A  full analysis of 
this diffuse scatter is described in the paper that follows 
(Poulsen et al., 1987).

Myosin Rod. Only a few x-ray patterns were 
recorded from myosin rod threads, and these were taken 
with the camera operating with the counter, because this 
was the mode that was operative when rod specimens were 
available. As might be expected from the electron micro
graphs, the spacings are different from those of the myosin 
threads and spacings recorded from intact muscles. In both 
the meridional and equatorial directions these preparations 
gave a diffuse spacing at -1 9 .0  nm. There is, then, some 
regularity in the structure of these threads, and this is 
probably related to the cluster and sheet appearance seen 
in Fig. 6. We intend to follow up on these observations in 
future experiments at the Daresbury synchrotron.

ATPase Activity of Myosin
With myosin threads solubilized in the assay reagents, 
typical K+ ATPase values were 0.1-0.2 pM  mg protein"* 
min"*. This is similar to classical values under these 
conditions. In the fivefold diluted rigor solution used in the 
thread experiments, these values were reduced to 6 nM 
mg"* min"*, showing that the ATPase is largely inhibited 
under our experimental conditions.

Protein Concentration
The protein concentration in the threads of whole myosin 
ranged from 60 to 170 mg ml"*, and in the threads of the 
rod subfragment the concentration ranged from 60 to 120 
mg ml"*, all measured in the fivefold diluted standard 
solution. Most myosin threads in our experiments had a 
concentration of -1 2 0  mg ml"*, and most rod threads had 
a concentration of -9 0  mg ml"*.

Volume Changes 
between Different Conditions

The myosin threads swell with increasing ionic strength, 
with ATP, and to some extent with ADP, as seen in Table 
II where the swelling factors are given. In contrast, myosin 
rod preparations show negligible swelling.

D ISCU SSIO N

Morphology of the Threads
Myosin. The electron micrographs show that 

the myosin threads are composed of typical reconstituted 
myosin filaments (Huxley, 1963), which are packed 
roughly parallel to the axis of the thread and are suffi

ciently well aligned to give both equatorial and meridional 
x-ray diffraction. The meridional 14.4-nm x-ray reflection 
arises at least in part from the backbone of the myosin 
filaments (Elliott and Worthington, 1959; Worthington, 
1960; Elliott, 1964), since it is also seen from oriented 
preparation of light meromyosin (Szent-Gyorgyi et al., 
1960). This reflection is not accompanied by the myosin 
layer lines, which have been attributed to the regular 
helical arrangement of the myosin heads or cross-bridges 
on the surface of the myosin filaments (Elliott, 1964; 
Huxley and Brown, 1967). This must mean that the 
myosin heads are not regularly arranged in these myosin 
threads but extend out randomly to form the halos that are 
apparent in the cross-sections. The appearance of these 
halos seems to depend on ionic strength and the presence of 
nucleotides. The halos are most extended and evident at 
low ionic strength. At higher ionic strength the halos are 
not so diffuse or so extended. Possibly this is related to the 
low ionic strength “cross-bridges” observed by Brenner et 
al. (1982), in mechanical experiments on single rabbit 
fibers, and also characterized structurally by Brenner et al. 
(1984).

A further point may be noted. The myosin threads do 
not disappear into solution on gentle agitation, as do the 
rod threads made by a similar technique. This suggests 
that there must be some mechanical interaction between 
neighboring filaments, since it is now generally agreed that 
the Van der Waals attractive forces between myosin 
filaments are insufficient to account for the cohesion of the 
myosin filament lattice against the disruptive effect of 
electrostatic repulsion between the filaments (see, for 
example, Millman and Nickel, 1980) so that extra elastic 
forces must exist. In our myosin threads, which contain 
only purified myosin, these elastic forces certainly involve 
the myosin heads. It may be sufficient to involve a 
“tangling” of the heads between neighboring myosin fila
ments. In contrast, there may perhaps be more specific 
head-head interactions, as has been suggested from elec
tron micrographs of smooth muscle myosin by Sobieszek 
(1972) and Cooke (1975) and of striated myosin by Suzuki 
and Pollack (1986). Furthermore, in the low-resolution 
x-ray analysis of myosin subfragment 1 in tannic acid- 
embedded crystals (Winkelmann et al., 1985), there 
appears to be head-head subfragment 1 dimers, with a 
close interaction between the two larger regions of the 
tadpole-shaped myosin molecules, at the crystallographic 
twofold axes in the [100] planes (see Fig. 6 of Winkelmann 
et al.). Such dimers might also occur in our gels. In solution 
studies. Morel and Garrigos (1982) observed that dimers 
of (skeletal muscle) S -1 were predominant in the analytical 
ultracentrifuge at low ionic strengths and in the presence of 
Mg-(nucleotide). Under the conditions of their experi
ments, however, the EDTA light chain was missing, so that 
a different interaction might have been predominant (see, 
for example, Pastra-Landis and Lowey, 1986). The contin
uous low-angle scattering from these threads, arising from
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be myosin heads, is discussed in the paper that follows 
Poulsen et al., 1987).

Myosin Rod. Threads made from myosin rod 
id not cohere except under conditions where the three- 
imensional geodesic network was formed (see Methods), 
ffiis network has not been reported before for rod prepara- 
ions, though a similar open-mesh packing was sometimes 
een in negatively stained preparations of light meromyo- 
in by Huxley (1963), Phillpott and Szent-Gyorgyi (1954), 
nd King and Young (1970). Yagi et al. (1981) have 
hown that light meromyosin (LMM), which undergoes 
low dialysis from 0.35 to 0.1 M KCl, forms an extensive 
hree-dimensional network of strands, crossing at 64.4-nm 
ntervals. They suggest that in these nets the LMM  
nolecules pack antiparallel, with the NHj-terminal end of 
he subfragment molecule starting at a node in the lattice 
nd the COOH-terminal end finishing in an overlap region 
nidway between nodes. If a similar packing occurs in the 
od nets seen in our threads, the extra length introduced by 
wo S-2 subfragments, each -70-nm  long, would simply 
Lccount for the difference between the figures of 64.5 nm 
n the LMM nets and the -2 0 0  nm, which we observe in 
he rod nets (see Fig. 6 B).

T he Sw elling o f M yosin and M yosin Rod

nspection of the swelling coefficients of the myosin rod 
;els (Table II) show that these swell very little, <10% by 
volume, under any of the conditions examined. This proba- 
)ly reflects the three-dimensional nature of the geodesic 
letwork, which is likely to constrain, with strong elastic 
brces, any volume changes that might otherwise be gener- 
ited by charge changes. The myosin gels are a different 
natter; in the phosphate buffer the volume in the standard 
igor solution is 64% greater than in the fivefold diluted 
equilibration solution. The addition of ATP to the fivefold 
liluted equilibration solution, to give the equivalent relax- 
ng solution, causes a 33% volume increase, and standard 
•elaxing solution causes the largest increase, a 100% 
ncrease by volume over the equilibration solution. The 
rigor and relaxed series, and indeed the ADP series as well, 
ill swell with increasing ionic strength, but at a given ionic 
strength the relaxed series is more swollen than either the 
rigor or the ADP series, by about an extra 10% (volume) at 
low ionic strengths and by as much as an extra 30% 
(volume) at the highest ionic strengths. It is thus clear the 
mlume of these gels is not simply related to the charge. In 
general the charge increases with ionic strength (Bartels, 
E. M., P. H. Cooke, G. F. Elliott, and R. A. Hughes, 
manuscript in preparation; see also Bartels and Elliott, 
1985) and the volume increases with ionic strength in both 
the absence and the presence of ATP, so the increased 
swelling could be a function of the extra charge. However, 
in the presence of ATP the charge is lower than in its 
absence (Bartels et al., 1985), so the increased volume in 
the presence of ATP must be due to other effects of the

nucleotide. Perhaps ATP decreases the head-head interac
tion between different filaments (see Myosin in Discus
sion), which would constrain the gel from swelling. This 
conflicts with the observations of Morel and Garrigos 
(1982), who observe extra dimerization of myosin heads in 
the presence of Mg ATP. It does, however, agree with our 
own electron microscope observations (Fig. 3, A  and B), 
where the addition of ATP at constant salt concentration 
appears to decrease the clumping of the myosin filaments 
and to make them distribute more evenly in the available 
space. This phenomenon is also in accord with the qualita
tive interpretation of the transparency changes. These 
interesting effects warrant further study.
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Patients with Polymyositis Show Changes in 
Muscle Protein Charges
ELSE MARIE BARTELS, S0REN JACOBSEN, LARS RASMUSSEN, and BENTE DANNESKIOLD-SAMS0E

Abstract. Polymyositis (PM) appears with indolent proximal muscle weakness and is an inflam
matory disease with breakdown of muscle cells. In our study the protein charge concentra
tions of the contractile proteins in the A and I hands were determined, applying a microelectrode 
technique. Patients with PM show a lower protein charge concentration than healthy control 
subjects which may he caused by the breakdown and removal of the proteins in the contractile 
filaments. A tool to Judge the state o f the disease as well as an aid in diagnosis may have been 
found in this method. ( /  Rheumatol 79S9,16:1542-4)

o

o

Key Indexing Terms:
POLYMYOSITIS MUSCLE PROTEINS

Polymyositis (PM) is an idiopathic myopathy causing main
ly skeletal muscle inflammation and subsequent breakdown 
of muscle cells and showing its appearance by indolent prox
imal muscle weakness. The progression of the disease can 
be more or less acute and even lethal, due to involve
ment of the heart or respiratory muscles. The muscle weak
ness is caused by the breakdown of muscle cells. Often the 
disease is accompanied by rashes and is then called derma- 
tomyositis (DM)'.

The cause of the disease is unknown. Electrical measure
ments of the protein charge concentration of the contractile 
proteins have been carried out to see if PM is associated with 
changes in the contractile filaments.

MATERIALS AND METHODS
Patients. The patient group eonsisted o f  3 male and 4 fem ale patients with 
definite PM diagnosed according to the criteria^ shown in Table I. In 
addition. Patient 3 , a 48-year-old man, had characteristic rashes, fulfilling  
the criteria for definite dermatom yositis (D M ). He was reexamined after 
15 months. The mean age o f  the patients was 60 years (4 7 -7 8 ). The mean 
duration o f  disease was 2 .2  years (1 month-4 years). All patients had started 
treatment with prednisone shortly after PM had been diagnosed. All sub
jects were informed about the nature, purpose and possible risks o f the experi
ments before giving their consent to participate.

They were compared with a group o f  healthy subjects investigated under 
similar experimental conditions^.
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MICROELECTRODE DERMATOMYOSITIS

Muscle samples. Biopsy specim ens were taken from the vastus lateralis o f  
the quadriceps muscle using a Bergstrom needle^'^. The biopsy specimens 
were transferred directly from the Bergstrom needle to a glycerinated solu
tion to remove the cell membranes and internal membrane systems^. After 
a preparation period o f  3 days where the glycerinated solution was changed 
every 8 h, the glycerinated specim ens were stored in the freezer at -25°C  
in the glycerinated solution. After 3 weeks the preparations were ready for 
measurement. The glycerinated solution was a 50% glycerol solution buffered 
at pH 7 .0  with 10 mM phosphate buffer and containing 50 mM KCl, 1 mM  
M gC b 2 mM EGTA.

Electric charge measurements. The protein charge concentration in the A 
and the I bands o f  the m uscles was determined by measuring the Donnan  
potentials with a microelectrode technique and calculating the protein charge 
concentrations using Donnan theory as described*. About 100 readings 
were taken from each m uscle fiber bundle. A ll measurements were per
formed under high power light m icroscopy (400 x) with phase and polari
zation contrast which allowed localizing the electrode tip (diameter 0 .1 -0 .2  
/am) in either the A or the I bands.

The muscle specimens were measured in 2 rigor and 2 relaxing solutions. 
Rigor solution 1 contained (m M ) KCl 100, M gC l2  5 and phosphate buffer 
(pH 7) 20. Relaxing solution 1 contained (mM) KCl 100, M gC^ 10, EGTA 
4 , Na2 A TP 5 and phosphate buffer (pH 7) 20 . Rigor solution 2 was half 
the concentration o f  rigor solution 1 and relaxing solution 2 was half the 
concentration o f  relaxing solution 1. M uscle preparations were soaked in 
the experimental solution 1 h before any measurements were taken to assure 
an equilibrium condition.

Statistics. D ifferences between means were tested for significance by 
Student’s unpaired 2-tailed t test. A value o f  p <  0 .0 5  was considered sig
nificant.

RESULTS
Protein charge concentrations. Table 2 shows the average 
protein charge concentrations in PM muscles and in normal

Table 1. Diagnostic criteria in PM/DAP

1. Proximal m uscle weakness o f  the lim bs.
2. Raised m uscle enzym es.
3. M yopathic EMG.
4 . M icroscopic signs o f  m yositis.
5. Characteristic skin rashes.

Definite PM: criteria 1 -4  must be satisfied.
Definite DM : 3 o f  the first 4  criteria and criterion 5 must be satisfied.
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Table 2. Protein charge concentration (mmol/l) in the A and
1 bands o f PM and normal muscle in Rigor solution 1 and
2 and in Relaxing solution 1 and 2

Control Group 
(n=7)

PM Group 
(n=7)

Reduction in 
Protein Charge 
Concentration*

Mean ± SD Mean + SD (%)
Rigor 1 

A band -6 0  5 -4 5  8 25.7
I band -3 2  6 -2 6  5 18.3

Rigor 2 
A band -6 0  4 -4 5  5 25.7
I band -4 0  3 -2 6  1 34.3

Relaxing 1 
A band -4 5  5 -3 4  3 23.9
I band -4 5  5 -3 4  3 24.4

Relaxing 2 
A band -51  4 -3 5  1 30.8
I band -51  4 -3 6  1 29.7

* The column at the right hand side shows the charge drop between the 
protein charge concentration in normal subjects and in patients with PM.

muscles. The patients with PM showed a significantly lower 
protein charge concentration, with a relative drop in protein 
charge concentration ranging from 18.3 to 34.3% (p <  0.001 
for all differences). The average reduction in charge con
centration was 27%.

The patient who had been reexamined after 15 months 
showed a further substantial reduction in protein charge con
centration between the 2 tests (Table 3). At the higher ionic 
strength a further reduction of 29-40% was seen while the 
lower ionic strength gave a reduction of 4-14%. The clini
cal state of the patient had seriously worsened during the 15 
months that had passed between the 2 samples.

DISCUSSION
A new and interesting finding in patients with PM/DM is 
a significantly reduced protein charge concentration inside

Table 3. Protein charge concentration (mmol/l) in the A and 
I bands o f Patient 3 (DM) reexamined after one year

First Sample
Second Sample 

15 Months Later

Reduction in 
Protein Charge 
Concentration

Rigor 1 
A band -5 8 -35 40%
I band -2 8 -2 0 29%

Rigor 2 
A band -5 0 -43 14%
I band -2 7 -2 6 4%

Relaxing 1 
A band -3 8 -2 6 32%
I band -3 7 -25 32%

Relaxing 2 
A band -35 -32 9%
I band -3 4 -32 6%

the muscle fibers compared to muscle fibers from healthy 
subjects. The presence of high serum values of creatine phos- 
phokinase and myoglobin in PM is known to be due to break
down of muscle cells. Microscopically, muscle fiber 
degeneration and infiltration of lymphocytes is seen^. The 
reduced protein charge concentration discovered in our study 
is probably due to this breakdown and the following loss of 
charged contractile proteins from the filaments. The patient 
in this study who had been reexamined after 15 months had 
lower protein charge concentrations as his disease had 
become worse. Even though one cannot draw any conclu
sions from one patient, this points towards a link between 
the clinical state of PM and the protein charge concentration.

The lower charges on the contractile proteins of the patients 
with PM in this study might also have been induced by the 
steroid treatment. However, in 2 groups of patients with 
rheumatoid arthritis, one that did not receive steroids and 
one that did, no difference in protein charge concentration 
was found (unpublished observations). We would therefore 
not expect any glucocorticoid effect in patients with PM 
either, or if  any, patients with PM not treated with glucocor
ticoid steroids ought to have even lower protein charge con
centration than those observed in our study, since steroid 
treatment diminishes the breakdown of muscle cells in PM. 
We hope to investigate muscle biopsies from patients with 
PM before and after steroid treatment in the near future. Fur
thermore it would be interesting to investigate a possible 
correlation between the disease severity (e.g., extent of 
muscle weakness, enzyme levels and degree of inflamma
tion) and the protein charge concentration.

Whether the low protein charge concentrations are specific 
to PM is not yet known, but at present we have also meas
ured protein charge concentrations in muscle fibers from 
patients with myotonia co n g en ita w h ich  have shown no 
divergence from normal values (unpublished observations). 
Other disease entities which have been investigated are rheu
matoid arthritis where some divergence from normal pro
tein charge concentrations was seen at lower ionic 
strengths'0 and primary fibromyalgia where normal protein 
charge concentrations were found^.

This microelectrode technique has been in common use for 
the last 30 to 40 years and the method can be set up easily 
by a well trained laboratory technician. Further research in 
other myopathic entities is necessary for determining the sen
sitivity and specificity of the protein charge concentration 
measurement technique, but it may prove to be a new aid 
in diagnosing PM and in judging the severity of the disease 
in a particular patient.
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