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f Water in Muscle and Blood and the Osmotic Behaviour

of Muscle.

B y  A . V . H i l l , F .R .S .

(R eceived M ay 5, 1930.)

( F r o m  t h e  D e p a r t m e n t  o f  P h y s i o l o g y  a n d  B i o c h e m i s t r y ,  U n i v e r s i t y  C o l l e g e ,  L o n d o n . )

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

I n  th e  cou rse  of th e  in v e s tig a tio n  d e sc rib ed  in  th e  p re ced in g  p a p e r  b y  H ill 

a n d  K u p a lo v  i t  b eca m e n e ce ssa ry  to  d e te rm in e  th e  a m o u n t of “  free  ”  w a te r  

in  m uscle, i.e., th e  w e ig h t of w a te r  p e r  g ra m m e  of m uscle  w h ich  is c a p a b le  of 

d isso lv ing  in  a  n o rm a l m a n n e r  (w ith  th e  n o rm a l dep ressio n  of v a p o u r  p re ssu re ) 

su b stan ces  a d d e d  to  i t .  F o r  m a n y  y ears, ch iefly  on  th e  ev iden ce  of th e  e x p e r i

m e n ts  of O v e rto n  (1902), i t  h a s  b een  co m m only  su p p osed  t h a t  a  la rg e  p ro p o r

t io n  of th e  w a te r  of m uscle  ex is ts  in  som e “  b o u n d  ” fo rm , in c a p a b le  of ta k in g  

p a r t  in  th e  o sm otic  ch an g es w h ic h  o ccu r w he n  th e  tis su e  is im m ersed  in  h y po - 

o r h y p e r- to n ic  so lu tion s. F ro m  th e  fa c t t h a t  a  m uscle  sw ells to  m u c h  less th a n  

tw ice  i ts  in it ia l  w e ig h t w he n  im m ersed  in  a  so lu tio n  of h a lf  th e  in i t ia l  o sm otic  

p ressu re  O v e rto n  con clu ded  “  dass  n ic h t da s ge sa m m te  im  M uskel befind liche  

W asser in  de r F o rm  eines L o su n g sm itte ls  e n th a l te n  sein  k a n n .” I  h a v e  con 

firm ed  O v e rto n ’s e x p e r im e n ts  (see below ) b u t  be lieve  t h a t  a  v e ry  d iffe ren t 

e x p la n a tio n  of th e m  is necessary .

V arious o th e r  de fin ition s of, a n d  m e th o d s  of d e te rm in in g , th e  “ free  ” w a te r  

of a  so lu tion  (or a  tis su e) a re  possib le, a n d  th e se  do n o t  n ece ssa rily  coincide  

w ith  each  o th e r. Je n se n  a n d  F is c h e r (1910) a n d  J e n s e n  (1912) d e te rm in e d  

th e  “ bo u n d  ” w a te r  b y  m a k in g  cooling cu rv es  for m uscles a n d  ca lc u la tin g  th e
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478 A . V . H i l l .

h e a t  abso rbe d  from  th e  a re as  of th e se  cu rves. A  com pariso n  of th e  re su lts  

w ith  th ose  o b ta in e d  w ith  so lu tions  of N aC l w as be lieved  to  allow  a  ca lcu la tion  

of th e  “ b o u n d  ” w a te r. I n  fresh  m u scle  th e y  fo u n d  4 p .c . of th e  to ta l  w a te r 

to  be “ b o u n d ,” in  m uscle  k illed  b y  freezing  a n d  th a w in g  14 to  17 p .c., in  

m uscle  h e a te d  to  100° C. 22 p .c .

A  v e ry  obvious o b je c tio n  w as ra is e d  b y  R u b n e r  (1922), v iz., t h a t  th e rm a l 

c o n d u c tio n  m a y  be  q u ite  d iffe ren t in  m uscle  a n d  in  so lu tions  of N aCl. R u b n e r 

p roposed  a n  a lte rn a t iv e  m e th o d  b a se d  on  th e  sam e gen era l idea, v iz., th a t  

“ bo u n d  ” w a te r  m a y  be  defined  as t h a t  w h ich  c a n n o t be  frozen  o u t b y  cooling 

th e  tis su e  to  such  te m p e ra tu re s  as — 20° C. T h e  m a te r ia l to  be  in v estig a ted  

w as cooled to  a  low  te m p e ra tu re  fo r tw o  h o u rs  a n d  th e n  d ro p p e d  in to  a  w a te r  

ca lo rim eter , th e  h e a t  re q u ire d  to  m e lt i t  be ing  m easu re d . H e  foun d  th a t  

1 g ram m e of d ry  su b s ta n c e  w as a sso c ia te d  w ith  th e  fo llow ing am o u n ts  of

“  b o u n d  ”  w a te r  :—

E g g -w h ite ........................................  0 • 33 g.

B lood  co rpusc les .........................  0 • 63 g.

E la s tic  tis su e  .................................  0 • 44 g.

B lood  vessels  .................................  0 • 45 g.

B eef m uscle  (dead ) .....................  0*76 g.

B eef h ear t-m u sc le  (dead ) .............  0 -6 4  g.

F ro g ’s m uscle  ( a l i v e ) .....................  0 -9 0  g.

T h e  fro g ’s m uscle  w as cooled  to  — 18° C. a n d  100 g. of m uscle  co n ta in ed  61 -7 g. 

of “  free  ” w a te r  (m ean  of 11 o b s e r v a t io n s ) ; s im ila r m uscle  co n ta in ed  79 -8  p .c. 

of to ta l  w a te r .

R u b n e r ’s m e th o d  also  is n o t free  fro m  possib le  o b je c t io n :—

(i) I t  assum es t h a t  th e  “ b o u n d  ” w a te r  is th e  sam e a t  — 20° C. as  a t  th e

o rd in a ry  te m p e ra tu re s  in  w h ich  w e a re  in te re s te d  ; th e  “ b in d in g ” of 

w a te r  b y  a  h y d rop h ilic  collo id  is lik e ly  to  be  a n  exo the rm ic  reac tion , 

in  w hich case i t  m ig h t p roc eed  a p p re c ia b ly  fu r th e r  a t  a  low te m p e ra tu re  

th a n  a t  a  h igh .

(ii) I t  assum es t h a t  no  re a c tio n s  o th e r  th a n  th e  m e ltin g  of ice occu r w hen 

th e  te m p e ra tu re  rises.

(iii) T he specific h e a ts  of th e  solid  c o n s ti tu e n ts  of m uscle  m a y  n o t be very  

a cc u ra te ly  know n , o r th e  h e a ts  of th e ir  so lu tion  negligible. I t  is 

possible, m oreover, t h a t  w a te r  p re v e n te d  from  freezing  b y  assoc iation  

w ith  h yd rop h ilic  colloids m a y  neverthe le ss  be capa b le  of dissolving 

sub stances p re se n t in  th e  tissue .

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

9
 A

u
g
u
st

 2
0
2
2
 



State o f  Water in Muscle and Blood. 479

R u b n e r’s m e th o d  w as em p loy ed  b y  T hoen es  (1925). T h e  la t te r  fo u n d  in  a  

ge la tin  je lly  a b o u t 2 g. of w a te r  “  b o u n d  ” b y  e ac h  1 g. of d ry  m a te r i a l ; in  

ag ar  je lly  a b o u t 4 g. I n  th e  m uscles of y o u n g  a n im a ls  he  fo u n d  a b o u t 2 g. 

of “  b o u n d  ” w a te r  p e r  1 g. of d ry  su b s ta n c e , in  th o se  of o ld  a n im a ls  a b o u t 

1 g. T he m uscles w ere frozen  a n d  th a w e d , a n d  a f te r  p ass in g  in to  rig o r w ere 

frozen aga in  a n d  th e  h e a t  of th a w in g  m easu red . “  A uf d iesem  W ege ,” he  

claim ed , “ ge lin g t d e r N achw eis e iner A nd e ru n g  de r W a sse rb in d u n g  in  Z u- 

s ta n d e  de r S ta rre  m it g rosserer S ic h e rh e it.”

R ob in so n  (1928) a p p lie d  th e  sam e  m e th o d  to  in v e s tig a tin g  th e  h a rd in ess  

of in sec ts  ex posed  to  low  te m p e ra tu re s  d u r in g  w in te r. I n  som e in sec ts  as  

m u ch  as one -ha lf of th e  w a te r  th e y  c o n ta in  m a y  be  “ b o u n d ,” in  th e  sense t h a t  

i t  is n o t frozen  b y  cooling  to  — 20° C. I n  h a rd y  in sec ts  (P ro m o th e a )  exposed  

to  low  te m p e ra tu re s  th e  p ro p o r tio n  of w a te r  “ b o u n d  ”  m a y  inc rease  from  

a b o u t 8 p .c . a t  th e  s t a r t  to  ov e r 40 p .c . a f te r  tw o  o r th re e  w eek s’ ex po su re . 

T he m e th o d  em p loye d  b y  T h oenes a n d  b y  R o b in so n  is d iscussed  in  d e ta il  by  

G o rtn e r (1929).

A n o th e r de fin ition  of, a n d  a n o th e r  m e th o d  of d e te rm in in g , th e  “  free  ” 

w a te r w ere sugg ested  b y  N ew to n  a n d  G o rtn e r  (1922), w ho a d d e d  a  kno w n  

a m o u n t of cane  su g a r to  ex p re ssed  p la n t  ju ice  a n d  m e asu re d  th e  re su ltin g  

dep ression  of freez ing  p o in t. B y  co m p arin g  th is  w ith  th e  dep re ssion  cau sed  

b y  a d d in g  th e  sam e a m o u n t of su g a r  to  a n  a m o u n t of w a te r  e q u a l to  th e  total 

q u a n t i ty  c o n ta in e d  in  th e  ju ice , th e y  w ere ab le  to  show  t h a t  a n  a p p re c iab le  

fra c tio n  of th e  w a te r  w as “bo u n d ,” in  th e  sense t h a t  i t  to o k  no  p a

so lu tio n  of th e  c an e  sug ar . I n  one  case  in  w h ich  th e  so lids m ad e  u p  0 -1 7 8  g. 

p e r 1 g. of ju ice , of th e  to ta l  w a te r  (0• 822 g.) 0• 130 g. w as fo u n d  to  be  “  b o u n d .”  

N ew to n  (re fe rred  to  b y  G o rtn e r  (1 92 9)) h a s  em p loye d  th e  sam e m e th o d  of 

s tu d y in g  th e  s ta te  of w a te r  in  th e  sap  of w in te r  w h eat, in  d ro u g h t- re s is ta n t 

crops, a n d  in  th e  p ress ju ic e  of grasses. T he  m e th o d  is of g en era l a p p lic a tio n , 

a n d  sim ilar in  p rinc ip le  to  th e  one em ployed  in  th e  p re se n t in v estig a tio n . 

I t  requ ires, how ever, g re a te r  q u a n tit ie s  of flu id, a n d  fo r a cc u ra cy  a p p a re n tly  

g re a te r c o n ce n tra tio n s  of so lu te , a n d  i t  is op en  to  th e  possib le o b je c tio n  th a t  

a t  o rd in a ry  te m p e ra tu re s  th e  a m o u n t of w a te r  “ b o u n d  ”  m a y  be less th a n  a t  

th e  freezing  p o in t. A  sim ila r m e th o d  w as u sed  b y  S tra u b  (1927) in  h is  in v e s ti

g a tio ns  of m ilk .

A n o th er m e th o d  dep en ds  u p o n  th e  fa c t t h a t  a  solub le su b s ta n c e  w h ich is 

capab le  of p e n e tra tin g  th e  cells of a tis su e  w ill fina lly  a t ta in  e q u a lity  of concen

tra t io n  in  th e  w a te r  of a n  e x te rn a l so lu tio n  a n d  in  th e  “  free ” w a te r  of th e  

tissue . A q u a n tita tiv e  d e te rm in a tio n  of th e  a m o u n t of th e  su b sta n ce  in

v o l . c v i.— b . 2 M
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480 A . Y .  H i l l .

questio n  p re se n t in  1 g. of th e  tis su e , w hen in d iffu sion  e q u ilib riu m  w ith  a given 

e x te rn a l co n ce n tra tio n , a llow s a n  e s tim a te  to  be m ade  of th e  “ free ” w ater. 

T his  m e th od , suggested  b y  P . E g g le to n  a n d  H . Y. H o rto n , w as ap p lied  by  

th e m  to  th e  case of u re a  d is tr ib u tin g  itse lf  b e tw een  R in g e r’s so lu tion  and 

m uscle  ; th e ir  re su lts  th e y  h a v e  k in d ly  a llow ed m e to  re p o r t  here. N o t m an y  

subs tances, how ever, if an y , a re  re a lly  s u ita b le  fo r  th e  pu rp ose  : (a) T hey 

m u s t be c ap ab le  of p e n e tra tin g  th e  tis su e  ra p id ly  a n d  com ple te ly  ; (b) th e y  

m u s t n o t be d isso lved in , o r ad so rb ed  b y  th e  so lid  m a te r ia l  of th e  tis su e —

(a) a n d  (6) a re  a n  u n u su a l c o m b in a tio n  of p ro p e r tie s  ; (c) th e y  m u s t be  in  th e  

sam e p h y s ica l s ta te  in  th e  so lu tio n  a s in  th e  tis su e — C 0 2 is in ad m issib le  because 

i t  p rodu ces H C 0 3 ions in  a  bu ffered  m e d iu m  ; (d) th e y  m u s t be  su scep tib le  of 

a c c u ra te  q u a n ti ta t iv e  e s tim a tio n  ; (e) th e y  m u s t be  non -e lec tro ly te s, o therw ise  

th e  assum ed  e q u a lity  of c o n c e n tra tio n  w ill be  p re v e n te d  b y  th e  D on nan  

m em b ra n e  effect.

A n  analogous m e th o d , how ever, can  be  em p lo y ed  if p ieces of tis su e  are  

av a ilab le  w hich a re  sm all en ou g h  to  allow  water to  re d is tr ib u te  itse lf in a  

rea so na b le  tim e  b e tw ee n  th e m  a n d  a  sm all q u a n t i ty  of so lu tio n  in  w h ich th e y  

a re  im m ersed . Im ag in e , fo r ex am ple , t h a t  fo u r sm all m uscles a re  soaked  for 

som e tim e  in n o rm a l o x y g e n a te d  R in g e r’s so lu tio n  (R ). L e t th e m  be carefu lly  

b lo tte d  a n d  w eighed , a n d  le t th e ir  w eig h t be  (say) 1 g. L e t th e m  be  m ixed 

w ith  a  sm all w eighed  q u a n t i ty  of a  so lu tion , c o n ta in in g  th e  c o n s ti tu e n ts  of 

R in g e r’s flu id  in  tw ice  th e  n o rm a l c o n c e n tra tio n  ( 2 R ) ; le t th e  a m o u n t of 

w a te r  in  th is  2 R  so lu tio n  be  0 • 8 g. L e t  th e  m uscles a n d  th e  so lu tio n  be s tirre d  

to g e th e r  for (say) 16 h o u rs  in  a  s to p p e red  tu b e  c o n ta in in g  o x y g e n ; in  t h a t  tim e 

th e  o sm otic  p re ssu res of m uscles a n d  so lu tio n  w ill h a v e  been  equalised  b y  the  

d iffusion  of s a lt  in w ard s a n d  of w a te r  o u tw a rd s . L e t th e  dep ression  of vapo ur 

p ressu re  of th e  so lu tio n  be  eq u a l fina lly  (say) to  t h a t  of a  so lu tio n  1 -5 R . B y 

w a te r pass ing  o u t a n d  b y  sa lts  p a ss in g  in , th e re fo re , th e  o sm otic  p re ssu re  of 

th e  m uscle  h as  risen  50 p .c ., w hile t h a t  of th e  so lu tio n  h as  fa llen  50 p .c . This 

can  on ly  be th e  case if th e  “ free ” w a te r  of th e  o rig in a l m uscle  w as th e  same 

in  a m o u n t as  th e  w a te r  of th e  o rig in a l so lu tio n  ; hence  th e  “ free ” w a te r of 

th e  m uscle  in  th is  case w as 0 • 8 g.

W e h ave  ta k e n  a  s im p le  case for pu rp o ses  of il lu s tra tio n , b u t  th e  m e thod  is 

genera l a n d  req u ires  no su b stan ce  of p e cu lia r  p ro p e rtie s  as  its  basis . The only 

spec ia l re q u ire m e n t is an  a c c u ra te  m eans  of m easu rin g  th e  dep ression  of vapour 

p ressu re  of a  sm all a m o u n t of so lu tion . T his  is av a ila b le  in  th e  therm al 

m e th od  recen tly  described  (H ill, 1930) a n d  re fe rre d  to  in  th e  p reced ing  paper

T he p ra c tic a b ility  of th e  m e th o d  as  a p p lie d  to  m uscles w as n o t r e a l i s e d  a t
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State o f  Water in Muscle and Blood481

f i r s t ; b lood, the re fo re , a n d  so lu tion s of case in  a n d  egg-w hite , w ere firs t s tu d ied , 

a n d  th e ir  “ free  ”  w a te r  d e te rm in e d , in  th e  hope  t h a t  th e  re su lts  m ig h t th ro w  

ligh t up o n  th e  ana log ou s p ro b le m  of m uscle . T he  m e th o d  u sed  w as to  a d d  

variou s so lub le  su b s ta n c es  to  th e  so lu tio n  in  q u e s tio n  a n d  to  com pare  th e  

dep ression  of v a p o u r  p re ssu re  cau se d  th e re b y  w ith  t h a t  due  to  a d d in g  th e  sam e 

am o u n t of th e  su b s ta n c e  to  a  kn ow n  a m o u n t of s a lt  so lu tio n . F o r  exam ple , 

le t u s a d d  1 g. of can e  su g a r to  10 g. of b loo d  a n d  m e asu re  th e  d ifference of 

v a p o u r p re ssu re  be tw ee n  th e  re su ltin g  so lu tio n  a n d  th e  o rig ina l b lood  ; le t 

th is  difference be 125 (a rb itra ry )  u n its . L e t u s now  a d d  1 g. of can e  su g ar  

to  10*1 g. of 1 p .c . N aC l so lu tio n  (co n ta in in g  10 g. of w a te r) a n d  m easu re  th e  

difference of v a p o u r  p re ssu re  b e tw ee n  th e  re su ltin g  so lu tio n  a n d  th e  o rig ina l 

1 p .c. N a C l ; le t th is  d ifference be 100 u n its . I t  is c lear  th e n  t h a t  th e  “  free ” 

w a te r in  th e  10 g. of b loo d  is 100/125 of t h a t  in  th e  10*1 g. of N aC l so lu tio n  ; 

i t  is 8 g. V a rious  su b stan ces , a n d  in  v a rio u s  c o n ce n tra tio n s , h a v e  b een  a d d e d  

to  th e  so lu tio ns  in  q u estio n , a n d  th e  re su lts  a re  desc rib ed  in  su b se q u e n t 

sec tions.

I I .  T h e  S t a t e  o f  W a t e r  i n  B l o o d .

M am m alian  b lood  c o n ta in s  a b o u t  th e  sam e  re la tiv e  a m o u n t of w a te r  as 

a m p h ib ia n  m uscle, v iz ., 80 g. of H 20  p e r  100 g. of b lood . I t s  ch ief p ro te in , 

m oreover, haem oglobin, is a n  efficient buffer, be ing  th e  ion ised  a lk a li s a lt  of a  

w eak acid , th e  u n d is so c ia te d  p ro te in  be ing  fo rm ed  w hen  a  s tro n g e r ac id  is 

ad d ed  :—

K +  +  H b ~  +  H +  +  A ”  -* K +  +  A "  +  H H b .

I n  b o th  re sp ec ts  b lood, re g a rd e d  as a  physico -chem ica l sy stem , is s im ila r to  

m uscle. I t s  hy d ro g en  ion  c o n c e n tra tio n  is a b o u t th e  sam e. V e ry  precise  

d a ta  a re  ava ilab le  as  to  th e  chem ica l c o n s ti tu tio n  of n o rm a l m a m m a lia n  b lood  ; 

its  freezing  p o in t (— 0*56 to  — 0 -57° C.) is a c c u ra te ly  know n, a n d  experience  

has d e m o n stra te d  t h a t  “  m a m m a lia n  R in g e r-L o ck e ’s so lu tio n  ” of th e  sam e 

freezing p o in t is iso ton ic , a t  a n y  ra te  a p p ro x im a te ly , w ith  th e  tissues w hich  

w ere p rev iously  in  eq u ilib riu m  w ith  th e  b lood. I t  is in s tru c tiv e , the re fo re , to  

ca lcu la te  th e  sum  of th e  m o la l c o n ce n tra tio n s  (gram m e-m olecu les p e r 1000 g. 

of water) of th e  c o n s ti tu e n ts  of b lood, a n d  to  com p are  th is  sum  w ith  th e  m ola l 

co n ce n tra tio n  of a  N aC l so lu tio n  w hich  is kn ow n  to  be iso ton ic  w ith  th e  b lood.

A bd e rh alde n ’s (1898) ana ly ses  of th e  b lood  of tw o  c a tt le , tw o  sheep, tw o  

horses, tw o  dogs, one go at, one pig, one ra b b i t  a n d  one c a t, allow  th e  follow ing 

m ean  va lues to  be  ca lc u la te d . I t  is rea lised  th a t  b y  ta k in g  th e  m ean  of h is  

12 va lues for each c o n s ti tu e n t we o b ta in  a  re su lt  w hich is t ru e  in  d e ta il for no

2 m  2
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482 A . V . H i l l .

p a r tic u la r  a n im a l ; since, how ever, o u r on ly  o b je c t is to  find  th e  sum of th e  

m o la l co n ce n tra tio n s  for m a m m a lia n  blood, no erro r is in tro d u ce d  b y  ta k in g  

th e  m ean , a n d  th e  re su lt is m ore  a c c u ra te .

T ab le  I .— M ean V alues ca lc u la te d  from  A b d e rh a ld e n ’s D a ta  for M am m alian

Blood.

S u b s t a n c e .
g . t o  1 0 0  g . 

b lo o d .

g . t o  1 0 0  g .

h 2o .
M o la l

c o n c e n t r a t io n .
R e m a r k s .

h 2o  .......... 8 0 - 2

H b  . . . . . . . . . . . . . . 1 2 - 5 1 5 - 6 0 - 0 0 2 3 M o le c u la r  w e ig h t  a s s u m e d  6 7 0 0 0  
( A d a ir  ( 1 9 2 5 ) ,  ( 1 9 2 8 ) ) .

S u g a r  . . . . . . . . . . 0 - 0 7 9 0 0 - 0 9 8 0 0 - 0 0 5 4

N a  . . . . . . . . . . . . . . 0 - 2 4 6 0 0 - 3 0 6 0 0 - 1 3 3 1 _

K  . . . . . . . . . . . . . . 0 - 0 7 9 0 0 - 0 9 8 0 0 - 0 2 5 2

C a  . . . . . . . . . . . . . . 0 - 0 0 4 4 0 - 0 0 5 5 0 - 0 0 1 0 A s s u m e d  7 0  p .c .  a s  f r e e  C a  io n s .

M g  . . . . . . . . . . . . . . 0 - 0 0 3 1 0 - 0 0 3 9 0 - 0 0 1 6x o
C l . . . . . . . . . . . . . . 0 - 2 8 9 0 0 - 3 6 0 4 0 - 1 0 1 5 _

T o t a l  P  . . . . . . . 0 - 0 3 1 4 0 - 0 3 9 2 0 - 0 0 8 8 S e e  n o t e .

S u m  .... 0 - 2 7 8 9
• '  V

Note.— T h e  m o la l  c o n c e n t r a t i o n  f o r  t o t a l  P  a s s u m e s  t h a t  t h e  n u m b e r  o f  d i s s o lv e d  m o le c u le s  
c o n t a in in g  p h o s p h o r u s  i s  7 0  p .c .  o f  t h e  n u m b e r  o f  p h o s p h o r u s  a t o m s .  A c c o r d in g  t o  p r iv a t e  
in f o r m a t io n  f r o m  M r. P .  E g g l e t o n  t h e  p h o s p h o r u s  d i s t r i b u t i o n  in  b lo o d  i s  a p p r o x im a t e ly  a s  
f o l l o w s ,  e x p r e s s e d  a s  m g . P .  p e r  1 0 0  g . b lo o d .  I n o r g a n ic  p h o s p h a t e ,  4 4 ;  p y r o p h o s p h a t e ,  2 \ ; 
a d e n y l ic  a c id ,  1 2 ;  h e x o s e m o n o p h o s p h a t e ,  l .V ; h e x o s e  d ip h o s p h a t e ,  4  ; t h e  r e m a in in g  p h o s 

p h o r u s  b e in g  p r e s e n t  in  l i p i n s ,  p r o b a b ly  n o t  d i s s o l v e d .

A b d e rh a ld en ’s lis t, how ever, a lth o u g h  i t  m a k es  u p  n ear ly  87 p .c. of th e  sum  

of th e  m o la l co n ce n tra tio n s , m u s t be  su p p le m en te d  b y  th e  follow ing, d a ta  for 

w hich  h a v e  been  o b ta in e d , in  c o n su lta tio n  w ith  M r. P . E gg le ton , from  various

sources.

T a b le  I I . — C o n sti tu e n ts  of M am m alian  B lood.

S u b s t a n c e .
C o n c e n t r a t io n

a s s u m e d .

M o la l

c o n c e n t r a t io n .
R e m a r k s .

P r o t e in  o t h e r  t h a n  H b O n e - t h ir d  o f  t h e  v a lu e  f o r  
H b

0 - 0 0 0 8 A  r o u g h  e s t i m a t e ,  b u t  
t h e  v a lu e  i s  p r a c t ic a l ly  
n e g l ig ib le  in  a n y  c a s e .

B ic a r b o n a t e  . . . . . . . . . . . . . . 5 0  e .e .  c o m b in e d  C 0 2 p e r  
1 0 0  g . b lo o d

0 - 0 2 8 0

L a c t a t e  . . . . . . . . . . . . . . . . . . . . . . 1 6  m g . p e r  1 0 0  g . b lo o d  .... 0 - 0 0 2 2 —

so4 .................... t _  _  . . . .  . . . . 0 - 0 0 0 3 —

U r e a  . . . . . . . . . . . . . . . . . . . . . . . . . . 0 * 0 3 0  p .c .  in  b lo o d  . . . . . . . . . . 0 - 0 0 6 2 —

A m in o  a c id s  . . . . . . . . . . 0 * 0 0 6  p .c .  N  in  b l o o d . . . . . . . 0 - 0 0 5 3 O n e  N  a t o m  a s s u m e d  to  
e a c h  m o le c u le .

C r e a t in e  . . . . . . . . . . . . . . . . . . . . . . 0 * 0 0 7  p .c .  in  b lo o d  . . . . . . . . . . 0 - 0 0 0 6 —

C r e a t in in e  . . . . . . . . . . . . . . . . . . 0 * 0 0 1  p .c .  in  b lo o d  . . . . . . . . . . 0 - 0 0 0 1 —

U r ic  a c i d . . . . . . . . . . . . . . . . . . . . . . 0 * 0 0 2  p .c .  in  b lo o d  . . . . . . . . . . 0 - 0 0 0 2 —

S u m  . . . . . . . . . . . . . . . . . . . . . . 0 - 0 4 3 7
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State o f  Water in Muscle and Stood. 483

T he sum , the re fo re , of th e  m o la l c o n c e n tra tio n s  of a ll c o n s ti tu e n ts , o b ta in e d  

by  a d d in g  th e  re su lts  of T ab le s I  a n d  I I ,  is 0 -322 6 . T h is  is eq u a l to  th e  sum  

of th e  m o la l c o n c e n tra tio n s  of th e  ions of a  0 -161 3  m o la l N aC l so lu tion , w hich 

is 0 -94 3  g.* in  100 g. H 20 .  M am m alia n  R in g e r-L o c k e ’s so lu tio n , as  g iven  b y  

B ay liss (1924, p . 211), is iso ton ic  w ith  0 -971  g. N aC l in  100 g. H 20 ,  w hile th e  

freez ing  p o in t of h u m a n  b lood  co rre sp o n ds  to  0 -9 6  g. N aC l in  100 g. H 20 .  

I f  we assum e t h a t  a b o u t  2 p .c . of th e  w a te r  of b lood  is b o u n d  b y  th e  p ro te in , 

th e  re m a in in g  98 p .c. b e in g  free  to  d isso lve  th e  c o n s ti tu e n ts  of b lood  in  a  

n o rm al m a n n e r, th e n  th e  su m  of th e  m o la l c o n c e n tra tio n s  of th e  c o n s ti tu e n ts  

of b lood  ag rees e x a c tly  w ith  th e  o bserved  freez ing  p o in t, a n d  v e ry  close ly  w ith  

th e  u su a l c o n s ti tu tio n  of m a m m a lia n  R in g e r-L o c k e ’s so lu tio n . I t  seem s 

p ro b ab le  (i) t h a t  th e  w a te r  of b lood  is a lm o s t e n tire ly  “ free ,” in  th e  sense of 

be ing  ab le  to  d isso lve  chem ica l su b s ta n c e s  in  a  n o rm a l m a n n e r, a n d  (ii) t h a t  

th e  c o n s ti tu e n ts  of b loo d  a re  to  be re g a rd e d  as n o rm a lly  d isso lved, a n d  as 

e x e r tin g  th e ir  n o rm a l o sm o tic  p re ssu re s, in  th e  w a te r  of th e  b lood .

T h is conclusion  h a s  b een  te s te d  e x p e r im e n ta lly  b y  find ing  th e  dep ression  of 

v a p o u r p re ssu re  c au se d  b y  a d d in g  v a rio u s  su b s ta n c es  to  b lood , a n d  co m p arin g  

th is  w ith  th e  de p ress io n  of v a p o u r  p re ssu re  cau se d  b y  a d d in g  th e  sam e su b 

s tan ces  in  s im ila r a m o u n ts  to  a  1 p .c . N aC l so lu tio n . T he  dep re ssio n  of v a p o u r  

p re ssu re  h a s  be en  re c k o n ed  in  b o th  cases ‘per gramme of substance added to 

100 grammes of water, th e  w a te r  c o n te n t  of th e  b loo d  be ing  m e a su re d  b y  d ry in g  

to  a  c o n s ta n t w eigh t on a  w a te r  b a th  a t  100° C. R e su lts  h a v e  been  ex p ressed  

in  te rm s  of th e  ra tio  :—

(V apour p re ssu re  dep ression  cau se d  by. a d d in g  1 g. o f so lu te  to  100 g. of w a te r

_______________________ in  1 p .c . N aC l so lu tion )_____________________ _

(V apour p re ssu re  dep ression  c au sed  b y  a d d in g  1 g. of so lu te  to  100 g. of w a te r

in blood).

I f  th e  ra tio  be u n ity  we conclude  t h a t  th e  w hole of th e  w a te r of b lood  is 

free to  d issolve in  a  no rm a l m a n n e r ch em ica l su b s ta n c es  a d d e d  to  it . I f  th e  

ra tio  be less th a n  u n i ty  we m u s t conclude  t h a t  som e of th e  w a te r  of b lood  is  

b o un d  b y  th e  co llo ida l o r o th e r  bodies th e re  p re sen t, a n d  so is un ab le  to  a ss is t 

in  th e  so lu tion . I f  i t  be g re a te r  th a n  u n ity  we m u s t assum e th a t  th e  su b stan ce  

a d de d  is som ehow  re m o ve d  from  free so lu tio n  b y  th e  p resence  of o th e r  bodies, 

e.g., by  surface  ad so rp tio n , o r b y  “  so lu tion  ” in or c o m b in a tio n  w ith  th e  p ro te in  

or lip ins.

*  [Added in proof.— T h i s  i s  a l m o s t  p r e c i s e l y  t h e  m e a n  v a l u e  f o r  t h e  N a C l  s o l u t i o n  

w h i c h  h a s  t h e  s a m e  v a p o u r  p r e s s u r e  a s  h u m a n  b lo o d  e x p o s e d  t o  5  p e r  c e n t .  C 0 2, a s  

f o u n d  b y  M a r g a r ia  i n  r e c e n t  e x p e r i m e n t s  h e r e . ]
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484 A . V .  H i l l .

A fu r th e r  te s t  c an  be a p p lie d  b y  a d d in g  to  b lood, n o t  chem ica l bodies as 

described  ab ove  b u t  w a te r. I f  we re g a rd  as fixed th e  to ta l  n u m b er of ions or 

m olecules p re se n t in  a  g iven a m o u n t of b lood , a n d  a d d  w a te r  to  it, th e  depression 

of v a p o u r p re ssu re  ob served  a t  a n y  s tag e  sh ou ld  be  inve rse ly  p ro p o r tio n al to  

th e  to ta l  volum e of “ free  ” w a te r  p re s e n t a t  t h a t  s tage . I t  is foun d  b y  e x p eri

m e n t t h a t  the  rec ip roc a l of th e  d ifference of v a p o u r p re ssu re  be tw een  w a te r 

a n d  a  m ix tu re  of b lood  a n d  w a te r  is a  lin e a r  fu n c tio n  of th e  a m o u n t of w a te r 

ad d ed  to  a  g iven  a m o u n t of b lood. T h is  is a n  ex p ression  of th e  re la tio n , tru e  

for d ilu te  so lu tions, P V  =  a  c o n s ta n t, P  be ing th e  to ta l  o sm otic  p re ssu re  of 

a ll th e  d isso lved c o n s ti tu e n ts  a n d  V  th e  vo lu m e  of w a te r  in  th e  so lu tion . B y  

p lo ttin g  th e  re la tio n  be tw een  1 /P  a n d  V  a n d  e x tra p o la t in g  i t  b ack w ard s to  th e  

ax is  of V  i t  is possib le to  d e te rm in e  th e  a m o u n t of “ free  ” w a te r  in  th e  

o rig ina l b lood. T he re su lts  so o b ta in e d  ag ree  w ith  th o se  fou n d  b y  th e  

p re v io us  m e th od .

T he dep ression  of th e  v a p o u r p re ssu re  of a  so lu tio n  below  th a t  of p u re  w ater, 

o r th e  d ifference of v a p o u r  p re ssu re  b e tw ee n  tw o  so lu tions, w as m easu red  b y  

th e  th e rm a l m e th o d  de sc rib ed  re c e n tly  (H ill, 1930). Tw o sim ilar pieces of 

filter p a p e r  d ip p e d  in  th e  tw o  flu id s a n d  a llow ed fo r a  few  m o m en ts to  d ra in  

a re  p lace d  on th e  tw o  op p o site  faces of a  sy m m e tr ic a l the rm op ile . T he in s tru 

m e n t is m o u n te d  in  a  m o is t c h a m b e r a n d  p la ce d  in  a  th e rm o s ta t . T he te m p e ra 

tu re  of th e  p re se n t o b se rv a tio n s  w as 20 -25° C. T he  difference be tw een  th e  

ra te s  of e v a p o ra tio n  of th e  tw o  flu ids is p ro p o r tio n a l to  th e  d ifference be tw een  

th e ir  v a p o u r p re ssu res ; th e  fo rm er causes a  d ifference of te m p e ra tu re  be tw een  

th e  tw o  faces, w h ich  becom es s te a d y  in  30 to  45 m in u te s  ; th is  m a y  be used 

as a  m easu re  of th e  la t te r .  T h u s  th e  d ifference of v a p o u r p re ssu re  re q u ire d  is 

d ire c tly  p ro p o r tio n a l to  th e  e lec tro m o tiv e  force  develop ed  in  th e  therm op ile , 

as re a d  b y  a  p o te n tio m e te r  a n d  a  sen s itiv e  g a lv an om ete r, a n d  can  be expressed  

in  abso lu te  u n its  b y  c a lib ra tin g  th e  a p p a ra tu s  w ith  so lu tions of know n  v ap ou r 

p ressure , e.g., of c an e  sugar, N aC l o r KC1. W ith  th e  in s tru m e n t h ith e rto  

em ployed,*  if th e  d ifference to  be observed  w as n o t to o  sm all, th e  av erage  erro r 

of a  single re a d in g  w as a b o u t \ \  p .c . T he  se n s it iv ity  w as such th a t  th e  

difference of v a p o u r p re ssu re  b e tw een  w a te r  a n d  1 p .c . N aC l so lu tion  gave  a 

deflection  of a b o u t 1200 m m . on  th e  g a lv a n o m e te r  scale.

D e fib rin a te d  slaug h ter-ho use  b lood  w as used. I n  som e cases th is  was 

cen trifug ed  a n d  th e  corpuscles a lone em ployed . I t  a p pe a re d  to  m ake no

*  '[Added in proof.— I n  D r .  M a r g a r ia ’s  h a n d s  t h e  s a m e  i n s t r u m e n t ,  a n d  o t h e r  s im i la r  

o n e s ,  e m p l o y e d  w i t h  h u m a n  b l o o d  a r e  c o n s i d e r a b l y  m o r e  a c c u r a t e  t h a n  o r i g in a l l y  

c l a i m e d . ]
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State o f  Water in Muscle and Blood.485

difference w h e th e r th e  b lood  w as la k ed  o r n o t. I f  cane  sugar, fo r exam ple , 

be a d d ed  to  in ta c t  b lood , w a te r  is im m e d ia te ly  w ith d ra w n  from  th e  corpuscles 

in  a m o u n t suffic ien t to  m a k e  th e  o sm o tic  p re ssu re  of th e  e x te rn a l flu id  eq u al 

to  t h a t  of th e  i n t e r n a l ; th e  rise of o sm otic  p re ssu re  is th e  sam e as  if 

the. c o rp u sc u la r  envelope  w ere a b se n t. T his  w ould  n o t  be th e  case w ere 

th e  o sm otic  p re ssu re  n o rm a lly  ex is tin g  in s ide  th e  re d  cells d iffe ren t from  

th a t  of th e  serum . T he  absence  of such  a  d ifference  w as d e m o n s tra te d  as 

follows.

A  m ass of c e n tr ifu g e d  co rpusc les w as c a re fu lly  o x y g e n a te d  a n d  se p a ra te d  

in to  tw o  p a r ts , e ach  be ing  p la ce d  in  a  s to p p e re d  b o ttle . O ne p a r t  w as laked , 

w ith o u t ex posu re , b y  freez ing  to  a b o u t — 15° C. a n d  th a w in g . T h e  d ifference  

of v a p o u r p re ssu re  b e tw ee n  th e  tw o  fluids, la k e d  a n d  u n la k ed , w as th e n  m easu re d  

a n d  fo un d  to  be neglig ib le . I n  th is  re spe c t, a t  a n y  ra te , a  t ru e  eq u ilib riu m  

a p p e a rs  to  e x is t across  th e  c o rp u sc u la r  m em b ra n e .

V arious su b s ta n c e s  h a v e  been  a d d e d  to  b lood , o r to  b lood  co rpusc les :—  

N aCl, KC1, C aC l2, can e  sug ar, u re a , c re a tin e , succ in ic  ac id , la c tic  ac id , a n d  

w a te r. I n  th e  case of th e  ac ids, in  o rd e r to  av o id  if possib le  a n y  e rro r  d u e  to  

d riv in g  o u t  c a rb o n  d iox ide , th e  b lood w as sh ak e n  p re v io u s ly  a t  38° C. fo r h a lf 

a n  hou r, w ith  c o n tin u a l ch an ge s of a ir. T he  la c tic  a c id  w as p re p a re d  fo r m e 

free fro m  la c tid e  b y  M r. P . E g g le to n .

I n  a d d itio n  to  th e  e x p e r im e n ts  g iven  in  T a b le  I I I  be low , th re e  series of 

ex p e rim en ts  w ere p e rfo rm ed  in  w h ich  w a te r  w as a d d e d  to  blood co rpusc les 

in  v a ry in g  am o u n ts , a n d  th e  free w a te r  c o n te n t c o m p u te d  from  th e  re la tio n  

be tw een  ob serve d  v a p o u r  p re ssu re  dep re ssion  a n d  a m o u n t of w a te r  ad d ed . 

I n  the se  th re e  series th e  ra tio  (free w a te r ) /( to ta l  w a te r) h a d  th e  follow ing 

va lues :— 0-9 3 , 0*92, 1 -00  ; m e an  O’95.

W e see t h a t  for N aC l, KC1 a n d  can e  sug ar, su b s ta n c es  w h ich  a re  inc ap ab le  of 

p e n e tra tin g  liv ing  tissu es  in  th e ir  n o rm a l s ta te , th e  ra tio  is a b o u t u n ity , h a v in g  

a  m ean  v a lu e  of 0 -9 7 . T h e  a d d itio n  of w a te r  led  to  a lm o s t e x a c tly  th e  sam e 

num b er, v iz., 0*95. F o r  C aC l2 in  a  s ingle  e x p e r im e n t th e  v a lu e  w as r a th e r  

g re a ter , 1 -06, b u t  we sh o u ld  e x p e c t a  c e r ta in  a m o u n t of th e  ca lc iu m  to  be 

p re c ip ita te d . U re a  a n d  c re a tin e  gave a  g re a te r  nu m b er, th e  m e an  va lue  

be ing 1*17. I t  w ill be  seen la te r  t h a t  in  case in  so lu tions  a n d  in  egg w h ite  th e  

ra tio  for u re a  is n o t  fa r  fro m  u n ity . I n  blood, the re fo re , th e  low er va lue  is 

p ro b a b ly  due  to  th e  re m o v a l of p a r t  of th e  u re a  from  so lu tion , p e rh a p s  by  

ad so rp tio n  to , o r co m b in a tio n  w ith , th e  collo ida l m a te r ia l o r th e  lip in s  p r e s e n t ; 

u re a  is s in gu larly  cap ab le  of p e n e tra tin g  liv ing  cells, w h ich is p ro b a b ly  a  sign 

of i t s  read iness to  be co m bined  or ad so rbed . Succinic  ac id  a n d  lac tic  ac id
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486 A . V . H i l l .

T ab le  I I I .

T h e  r a t i o  g i v e n  i s  B / A  w h e r e  A  —  t h e  d e p r e s s i o n  o f  v a p o u r  p r e s s u r e  c a u s e d  b y  a d d i n g  

1 g .  o f  t h e  s u b s t a n c e  i n  q u e s t i o n  t o  1 0 0  g .  o f  t o t a l  w a t e r  i n  b l o o d ,  a n d  B  =  t h e  d e p r e s s io n  

o f  v a p o u r  p r e s s u r e  c a u s e d  b y  a d d i n g  t h e  s a m e  q u a n t i t y  o f  t h e  s u b s t a n c e  t o  1 0 0  g .  o f  w a t e r  

i n  a  N a C l  s o l u t i o n  c o n t a i n i n g  1 g .  o f  N a C l  i n  1 0 0  g .  o f  w a t e r .  F o r  a  s u b s t a n c e  w h i c h  i s  n o t  

a d s o r b e d  B / A  i s  a  m e a s u r e  o f  t h e  r a t i o ,  “  f r e e  ”  w a t e r / t o t a l  A v a ter . T h e  t o t a l  A vater i n  

t h e  b l o o d  w a s  d e t e r m i n e d  b y  d r y i n g  a t  1 0 0 °  C . o n  a  w a t e r  b a t h .

F lu id . p . c .  H 20 . S u b s t a n c e  a d d e d . g . t o  1 0 0  g .
g . t o  1 0 0  g .

h 2o .
R a t i o  B / A .

B lo o d  . . . . . . . . . . . . . . 7 8 * 5 N a C l  . . . . . . . . . . . . . . . . . . . . . . . . . . 1 - 0 3 1 - 3 1 3

0 - 3 0 3

0 - 9 9

0 - 9 5B lo o d  . . . . . . . . . . . . . . 8 2 - 5 N a C l  . . . . . . . . . . . . . . . . . . . . . . . . . . 0 * 2 5

C o r p u s c le s  . . . . . . . 7 0 - 2 N a C l  . . . . . . . . . . . . . . . . . . . . . . . . . . 0 - 2 8 3 0 - 4 0 4 0 - 9 5 5

B lo o d  . . . . . . . . . . . . . . 8 2 - 5 K C 1  . . . . . . . . . . . . . . . . . . . . . . . . . . 0 - 4 0 0 - 4 8 5 0 - 9 3

C o r p u s c le s  . . . . . . . 7 1  1 K C 1  . . . . . . . . . . . . . . . . . . . . . . . . . . 4 - 5 0 6 - 3 3 0 - 9 7

B lo o d  . . . . . . . . . . . . . . 7 8 - 5 C a n e  s u g a r  . . . . . . . . . . . . . . 1 0 - 7 0 1 3 - 6 3 1 - 0 2

B lo o d  . . . . . . . . . . . . . . 8 2 - 5 C a n e  s u g a r  . . . . . . . . . . . . . . 2 - 5 0 3 - 0 3 1 - 0 2

C o r p u s c le s  . . . . . . . 7 0 - 2 C a n e  s u g a r  . . . . . . . . . . . . . . 2 - 5 0 3 - 5 7 0 - 9 4

B lo o d  . . . . . . . . . . . . . . 8 2 - 5 C a C L . . . . . . . . . . . . . . . . . . . . . . . . . . 0 - 4 0 0 - 4 8 5 1 - 0 6

B lo o d  . . . . . . . . . . . . . . 7 8 - 5 U r e a  . . . . . . . . . . . . . . . . . . . . . . . . . . 2 - 0 0 2 - 5 5 1 - 1 3

B lo o d  . . . . . . . . . . . . . . 7 8 - 5 U r e a  . . . . . . . . . . . . . . . . . . . . . . . . . . 0 - 5 0 0 - 6 3 7 1 - 2 4

C o r p u s c le s  . . . . . . . 7 1 - 0 U r e a  . . . . . . . . . . . . . . . . . . . . . . . . . . 0 - 5 1 3 0 - 7 2 3 1 - 1 1

C o r p u s c le s  . . . . . . . 7 1 - 0 U r e a  . . . . . . . . . . . . . . . . . . . . . . . . . . 0 - 3 5 5 0 - 5 0 0 1 - 1 8

C o r p u s c le s  . . . . . . . 7 1 - 1 U r e a  . . . . . . . . . . . . . . . . . . . . . . . . . . 7 - 1 3 8 1 0 - 0 3 5 1 - 0 9

C o r p u s c le s  . . . . . . . 7 0 - 1 C r e a t in e  . . . . . . . . . . . . . . . . . . 0 - 8 0 1 - 1 4 0 1 - 2 5

B lo o d  . . . . . . . . . . . . . . 7 8 - 5 S u c c in ic  a c i d . . . . . . . . . . . . . . 0 - 9 8 1 - 2 4 8 1 - 7 0

B lo o d  . . . . . . . . . . . . . . 7 8 - 5 S u c c in ic  a c i d . . . . . . . . . . . . . . . 0 - 4 9 0 - 6 2 4 2 - 0 8

B lo o d  . . . . . . . . . . . . . . 7 8 - 5 L a c t ic  a c id  . . . . . . . . . . . . . . 0 - 4 5 5 0 - 5 8 0 1 - 3 4

B lo o d  . . . . . . . . . . . . . . 7 8 - 5 L a c t i c  a c id  . . . . . . . . . . . . . . 0 - 3 2 1 0 - 4 1 0 1 - 2 4

B lo o d  . . . . . . . . . . . . . . 7 8 - 5 L a c t i c  a c id  . . . . . . . . . . . . . . 0 - 3 1 7 0 - 4 0 3 1 - 2 4

B lo o d  . . . . . . . . . . . . . . 7 8 - 5 L a c t ic  a c id  . . . . . . . . . . . . . . 0 - 2 2 8 * 0 - 2 8 9 1 - 3 9

C o r p u s c le s  . . . . . . . 7 1 - 8 L a c t ic  a c id  . . . . . . . . . . . . . . 0 - 2 0 1 0 - 2 8 0 1 - 3 2

C o r p u s c le s  . . . . . . . 7 1 - 8 L a c t i c  a c id  . . . . . . . . . . . . . . 0 - 2 4 8 0 - 3 4 5 1 - 3 5

also gave  a  g re a te r  n u m b e r ; fo r th e  l a t te r  th e  m e an  va lue  w as 1-31. T his  low 

va lu e  is p a r t ly  du e  to  tw o  fa c to rs  :—

(а ) I n  th e  so lu tio n  of th e  a c id  in  u nb u ffered  N aC l so lu tio n  a  c e rta in  sm all

deg ree  of io n is a tio n  occu rs ; th e  effect of th e  H -ion s is a d d ed  to  th a t  

of th e  la c ta te  (or su cc in a te ) ions, co n se q u e n tly  th e  n u m e ra to r  of th e  

ra tio  is r a th e r  to o  la rge . I n  th e  so lu tio n  of th e  ac id  in  blood, how ever, 

th e  pow erfu l bu ffering  p re v e n ts  a n y  a p p re c iab le  q u a n t i ty  of hyd rogen  

ions from  ap p ea rin g . T h e  to ta l  effect, how ever, is n o t g re a t. To 

allow  fo r i t  m ig h t decrease  th e  ra tio  to  1 • 25.

(б ) A  sm all a m o u n t of b ic a rb o n a te  re m a in in g  in  th e  b lood  m a y  have  been

b ro k e n  u p  b y  th e  acid , a n d  C 0 2 d riv e n  off. F o r  such  la c ta te  ions as 

s im p ly  rep la ce d  b ic a rb o n a te  ions no v a p o u r p ressu re  change  a t  all 

w ould  be  reg is te re d  ; c o n se q u en tly  th e  ra tio  w ould  be low ered. No
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State o f  Water in Muscle and Blood.487

reason ab le  e stim ate , how ever, of th e  C 0 2 d riv e n  off w ill a c c o u n t fo r a ll 

th e  effect observed  ; i t  is m ore  like ly  t h a t  a  c e r ta in  a m o u n t of th e  la c tic  

o r  succ in ic  a c id  is a dso rb ed , o r rem o ved  fro m  so lu tio n , in  th e  sam e w ay  

as u re a  a n d  c re a tin e  a p p e a r  to  be.

O n th e  ev idence , the re fo re , of th e  re su lts  o b ta in e d  b y  a d d in g  N aCl, KC1, 

cane sug ar  a n d  w a te r, we m a y  conclude  t h a t  n e a r ly  th e  w hole of th e  w a te r  of 

blood, say , 97 p .c. of i t ,  is free  to  e x e r t  i ts  n o rm a l b e h a v io u r as a  so lven t. T h is  

agrees w ith  th e  d e d u c tio n  m a d e  ab ov e  fro m  th e  an a ly se s a n d  th e  o bserved  

freezing  po in t. Som e su b s ta n c es , how ever, such  as u re a  a n d  c re a tin e , a n d  

p ro b a b ly  la c tic  a n d  succ in ic  acid s, fa il to  e x e r t  th e ir  fu ll e ffect on  th e  v a p o u r  

p re ssu re  ow ing to  a  s lig h t deg ree  of a d so rp tio n  on, o r c o m b in a tio n  w ith , th e  

collo idal c o n s ti tu e n ts  o r th e  lip in s  of th e  b lood. I t  w ould , of course, be 

possible to  a rgu e  t h a t  som e of th e  N aC l, KC1, o r can e  su g a r also is ad so rb ed , 

th e  effect be ing e x a c tly  c o m p en sa te d  b y  th e  de m o b ilisa tio n  ( so lven t)  of 

p a r t  of th e  w a te r. I t  is n o t easy , how ever, in  t h a t  case to  e x p la in  th e  fa c t 

th a t  th e  a d d itio n  of w a te r  leads  to  th e  sam e v a lu e  of th e  ra t io  as th e  a d d itio n  

of a n y  of the se  th re e  bodies. I t  is m u c h  sim p le r to  suppose  t h a t  n e a r ly  a ll th e  

w a te r is free a n d  t h a t  th e se  su b s ta n c es  a re  n o rm a lly  d isso lved  in  it. T his  

view  is con firm ed  b y  th e  e x p e r im e n ts  on  case in  so lu tions, on  egg y o lk  a n d  on 

egg w h ite  to  be desc rib ed  n e x t.

I I I .  T h e  S t a t e  o f  W a t e r  i n  P r o t e i n  S o l u t i o n s .

T he m e th o d  desc rib ed  abo ve  fo r th e  case of b lood w as ap p lie d  w ith  l i t t le  

change  to  (a) a s tro n g  so lu tio n  of case in  in  N /10 N aO H , (6) egg-w h ite  con cen 

t r a te d  b y  e v ap o ra tio n , a n d  (c) egg-yolk . T h e  to ta l  w a te r  c o n te n t w as d e te r

m ined  by  d ry in g  a t  100° C. on  a  w a te r  b a th  a n d  fina lly  a t  110° C. in  a n  oven. 

T he s tro ng e r case in  so lu tion s w ere v e ry  v iscous. T he  s tr ip s  of filte r p ap er , 

therefo re , w ere le ft in  th e m  fo r som e tim e  to  becom e p ro p e rly  m o istened . 

T hey  w ere th e n  rem ov ed  a n d  la id  on  a  g lass p la te , a n d  th e  excess of so lu tio n  

w as ra p id ly  c leaned  off w ith  a  p a ir  of forceps a n d  a  w ire. I n  sp ite  of th e  

d ifficu lty  in  m a n ip u la tio n , a p p a re n tly  v e ry  re liab le  re su lts  w ere o b ta in e d . 

T he egg-w hite w as le ft in  a  v a cu u m  d esicca to r fo r th re e  d a y s  over ca lc ium  

chloride. I n  t h a t  tim e  h a lf th e  w a te r  e v a p o ra te d  a n d  th e  depression  of v a p o u r 

p ressu re  w as doub led .

F rom  T ab le  IY  we see t h a t  fo r case in  so lu tions  a n d  egg-w hite  th e  m ean  va lue  

of th e  ra tio  “ f r e e ” w a te r / to ta l  w a te r for su b stan ces  ad d ed  is 0 -98 . 

A p paren tly , therefo re , a t  room  te m p e ra tu re  on ly  a b o u t 2 p .c. of th e  w a te r is
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488 A . V . H i l l .

T ab ic  IV .

C h a n g e  o f  v a p o u r  p r e s s u r e  d u e  t o  a d d i n g  v a r i o u s  s u b s t a n c e s  t o  c a s e i n  s o l u t i o n ,  e g g  

w h i t e  a n d  e g g  y o l k .  T h e  r a t i o  g i v e n  i s  B / A ,  w h e r e  A  =  t h e  d e p r e s s i o n  o f  v a p o u r  p r e s s u r e  

c a u s e d  b y  a d d i n g  1 g .  o f  t h e  s u b s t a n c e  i n  q u e s t i o n  t o  1 0 0  g .  o f  w a t e r  i n  t h e  s o l u t i o n  i n v e s t i 

g a t e d ,  a n d  B  =  t h e  d e p r e s s i o n  o f  v a p o u r  p r e s s u r e  c a u s e d  b y  a d d i n g  t h e  s a m e  q u a n t i t y  o f  

t h e  s u b s t a n c e  t o  1 0 0  g .  o f  w a t e r  i n  a  1 p . c .  N a C l  s o l u t i o n .  F o r  a  s u b s t a n c e  w h i c h  i s  n o t  

a d s o r b e d  B / A  i s  a  m e a s u r e  o f  t h e  r a t i o ,  “  f r e e  ”  w a t e r / t o t a l  w a t e r .

F lu id . p .c .  H 20 .
S u b s t a n c e

a d d e d .
g . t o  1 0 0  g .

g . t o  1 0 0  g .

h 2o .
R a t io  B / A .

C a s e in  s o lu t io n  . . . . . . . 8 5 - 2 N a C l  . . . . . . . . . . . . . . . . . . 0 - 8 0 3 0  • 9 4 2 0 - 9 4

C a s e in  s o lu t i o n  . . . 4 . . . . 8 5 - 2 U r e a  . . . . . . . . . . . . . . . . . . 1 - 9 4 6 2 - 2 8 4 1 - 0 0

C a s e in  s o lu t i o n  . . . . . . . 8 5 - 2 k c i  ;................. 1 - 0 3 4 1 - 2 1 3 0 - 9 7

C a s e in  s o l u t i o n  . . . . . . . 8 5 - 2 C a n e  s u g a r  . . . . . . . 8 - 2 2 9 - 6 5 0 - 9 7

C a s e in  s o lu t i o n  . . . . . . . 8 3 - 1 N a C l  . . . . . . . . . . . . . . . . . . 0  • 8 2 6 0 - 9 9 4 1 - 0 0

C a s e in  s o l u t i o n  . . . . . . . 8 3 - 1 U r e a  . 1 - 6 1 6 1 • 9 4 5 1 • 0 6

C a s e in  s o l u t i o n  . . . . . . . 8 3 - 1 K C I  . . . . . . . . . . . . . . . . . . 0 - 8 8 9 1 - 0 7 0 0  • 9 2

C a s e in  s o lu t i o n  . . . . . . . 8 1 - 3 N a C l  . . . . . . . . . . . . . . . . . . 2 - 8 4 3 - 4 9 0  • 9 9

C a s e in  s o lu t i o n  . . . . . . . 8 0 - 5 6 N a C l  . . . . . . . . . . . . . . . . . . 1 - 9 5 2 - 4 2 4 0 * 9 8

E g g  w h i t e  . . . . . . . . . . . . . . 7 8 - 7 K C I . . . . . . . . . . . . . . . . . . 2 - 1 2 2 - 7 0 0 - 9 8

E g g  w h i t e  . . . . . . . . . . . . . . 7 8 - 7 C a n e  s u g a r  . . . . . . . 1 - 4 1 2 1 7 - 9 5 0 - 9 4

E g g  w h i t e  . . . . . . . . . . . . . . 7 8 - 7 U r e a  . . . . . . . . . . . . . . . . . . 2 - 8 3 3  • 6 0 1 - 0 1

E g g  y o l k  . . . . . . . . . . . . . . 4 7 - 0 K C I . . . . . . . . . . . . . . . . . . 1 - 1 8 9 2 - 5 3 0 - 8 5

“  b o u n d .” I n  th e  single  e x p e r im e n t on  egg yo lk  th e re  w as a b o u t 15 p.c. 

of w a te r  “  bo u n d  ” b y  53 p .c . of solid . T h e  tw o  p ro te in  so lutions, therefore , 

give p ra c tic a lly  th e  sam e re s u lt as  b lood, in  w h ich  we concluded  th a t  on ly  

a b o u t 3 p .c. of th e  w a te r  is “ b o u n d  ” b y  th e  solid  c o n s ti tu en ts .

I V .  T h e  S t a t e  o f  W a t e r  i n  M u s c l e .

(a) The Solution of Urea in Muscle.— T he follo

geste d  a n d  c a rr ie d  o u t b y  M r. P . E g g le to n  a n d  M r. H . V. H o rto n , w ho have  

k in d ly  allow ed  m e to  re p o r t  th e  re su lts . O ne, tw o , o r th re e  sa rto riu s  m uscles, 

from  large  H u n g a r ia n  frogs, w ere so ak ed  fo r a b o u t 4 h o u rs in  a  sm all q u a n tity  

of R in g e r’s so lu tion  c o n ta in in g  in it ia lly  0 • 14 p .c . u rea . E a c h  sa rto riu s  w eighed 

a b o u t 250 m g. a n d  th e  w e igh t of so lu tio n  em ployed  w as a b o u t tw ice  th a t  of 

th e  m uscles. T he opp os ite  m uscles fro m  th e  sam e an im a ls w ere sim ilarly  

so aked  in  R in g e r’s so lu tio n  w ith o u t u re a . U re a  w as chosen  (a) ow ing to  th e  

ex tre m e  read iness w ith  w h ich  i t  p e n e tra te s  th e  tissues ; a  com parison  of th e  

re su lts  o b ta in e d  a f te r  3 a n d  5 h o u rs ’ soak ing  show ed th a t  diffusion w as com plete 

in  th e  sh o rte r  tim e, so 4 h o u rs ’ soak ing  w as ta k e n  as s ta n d a rd  ; (6) because i t  

is n o t kno w n  to  re a c t in  a n y  w ay  w ith  th e  c o n s ti tu e n ts  of m uscle ; an d  (c) 

because th e  a m o u n t of i t  in  th e  so lu tion  can  be m easu re d  w ith  considerable

’
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State o f  Water in Muscle and Blood. 489

a cc u racy  a s to ta l  n itrog en . T h e  m uscles w ere w eighed  befo re  a n d  a f te r  s o a k in g ; 

no im p o r ta n t change  of w eigh t occu rred . A  m e a su re m e n t of th e  to ta l  n itro g e n  

w as m ade  fou r tim es  in  e v e ry  e x p e r im e n t, once each  on  th e  tw o  so lu tio ns  

before soak ing , once each  a f te r  soak ing . F ro m  th e  re su lts  th e  q u a n t i ty  of 

u rea  w h ich h a d  d isa p p e a re d  fro m  th e  so lu tio n  w as c a lc u la te d  ; assum in g  t h a t  

i t  w as d isso lved  in  th e  “  free ”  w a te r  of th e  m uscle, a t ta in in g  th e re  a  co n ce n 

t r a t io n  e q u a l to  t h a t  in  th e  flu id  ou ts ide , th e  q u a n t i ty  of “ free  ” w a te r  in  th e  

m uscle  w as c o m p u te d  a n d  ex p re sse d  a s a  f ra c tio n  of th e  w e ig h t of th e  m uscle. 

T he  re su lts  a re  g iv en  in  T ab le  V.

T a b le  V.

“  F r e e  ”  w a t e r  o f  f r o g ’s  m u s c l e ,  c a l c u l a t e d  f r o m  t h e  d i s t r i b u t i o n  o f  u r e a  b e t w e e n  m u s c l e  

a n d  e x t e r n a l  s o l u t i o n ,  a n d  e x p r e s s e d  a s  a  p e r c e n t a g e  o f  t h e  w e i g h t  o f  t h e  m u s c l e .  T h e  

n u m b e r  i n  b r a c k e t s  a f t e r  e a c h  r e s u l t  i s  a  w e i g h t i n g  f a c t o r ,  d e p e n d i n g  p a r t l y  u p o n  t h e  

q u a n t i t y  o f  m a t e r i a l  u s e d ,  p a r t l y  u p o n  a n  e s t i m a t e  b y  t h e  o b s e r v e r s  o f  t h e  g e n e r a l  r e l i a 

b i l i t y  o f  t h e  e x p e r i m e n t .

7 4 ( 1 ) ;  7 5 4 ( 1 ) ;  6 7 ( 1 ) ;  9 1 ( 1 ) ;  9 0 ( 1 ) ;  8 3 4 ( 2 ) ;  7 9 ( 3 ) .

W e i g h t e d  m e a n  =  8 0 .

A ccep ting  th e  a ssu m p tio n s  m a d e  in  th e  c a lc u la tio n  th e  m e an  v a lu e  c o rre 

sponds to  a  q u a n t i ty  of “ free  ” w a te r  e q u a l to  80 p .c . of th e  w e ig h t of th e  

m uscle, equal, t h a t  is to  say , to  th e  to ta l  w a te r  ; a p p a re n tly  no ne  of th e  w a te r  

of m uscle  is “  b o u n d  ”  b y  th e  solids. I t  is t ru e  t h a t  th e  sam e  re s u lt m ig h t 

ha ve  been fou nd  if p a r t  of th e  w a te r  w ere “ b o u n d ,” a n d  a  c o rre sp o nd in g  p a r t  of 

th e  u re a  ad so rbed . I f  u re a  be a d d e d  to  b lood  a  sm all fra c tio n  of i t — as  show n , 

ab ov e— does n o t go in to  so lu tio n  in  th e  w a te r  of b lo o d ; in  egg -w h ite  a n d  case in  

so lu tions, how ever, th e  w hole of th e  a d d e d  u re a  is a p p a re n tly  sim p ly  d is

solved. T he  u re a  e xp er im en ts , th e re fo re , c a n n o t be re g a rd e d  a s a  fina l p roo f 

t h a t  all, or n e a r ly  all, th e  w a te r  of m uscle  is “ free  ”  ; th e y  h a v e  b een  confirm ed, 

how ever, b y  th o se  to  be  d esc rib ed  in  th e  n e x t  sec tion , w hich  in v o lv ed  a  d iffe ren t 

p ro cedure  a n d  d iffe ren t su bs ta n ces .

(6) The “Free ” Water of Muscle determined Vapour Pressure Measure

ments.— Tw o m e th o d s  h a v e  been  em p loye d  to  d e te rm in e  th e  “ free  ” w a te r 

of m uscle, th e  “ s ingle ” a n d  th e  “ d if fe re n tia l.” B o th  a re  ap p lic ab le  to  th e  

case of a  re s tin g  m uscle  ; fo r m uscles fa tig u e d  or in  rigo r, how ever, th e  la t te r  

on ly  can  be  u sed .

I n  th e  single ” m e th o d  seve ra l sm all m uscles (p re fe ra b ly  th e  gastrocn em ii 

a n d  th e  v a s ti  in te rn i (M arshall) of one o r tw o  sm all frogs, w hich  c an  be p re p a re d  

p ra c tic a lly  w ith o u t in ju ry )  w ere firs t soak ed  fo r seve ra l h o u rs  in  n o rm a l
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490 A . V. H ill.

o x y g e n a te d  R in g e r’s so lu tio n  (R ), iso to n ic— see th e  p reced ing  p a p e r b y  H ill 

a n d  K u p a lo v -  w ith  0*703 p .c . N aC l. S ince, a p a r t  fro m  C 0 2, th e  m uscles w ere 

a lre a d y  p ra c tic a lly  iso ton ic  w ith  th is  so lu tio n , 5 or 6 h o u rs  of soak ing  should  

b rin g  th e m  fa ir ly  a c c u ra te ly  in to  e q u ilib riu m  w ith  i t .  T h e y  w ere th e n  w ith 

d ra w n  one b y  one  fro m  th e  so lu tio n , free d  fro m  a ll a d h e re n t flu id  b y  ra p id ly  

b lo ttin g  w ith  filte r p a p e r , a n d  d ro p p e d  in to  a  w e igh ed  g la ss tu b e  o f c a p a c ity  

a b o u t 10 c.c. W hen  th e  m uscles w ere all in  th e  tu b e  th e  w hole w as w eighed, 

a n d  so th e  w eigh t of th e  m uscles o b ta in e d  to  th e  n e a re s t 1 m g.

To th e  m uscles in  th e  tu b e  w as now  a d d e d  a n  a c c u ra te ly  w eighed a m o u n t of 

R in g e r’s so lu tio n  of tw ice  th e  n o rm a l s tre n g th  (2R ), w h ich  is iso ton ic  w ith  

1*406 p .c. N aCl. I t  c an  be  sho w n  m a th e m a tic a lly  t h a t  th e  m e th o d  is m o s t 

sens itive  a n d  a c c u ra te  w hen  th e  q u a n t i ty  of 2 R -so lu fio n  a d d e d  co n ta in s  a n  

a m o u n t of w a te r  e q u a l to  th e  a m o u n t of “  free  ” w a te r  in  th e  m uscles. Since 

th e  la t te r  is a b o u t  80 p .c . of th e ir  w e ig h t i t  h a s  p ro v e d  co n v en ie n t in  p ra c tice  

to  a d d  a  q u a n t i ty  of 2 R -so lu tio n  c o n ta in in g  a n  a m o u n t of w a te r  p recise ly  

e q u a l to  80 p .c. of th e  w e ig h t of th e  m uscles. T he  tu b e  w as th e n  filled w ith  

oxygen  a n d  sto p p ered , a n d  th e  m uscles a n d  th e  2 R -so lu tio n  w ere le ft 15 to  

20 hou rs, so as to  com e in to  d iffu sion  e q u ilib riu m  w ith  one a n o th e r  ; d u rin g  

th a t  tim e  th e  tu b e  w as k e p t  s low ly  re v o lv in g  so as to  en su re  a d e q u a te  m ix ing . 

T he final re su lt w as t h a t  m uscles a n d  so lu tio n  a t ta in e d  a n  o sm otic  p re ssu re  

a b o u t e q u a l to  t h a t  of 1 -5 R . T he  m uscles w eighed  fina lly  10 to  20 p .c. less 

th a n  th e y  d id  a t  th e  s ta r t ,  b u t  w ere u su a lly  in  ex ce lle n t co n d itio n  a n d  v e ry  

ex c itab le .

I t  is essen tia l t h a t  a  su fficien t p e rio d  sh ou ld  be  a llow ed  fo r eq u ilib riu m  to  be 

a t ta in e d  ; see th e  la s t  sec tion  of th is  p a p e r ; w ith  m uscles of 0*2 to  0*3 g. i t  

is b e s t to  leave  th e  tu b e  ro ta t in g  d u r in g  th e  n ig h t a n d  to  com ple te  th e  o b serv a 

tio n s  n e x t da y . I f  sufficien t t im e  be  n o t  a llow ed  th e  o sm otic  w ith d ra w a l of 

w a te r  from  th e  m uscles w ill n o t be  com ple te , th e  o sm otic  p re ssu re  of th e  solu

t io n  w ill be to o  h igh , a n d  th e  “ free  ” w a te r  of th e  m uscle  c a lc u la te d  from  it  

to o  low. I t  is not ad v isa b le  to  use m uscles w eigh ing  m ore  th a n  0*3 g., o th e r

wise th e  tim e  re q u ire d  fo r o sm otic  e q u ilib riu m  to  be  a t ta in e d  (w hich for m uscles 

of s im ilar shape  va ries as  th e  2 /3  pow er of th e  w eight) w ill be so g re a t t h a t  th e  

m uscles m a y  h a v e  d e p re c ia te d  ; m o reov er th e re  is th e  d ifficu lty  of an  a d eq u a te  

su p p ly  of oxygen  to  th e  in te r io r  (H ill, 1928) if th e  m uscles be to o  large. T he  

process of e q u ilib ra tio n  consists  p a r t ly  of a  d iffusion of w a te r  from  th e  m uscle 

in to  th e  so lu tion  ou tside , a n d  p a r t ly  (so fa r  as sem i-perm eab le  m em branes 

allow ) of a d iffusion of s a lt  from  th e  so lu tio n  in to  th e  m uscle. I t  is im possible 

to  im agine  a  d ifference of o sm otic  p ressu re  to  e x is t be tw een  tw o d ifferent p a r ts
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State o f  Water in Muscle and Blood.491

of tlie  sy s te m  once equ ilib riu m  lias been a t ta in e d , fo r th e  m e m b ra n es  inv o lv ed  

are  fa r to o  th in  to  be ab le  to  s ta n d  a n y  c on sid e ra b le  m ech an ic a l s tre ss.

A fte r 15 to  20 ho u rs  m ix in g  th e  tu b e  w as opened , th e  m uscles rem o ve d , a n d  

th e  d ifference of v a p o u r p re ssu re  m e asu re d  b e tw ee n  th e  flu id  le f t in  th e  tu b e  

a n d  th e  o rig ina l R in g e r’s so lu tio n  (R ). Tw o o r th re e  re a d in g s  of th is  v a p o u r  

p re ssu re  d ifference  w ere g e n era lly  m ade , a n d  on  th e  sam e d a y  th e  a p p a r a tu s  

w as c a lib ra te d  w ith  th e  so lu tio ns  R  a n d  2 R  on  its  tw o  faces. To ta k e  a n  

exam ple , 2 g. of m uscle  a f te r  e q u ilib ra tio n  w ith  R  w as m ix ed  w ith  a n  a m o u n t of 

2R  con ta in in g  1 • 6 g. of w a te r . A fte r 18 h o u rs  m ix in g  th e  fina l v a p o u r  p re ssu re  

d ifference be tw ee n  th e  flu id  in  th e  tu b e  a n d  th e  so lu tio n  R  w as 127 ( a rb i tr a ry  

u n its ). O n th e  sam e  d a y  th e  v a p o u r  p re ssu re  d ifference  b e tw ee n  R  a n d  2 R  

gave 249 u n its . T h u s  th e  fina l o sm otic  p re ssu re  of th e  m ix tu re  in  th e  tu b e  w as 

th e  sam e as t h a t  of a  so lu tio n  (1 R  — 1 - 51 R .

W e m a y  argu e  as  follows, if x be th e  a m o u n t of “ free  ” w

m uscle  :—

( x X w e igh t of m uscles) R  -j- (w eigh t of w a te r  in  2R  ad d ed ) 2 R

=  (x X  w eigh t of m uscles -f- w e ig h t of w a te r  in  2R  ad d ed ) 1 -5 1R .

T his m ere ly  expresses th e  fa c t t h a t  w hen  e q u ilib riu m  has been  a t ta in e d  th e  

d isso lved su b sta n c es  o rig in a lly  p re s e n t (a) in  th e  m uscle  a t  o sm otic  p re ssu re  R , 

a n d  (6) in  th e  flu id  a d d e d  a t  o sm otic  p re ssu re  2R , h a v e  been  re d is tr ib u te d  to  

give a  un ifo rm  osm otic  p re ssu re  (ob served ) 1*51R . H en ce

 ̂ _ 1 — 0*51 w eigh t of w a te r in  2 R  a d d e d

0-5 1  w e igh t of m uscles

=  0 -4 9  X  0 -8 /0 -5 1  =  0 -7 7 .

T herefo re  1 g. of m uscle  c o n ta in e d  0 -7 7  g. of “  free ” w a te r .

T he  firs t s ix  e x p e rim en ts  of T a b le  V I w ere m a d e  b y  th is  m e th o d . I t  is 

v a lid  so long as th e  co n d itio n  of th e  m uscle  m a y  be  assu m ed  to  re m a in  c o n s ta n t 

d u ring  e q u ilib ra tio n  w ith  2R . I t  c a n n o t be a p p lie d  w hen  th e  in it ia l  o sm otic  

p re ssu re  is n o t a c c u ra te ly  kn o w n  (as in  fa tig ue ) o r w hen th e  o sm otic  p re ssu re  

a lte rs  of itse lf d u rin g  e q u ilib ra tio n  (as w hen  a n ae ro b ic  co n d itio n s a re  necessary , 

in  o rde r to  p re v e n t recovery ). I n  such  cases th e  “ d iffe re n tia l ” m e th o d  m u s t 

be em ployed , in  w h ich  a n  u n k n o w n  in itia l o sm otic  p re ssu re  o r p rogressive  

o sm otic changes du rin g  e q u ilib ra tio n  a re  a u to m a tic a lly  allow ed for.

In  th e  “ d iffe ren tia l ” m e th o d  th e  m uscles w ere d iv id ed  in to  tw o  lots, those  

from  th e  r ig h t leg of a n  an im a l be ing  a llo tte d  to  one, th ose  from  th e  le ft leg 

to  th e  o th e r. T he p ro cedu re  w as m u ch  as before, ex ce p t t h a t  tw ice  as m an y
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frogs a n d  tw o  tu b e s — in s te a d  of one— w ere used . I n  one tu b e  (A) w as p laced 

one lo t of m uscles to g e th e r  w ith  a  w eighed  q u a n t i ty  of R in g e r’s so lu tion  (R ), 

c o n ta in in g  a n  a m o u n t of w a te r  e q u a l to  0 • 8 of th e  w e igh t of th e  m uscles. In  

th e  o th e r  tu b e  (B) w as p laced  th e  o th e r  lo t of m uscles, to g e th e r  w ith  a  w eighed 

q u a n t i ty  of 2R -so lu tio n  c o n ta in in g  th e  sam e re la tiv e  q u a n ti ty  of w ater. A fter 

p ro longed  e q u ilib ra tio n  th e  v a p o u r  p re ssu re  d ifference w as m easu red  be tw een  

th e  flu ids in  tu b e s  A a n d  B, a n d  ex p re sse d  as  a  f ra c tio n  /  of t h a t  be tw een  R  

a n d  2R . As before, if x be  th e  q u a n t i ty  of “  free  ”  w a te r  in  1 g. of th e  o rig inal 

m uscles, i t  c an  be  show n  th a t

 ̂ 1 — /  w e ig h t of w a te r  in  2R  ad d ed

f  w eigh t of m uscles

T here  a re  seve ra l a d v a n ta g e s  in  th e  “ d if fe ren tia l ”  m e th o d  :—

(a) A  p re lim in a ry  so ak ing  in  R -so lu tio n  is u n n e ce ssa ry  ; th e  in itia l osm otic 

p re ssu re  of th e  m uscles need  n o t  be kn ow n , all t h a t  is necessary  is th a t  i t  

sh ou ld  be th e  sam e in  b o th  lo ts .

(b) C hanges o ccu rrin g  in  th e  m uscles d u rin g  th e  p ro lon ged  second equ ili

b ra tio n , w hich  w ou ld  be  fa ta l  in  th e  f ir s t m e th o d , b a la n ce  o u t e x ac tly  in  th e  

second, s ince th e y  affec t th e  c o n te n ts  of tu b e s  (A) a n d  (B) a like.

(c) I f  th e  m uscles be firs t e q u ilib ra te d  w ith  R -so lu tio n , a n d  if a fu r th e r  

ob se rv a tio n  be m a de  of th e  d iffe rence  of v a p o u r  p re ssu re  b e tw een  R  a n d  th e  

c o n te n ts  of tu b e  (A), we c an  c a lc u la te  n o t on ly  th e  “  free ” w a te r  of th e  m uscles 

b u t  th e  increase  of th e ir  o sm otic  p re ssu re , re su ltin g  (say) from  fa tig ue  or h e a t 

rigo r. I f , fo r exam ple , th e  fina l d ifference  of v a p o u r  p ressu re  be tw een  R  an d  

th e  c o n te n ts  of tu b e  (A), exp re ssed  as a  f ra c tio n  of t h a t  b e tw een  R  a n d  2R , 

be  / ' ,  th e  rise of o sm otic  p re ssu re  in  th e  c o n te n ts  of tu b e  (A) m u s t be  equ al to  

t h a t  of a  s o lu t io n / 'R .  L e t u s su ppose  th e  o sm otic  change  in  qu estion  to  have  

oc cu rred  in  th e  m uscle  alone, a n d  n o t  to  h a v e  b een  sh a red  w ith  th e  flu id a ro u n d  

i t ; th e n  th e  rise of o sm otic  p re ssu re  w ould  h a v e  been  g re a te r  in  th e  ra tio

to ta l  “ free  ” w a te r  in  tu b e  

“ free  ”  w a te r in  m uscle

w hich can  be show n  to  lead  to  th e  sim p le  exp ression ,

R ise of o sm otic  p re ssu re  in  m uscle  =  t h a t  of a  s o lu t i o n / 'R / ( l  — / ) .

I n  a  few  ex pe rim en ts , in s te a d  of u sing  2 R  as  th e  te s t  so lu tion , a  so lu tion  of 

u re a  in  R in g e r’s flu id  w as em ployed . T his  gave v e ry  co n sis ten t a n d  acc u ra te  

re su lts , th e  m uscles be ing in  ex ce llen t c on d itio n  a f te r  p ro longed soaking  even
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State of Water in Muscle and Blood.4 93

in  fa ir ly  s tro n g  so lu tio ns . T h e  va lue , how ever, of th e  “ free ”  w a te r  fo u n d  by  

th e  use of u rea  te n d e d  to  be r a th e r  h ig h e r th a n  b y  t h a t  of th e  so lu tio n  2R , a n d  

i t  w as reca lled  t h a t  in b lo od — see T a b le  I I I  a b o v e — v a lu es  fo r  th e  “ free  ” w a te r  

o b ta in e d  w ith  u re a  w ere s lig h tly , b u t  d efin ite ly , to o  high. U re a  is a  p ecu lia r  

su b stanc e , its  e x tre m e  a b ili ty  to  p e n e tr a te  liv in g  cells m a y  w ell im p ly  a  h igh  

so lu b ility  in  th e  lip in s  of th e  tis su e , o r a  g re a t lia b il i ty  to  a d so rp tio n  ; a n d  if 

som e of th e  u re a  in  th e  te s t  flu id  w ere re m o v ed  fro m  free  so lu tio n  b y  a d so rp 

tio n  o r o th erw ise  i t  w ou ld  a p p e a r  as  if th e  “  free  ” w a te r  of th e  tis su e  w ere 

g re a te r  th a n  i t  re a lly  is. H ence , a lth o u g h  th e  re su lts  w ere in  good a g re e m e n t 

w ith  th o se  of E g g le to n  a n d  H o r to n  de sc rib ed  ab ove , a n d  a lth o u g h  th e  m e th o d  

em plo y in g  u re a  seem ed  to  w o rk  so well, i t  w as th o u g h t  w iser to  av o id  i ts  u se 

fo r  fe a r of in tro d u c in g  a  sm all c o n s ta n t  e rro r. T h ere  is l i t t le  d a n g e r of th is  

w ith  th e  2 R -so lu tio n , th e  ch ief c o n s t i tu e n t  of w hich is N aCl, a  su b s ta n c e  v e ry  

u n lik e ly  n o t to  re m a in  in  free  so lu tio n .

In  T ab le  V I a re  g iven  th e  re su lts  fo r  re s tin g  m uscles, e v e ry  e x p e r im e n t m a d e

T ab le  V I .— E x p e rim e n ts  to  d e te rm in e  th e  “  free  ”  w a te r  of re s tin g  m uscles, 

m a d e  w ith  R in g e r’s so lu tio n  of tw ice  n o rm a l s tre n g th  (2R ).

D  =  “  d i f f e r e n t i a l  ”  m e t h o d  ; S  =  “  s i n g l e  ”  m e t h o d  ; v  =  v e r y  ; g  =  g o o d  ; p  =  p o o r .

T h e  w e i g h t i n g  f a c t o r  i s  a d j u s t e d  t o  t a k e  a c c o u n t  ( a )  o f  t h e  f i n a l  s t a t e  o f  t h e  m u s c l e s  a s  

d e t e r m i n e d  b y  s t i m u l a t i o n ,  a n d  (b) o f  t h e  g e n e r a l  r e l i a b i l i t y  a n d  t y p e  o f  t h e  e x p e r i m e n t .  

T h e  e q u i l i b r a t i o n  w a s  a t  r o o m  t e m p e r a t u r e  ( a b o u t  1 6 °  C .) .

T h r e e  e x p e r i m e n t s  w i t h  u r e a  i n s t e a d  o f  2 R . a r e  i n c l u d e d  a t  t h e  e n d  o f  t h e  t a b l e ,  b u t  n o  

a c c o u n t  i s  t a k e n  o f  t h e m  i n  t h e  m e a n  v a l u e .

D a t e ,

1 9 3 0 .

A v e r a g e  
w e ig h t  o f  
m u s c le s ,  
g r a m m e s .

P e r io d  o f  e q  
h o u

1
P r e l im i n a r y  

in  R .

u i l i b r a t i o n ,

r s .

I n  2 R .

T y p e

•of

E x p e r i 

m e n t .

F in a l

c o n d i t i o n .

W e ig h t -

i n g

f a c t o r .

F r e e

w a t e r

f r a c t io n .

1 9 - 2 0  F e b . 0 - 2 7 6 - 9 1 5 1 s v -g - 3 0 - 7 3

1 9 - 2 0  „ 0 - 2 3 6 - 5 1 6 s v -g - 3 0 - 7 3

2 1 - 2 2  „ 0 - 2 2 5 1 6 1 s v -g - 3 0 - 7 7

2 1 - 2 2 *  „ 0 - 2 7 5 17 s g- 2 0 - 7 9

2 1 - 2 2  „ 0 - 1 9 5 1 7 1 s g- 2 0 - 8 2

2 1 - 2 2  „ 0 - 1 9 5 1 8 s V -g- 4 0 - 8 0

5 - 6  M a r ...... 0 - 2 9 2 17 D v .p . 1 0 - 9 3
5 - 6  „  .... 0 - 2 6 1 1 9 1 D p- 2 0 - 8 2

2 1 - 2 2  M a r . 0 - 2 9 6 | 1 8 D v - g . 6 0 - 7 6
2 1 - 2 2  „ 0 - 3 0 H 1 9 1 D V-g- 6 0 - 7 3 5

6 - 7  M a r . . . . . . . 0 - 3 4 l (u r e a )  2 0 | D v .g . _ 0 - 8 3
1 7 - 1 8  M a r . 0 - 2 5 3 ( u r e a )  17 D v .g . — 0 - 8 3
1 7 - 1 8  „ 0 - 4 5 1 21 (u r e a )  1 9 J D v .g . — 0 - 8 0

T h e  m e a n  v a lu e  o f  t h e  “  f r e e  ”  w a t e r  f r a c t i o n ,  t a k i n g  d u e  a c c o u n t  o f  t h e  w e ig h t in g  f a c t o r s ,  
i s  0 - 7 7 .
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494 A . Y . H i l l .

being reco rded . Som e of th e  o b se rv a tio n s  w ere, on  tech n ic a l g rounds, 

s ta te  of m uscles a t  end , co n sis te n cy  of v a p o u r  p re ssu re  read ings, ty p e  of 

e x p e rim en t (“ d iffe re n tia l be ing  p re fe ra b le  to  ' £ single ” ), e tc .— m ore reliable 

th a n  o the rs, a n d  th e  re la tiv e  re lia b ility  of th e  re s u lt w as assessed b y  th e  observer 

a n d  ex p ressed  b y  a  w e ig h tin g  fa c to r  g ive n  in  th e  p e n u ltim a te  colum n. T he  

m ean  va lue  of th e  “  free  ” w a te r  fra c tio n , ta k in g  du e  acc o u n t of the se  w eighting  

fac to rs , is 0 • 77. I t  is possib le t h a t  th e  tru e  v a lu e  is s ligh tly  g re a te r  th a n  t h i s : 

a n y  erro r due  to  incom ple te  e q u ilib ra tio n  w ou ld  m a k e  th e  re su lt  to o  low, and  

i t  is n o t c e r ta in  t h a t  e q u ilib ra tio n  is q u ite  co m p le te  even  in  18 hou rs. T he  

t ru e  va lue  c an n o t, how ever, be  h ig he r th a n  0 -8 0  o r 0 -81 , w h ich is th a t  of th e  

to ta l  w a te r  frac tio n . T he re  is o b v io us ly  v e ry  l i t t le  w a te r  “ bo u nd  ” in  th e  

re s tin g  m uscle. So fa r  as  th e y  go th e  u re a  e x p e r im e n ts  gave  a s lig h tly  h igher 

va lue  th a n  th o se  m ad e  w ith  2R  ; i t  m a y  be  t h a t  th e y  g ive  th e  t r u e r  va lue , 

ow ing  to  th e  ra p id  p e n e tra tio n  of u r e a ; fo r  reasons, how ever, w hich we have  

d iscussed  abov e  no a c c o u n t w as ta k e n  of th e m  in  c a lc u la tin g  th e  m ean .

I n  T ab le  V I I  a re  g ive n  re su lts  fo r  fa tig u e d  m uscles, a n d  for m uscles in  h e a t 

rigor. T he “ d iffe ren tia l ”  m e th o d  a lone  w as u sed , a n d  a  w eigh ting  fa c to r 

w as a llo tte d , as  d esc rib ed  abov e .

T he  exp e rim en ts  on  h e a t  rig o r w ere th e  s im p ler. T he p ro ced u re  w as iden tica l 

w ith  t h a t  fo r  re s tin g  m uscles, e x c e p t t h a t :—

(a) T h e  so lu tio ns  R  a n d  2 R  c o n ta in e d  M /50  o r M /100 N aC N  to  p re v e n t 

o x id a tio n  a n d  p a r t ia l  rec ov ery .

(b) T he  tu b e s  w ere filled w ith  n itro g e n  in s te a d  of oxygen  fo r th e  sam e

reason .

(c) W hen  a ll w as com ple te , a n d  th e  tu b e s  filled a n d  stop p ered , th e y  w ere

im m ersed  fo r h a lf -a n -h o u r in  w a te r  a t  a b o u t 45° C., so t h a t  th e  m uscles 

inside  th e n  w e n t in to  h e a t  rigo r.

A fter p ro longed  e q u ilib ra tio n  th e  “ free  ” w a te r  w as d e te rm in ed  as before, 

a n d  in  a d d itio n , in  som e ex p e rim en ts, th e  o sm otic  change  due  to  rigo r w as 

m e asu red  by  com p arin g  th e  v a p o u r  p re ssu re  of th e  fina l flu id in  th e  R -tu b e  

w ith  t h a t  of th e  o rig ina l R -so lu tio n  (for d e ta ils  see above). T he re su lt  w as 

exp ressed  in  th e  follow ing w ay  :— T h e  osm otic  chang e  in  th e  fluid in  th e  R -tu b e  

w as m easu re d  ; th is  is e n tire ly  due  to  th e  m uscles ; assum e th e  w hole change 

to  be c o n c e n tra te d  in  th e  m uscles, a n d  ex p ress i t  in  te rm s  of p .c. N aCl added  

to  R -so lu tion . To say  t h a t  th e  m uscles, o rig in a lly  isoton ic  w ith  0 -703  p.c. 

NaCl, ha ve  unde rgon e  an  o sm otic  chan ge  e q u iv a le n t to  0 -455  p .c. NaCl, 

im p lies th a t  if a ll th e  p ro d u c ts  of rig o r h a d  been  k e p t inside  th e  tissue  a n d  no t
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State o f  Water in Muscle and Blood. 495

T ab le  V I I .— E x p e r im e n ts  to  d e te rm in e  th e  “  free  ”  w a te r  of fa tig u e d  m uscles, 

o r of m uscles in  h e a t rigo r, m ad e  w ith  R in g e r’s so lu tio n  of tw ice  n o rm a l 

s tre n g th  (2R ).

A l l  e x p e r i m e n t s  b y  “  d i f f e r e n t i a l  ”  m e t h o d .  T h e  w e i g h t i n g  f a c t o r  i s  a d j u s t e d  t o  e x p r e s s  

t h e  g e n e r a l  r e l i a b i l i t y  o f  t h e  e x p e r i m e n t .  T h e  o s m o t i c  c h a n g e  i s  e x p r e s s e d  i n  t e r m s  o f  

N a C l  a s  e x p l a i n e d  i n  t h e  t e x t .  T h e  l a c t i c  a c i d  p r o d u c e d  i s  c a l c u l a t e d  a s  a  f r a c t i o n  o f  t h e  

o r i g i n a l  f r e e  w a t e r  o f  t h e  m u s c l e s  ( a s s u m e d  t o  b e  7 7  p . c .  o f  t h e i r  w e i g h t ) .  T w o  e x p e r i 

m e n t s  w i t h  u r e a  i n s t e a d  o f  2 R  a r e  i n c l u d e d  a t  t h e  e n d  o f  t h e  t a b l e ,  b u t  n o  a c c o u n t  i s  t a k e n  

o f  t h e m  i n  t h e  m e a n  v a l u e .

R i  =  h e a t  r ig o r  ; E x  =  e x h a u s t i o n .

D a t e ,

1 9 3 0 .

A v e r a g e

w e i g h t

o f

m u s c le s ,

g r a m m e s .

T y p e

o f

e x p e r i 

m e n t .

P e r io d  o f

e q u i l i b r a t io n ,  h o u r s .

W e i g h t 

in g

f a c t o r .

F r e e

w a t e r

f r a c t io n .

O s m o t ic  
c h a n g e ,  

p e r  c e n t .  
N a C l .

L a c t i c  
a c id ,  

p e r  c e n t ,  
o f

“  f r e e  ”  
w a t e r .

P r e 

l i m i n a r y  
i n  R .

I n  2 R .

2 4  F e b . . . . . . . . . . . 0 - 2 4 R i i 5 4 i 0 - 8 2

2 4 - 2 5  F e b . 0 - 2 4 R i 2 4 1 4 2 0 - 8 3 0 - 3 7 —

2 6 - 2 7  „ 0 - 2 7 E x 0 1 9 1 4 0 - 7 9 — —

2 7 - 2 8  , , 0 - 2 6 E x 0 1 7 4 4 0 - 7 6 — —

2 0 - 2 1  M a r . — R i 2 1 7 4 4 0 - 7 3 0 - 4 5 5 0 - 6 5 5

2 0 - 2 1  „ — R i 2 1 9 4 0 - 7 3 0 - 4 3 0 - 6 6 5

2 6 - 2 7  „ 0 - 2 9 E x 3 J 1 5 5 0 - 7 9 0 - 4 4 —

2 7 - 2 8  , , 0 - 2 2 E x H 1 8 6 0 - 7 9 0 - 4 5 —

2 7 - 2 8  „ 0 - 2 1 E x 4 2 1 6 0 - 7 3 0 - 4 9 0 - 8 1

1 9 - 2 0  M a r . — R i 4 ( u r e a )  1 5 ____ 0 - 8 4 — —

1 9 - 2 0  „ — R i 4 ( u r e a )  1 6 J — 0 - 8 1

T h e  m e a n  v a lu e  o f  t h e  f r e e  w a t e r  f r a c t i o n ,  t a k i n g  d u e  a c c o u n t  o f  t h e  w e i g h t i n g  f a c t o r s ,  i s  0 - 7 7  ; t h e  m e a n  
v a lu e  o f  t h e  o s m o t ic  c h a n g e  i s  t h e  e q u i v a l e n t  o f  0 - 4 5  p .c .  N a C l.

a llow ed  to  d iffuse o u t in to  th e  R -so lu tio n , th e  m uscles w ou ld  fina lly  h a v e  been  

iso to n ic  w ith  0 -7 0 3  -j- 0 -4 5 5  =  1 -158  p .c . N aCl.

Tw o exp e rim en ts  w ere  m a d e  w ith  u re a  ; th e y  w ere good e x p er im en ts , b u t  

th e  re su lts  a re  n o t  in c lu d e d  i n  th e  m e an , fo r th e  reaso ns  g iven  above .

T he  exp e rim en ts  on  fa tig u e  w ere re a lly  e x p e rim en ts  on  rigo r. M uscles 

severely  fa tig u e d  w ill n o t long su rv iv e  if d ep riv ed  of oxyg en  ; i t  w as necessary , 

in  o rde r to  m ak e  su re  t h a t  e q u ilib ra tio n  w as com ple te , to  su b je c t th e m  to  

15 ho u rs  o r m ore  of m ix ing  ; th is  m ean s— since rec o ve ry  w ou ld  obv iously  

ha v e  spo ilt th e  e x p e r im e n t— a long pe rio d  of oxyg en  w an t, d u rin g  w h ich th e y  

in v a ria b ly  passed  in to  rigo r. To ensu re  t h a t  th e  fa tig u e d  m uscles shou ld  be 

a live a t  th e  end  of i t ,  e q u ilib ra tio n  w ou ld  need  to  la s t  n o t longer th a n  a b o u t 

4 hou rs. O nly  b y  u sing  exceed ingly  sm all m uscles, w eighing, say , 50 m g. 

apiece (see fig. 2, p . 503), w ou ld  i t  be possib le so to  q u ic ken  diffusion t h a t  

V O L .  C V I .— B .  2 N
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496 A . V . H i l l .

e q u ilib ra tio n  w ou ld  be com ple te  in  t h a t  tim e . T he difficu lty  of p re p a rin g  

a  sufficient m ass of such  sm all m uscles w ith o u t in ju ry  w as too  g rea t.

I t  is open, th e re fo re , to  a n y  w ho will, to  a rgu e  t h a t  th e  “ free ” w a te r of 

fatigued m uscles h a s  n o t b een  m e asu re d  a t  all. S tr ic tly  sp eak ing  th is  is so. 

T he m uscles could  be p ro p e rly  d escribe d  as fa tig u e d  d u rin g  th e  earlie r p a r t  of 

th e ir  e q u ilib ra tio n , b u t  d u rin g  th e  l a t te r  p a r t  th e y  w ere ce rta in ly  in  rigo r. 

Since, how ever, th e  “ free  ” w a te r  of m uscles in  r ig o r a p p e a rs  to  be  th e  sam e as 

th a t  of m uscles a t  re s t,  i t  is v e ry  u n lik e ly  t h a t  in  fa tig ue , w hich in  m an y  

re sp ec ts  m a y  be re g a rd e d  as a n  in te rm e d ia te  c o nd ition , th e  case is seriously  

d iffe ren t.

F a tig u e  w as in d u c ed  in  tw o  w ays. I n  th e  firs t  tw o  ex p e rim en ts  th e  in ta c t  

legs w ere e x h a u s te d  b y  in d u c tio n  shocks a n d  th e n  sk in n ed  ; th e  m uscles w ere 

d issec ted , p lace d  im m e d ia te ly  in  th e  tw o  tu b e s  a n d  w eighed . I n  th e  la s t th re e  

e x p e rim en ts  th e  m uscles w ere d issec ted  a n d  so ak ed  in  R in g e r’s so lu tion , 

b lo tte d , p la ce d  in  th e ir  tu b e s  a n d  w eighed  ; th e y  w ere th e n  ex h au s te d  b y  in d u c 

tio n  shocks led  th ro u g h  th e  c o n te n ts  of th e  tw o  tu b e s  in  series. F in a lly  in  

b o th  cases th e  R  a n d  th e  2 R  so lu tio n s  w ere a d d e d . A s befo re  the se  con ta ined  

N aC N , a n d  th e  tu b e s  w ere filled w ith  n itro g e n .

I n  th re e  ex p e rim en ts  th e  la c tic  acid  p ro d u c tio n  w as m e asu re d . I  am  m uch 

ob liged to  M iss M. K e rly  fo r m a k in g  th e  d e te rm in a tio n s . T he to ta l  lac tic  acid  

fou nd  in  a  tu b e  is ex p re ssed  in  T ab le  V I I  as  a  p e rc en ta g e  of th e  in itia l “  free ” 

w a te r  of th e  m uscle  in  th e  tu b e .

T he m e an  v a lu e  of th e  “ free  ” w a te r  f ra c tio n  fo r fa tig u e d  a n d  rigo r m uscles, 

ta k in g  due  a c c o u n t of th e  w e ig h tin g  fa c to rs , is 0*77. T his  is ide n tic a l w ith  

th e  m e a n  va lu e  fo r  re s tin g  m uscles. A gain  i t  m a y  be slig h tly  too  low, ow ing 

to  e q u ilib ra tio n  b e in g  n o t q u ite  com ple te .

T he  o sm otic  ch an ge  in  fa tig u e  a n d  r ig o r h a s  a  m e an  va lue  eq u iv a len t to  

0 -4 5  p .c . N aCl. T he  la c tic  a c id  a c tu a lly  p ro d u c e d , in  th e  th re e  exp erim en ts  

in  w hich i t  w as m e asu re d , av e rag e d  0 -71  p .c . c a lc u la te d  in  th e  “ free ” w a te r 

of th e  m uscle. T h is  is o sm otica lly  e q u iv a le n t to  0*23 p .c . NaCl, w hich is 

0*23 p .c. less th a n  th e  m e an  osm otic  ch an g e  observed  in  th e  sam e th re e  

exp erim en ts. I f  we fu r th e r  suppose  t h a t  a ll th e  ph o sp h ag en  w as b roken 

dow n, lib e ra tin g  c re a tin e  e q u iv a le n t to  60 m g. p .c . P , th e  e x tra  osm otic  effect 

w ould  be e q u iv a len t to  0 -07  p .c . N aC l. T here  is s till an  excess of osm otic  

p ressu re  to  acc o u n t for, as fou nd  in  th e  p re v io us  p ap er. T his excess 

(e qu iv a len t to  0*16 p .c. N aC l) m a y  seem  ra th e r  sm all, w hen com pared  w ith  

t h a t  described  th e re  ; a c tu a lly  its  absolute va lue  is a lm o s t e x a c tly  th e  sam e, 

b u t  its  relative size is d im in ished  b y  th e  m u ch  g re a te r  am o u n t of lactic
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State o f  Water in Muscle and Blood.497

acid  p ro d u ced  in  th e  p re se n t e xp er im en ts . W e m a y  reca ll also  t h a t  in  

T ab le  I I I ,  above, th e  v a p o u r p re ssu re  dep ression  caused  b y  a d d in g  la c tic  

ac id  to  b lood  w as show n  to  be a p p re c ia b ly  less th a n  t h a t  due  to  a d d in g  i t  to  

w ater ; p e rh a p s  in  m uscle  also  th e  la c tic  ac id  is p a r t ly  a d so rb ed  by , o r d is 

solved  in , th e  solid  c o n s ti tu e n ts  of th e  tissu e . I f  so, th e  la rge  a m o u n t of lac tic  

ac id  p ro d u ced  in  th e  rigo r e x p e r im e n ts  w ou ld  be  o sm o tic a lly  e q u iv a le n t in  

m uscle to  less th a n  th e  a m o u n t of N aC l c o m p u te d , a n d  th e  u n e x p la in ed  

excess of o sm otic  p re ssu re  s ti l l  g re a te r  th a n  c a lc u la te d  above .

T he fu n d a m e n ta l p o in t b ro u g h t o u t  b y  th e  e x p e r im e n ts  of T ab le s Y I a n d  

V I I  is t h a t  n e a r ly  th e  w hole of th e  w a te r  of m uscle  is “  f re e ,”  in  th e  sense t h a t  

i t  c an  d isso lve  in  a  n o rm a l m a n n e r  su b s ta n c es  a d d e d  to  i t .  T h is  is tru e , w h e th e r  

th e  m uscles be a t  re s t o r in  rigo r. T h e  m e a n  v a lu e  of th e  “  free  ”  w a te r  is 

77 p .c. fo r b o th . T he  t ru e  v a lu e  m a y  be  even  s lig h tly  g re a te r . I t  is im p o r ta n t  

to  define p rec ise ly  w h a t is m e a n t b y  “ free  ”  w a te r  ; th e  d iffe rence  be tw ee n  

th e  p re se n t re su lts  a n d  th o se  of o th e rs  (e.g., of R u b n e r)  m a y  be, in  p a r t  a t  le ast, 

s im p ly  a  m a t te r  of de fin itio n .

I n  dea lin g  w ith  th e  eq u ilib ria  o c cu rrin g  in  b lood , o r b e tw een  b lood  a n d  

tissues, i t  is com m on  to  exp ress c o n c e n tra tio n s  in  g ram m es  (o r m ols) p e r li tre , 

o r p e r 1000 g. of tis su e . I t  is c lea rly  b e tte r ,  a n d  lik e ly  to  le ad  to  m u ch  sim p ler 

re la tio ns , to  exp ress a ll c o n c e n tra tio n s  (w here physico -chem ica l e q u ilib ria  

a re  invo lved ) in  g ra m m es (or m ols) p e r  1000 g. of “ f r e e ”  w a te r . I f  th e  

“  free  ”  w a te r  be n o t  a c c u ra te ly  kn ow n , th e  to ta l  w a te r  is a  close a p p ro x im a 

tio n , a t  le a s t in m uscles a n d  b loo d .

V . T h e  S w e l l i n g  a n d  S h r i n k i n g  o f  M u s c l e s  in  H y p o -  a n d  

H y p e r - T o n i c  S o l u t io n s .

T he e x pe rim en ts  of O v e rto n  (1902) h a v e  b een  re fe rre d  to  in  th e  In tro d u c tio n  

above. T h ey  h a v e  be en  re p e a te d  a n d  e x te n d e d  as follow s. T he  o b je c t w as 

to  m easu re  th e  “  o sm otic a lly  a c tiv e  w a te r  f ra c tio n ,”  th e  w eigh t of w a te r 

p e r g ram m e of liv ing  m uscle  w h ich  m a y  be re g a rd ed  as su rro u n d e d  b y  sem i- 

pe rm eab le  m e m brane s a n d  liab le  th e re fo re  to  o sm otic  increase  o r decrease 

in  hypo- o r hy p e r- to n ic  so lu tions.

I t  is necessary  to  consider for how  long a  tim e  a  m uscle  m u s t be im m ersed  

in  a n  aqueous so lu tion  of su b stan ces  to  w hich  i t  is n o rm a lly  im perm eab le , in  

o rde r to  a t ta in  a  su fficien tly  c o n s ta n t w eight. T he p ro b lem  is one  of diffusion, 

chiefly of w a te r  b u t  p a r t ly  also of salts , a n d  is ana logous to  th a t  d iscussed  

b y  H ill (1928, pp . 68-73 , a n d  fig. 5) in  re la tio n  to  th e  d iffusion  of oxygen in to
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498 A . V .  H i l l .

a  cy linder. T he firs t s tages of d iffusion  a re  ra p id  ; th e  creep, how ever, to  th e  

final equ ilib riu m  is slow.

F ig . 1 illu s tra te s  th e  process g raph ica lly . V e rtica lly  is show n  th e  change  in  

w eigh t of a  cy lind er com posed  of sem i-pe rm eab le  fibres, im m ersed  in  a  hypo- 

o r h y p e rto n ic  so lu tion , exp ressed  as a  fra c tio n  of th e  to ta l  change  finally

F ig . 1 . — T h e  s w e l l i n g  ( o r  s h r i n k a g e )  o f  a  c y l i n d r i c a l  t i s s u e  c o n s i s t i n g  o f  s e m i - p e r m e a b l e  

e l e m e n t s ,  w h e n  i m m e r s e d  i n  a  h y p o t o n i c  ( o r  h y p e r t o n i c )  s o l u t i o n .  V e r t i c a l l y ,  t h e  

d e g r e e  o f  s w e l l i n g  ( o r  s h r i n k a g e )  a s  a  f r a c t i o n  o f  t h a t  f i n a l l y  a t t a i n e d  a f t e r  l o n g  i m m e r 

s i o n  ; h o r i z o n t a l l y  kt/r2, w h e r e  k i s  t h e  d i f f u s i o n  c o n s t a n t  o f  w a t e r  i n  t h

t i m e ,  a n d  r i s  t h e  r a d i u s  o f  t h e  c y l i n d e r .  [ D r a w n  f r o m  t h e  d a t a  o f  T a b l e  I V ,  p .  7 1 ,  

o f  H i l l  ( 1 9 2 8 ) . ]

a tta in e d  a f te r  p ro lon ged  im m ersion . H o riz o n ta lly  is Jct/r2, w here Jc is th e  

d iffusion c o n s ta n t of w a te r  in to  th e  tissue , t is th e  tim e, a n d  r th e  ra d iu s  of 

th e  cy linder. T he cu rv e  w as c o n s tru c te d  from  th e  d a ta  of T ab le  IV  in  th e  

p a p e r  ju s t  m en tion ed . T he  tim e  n eeded  fo r a n y  g iven  change  is inversely  

p ro p o rtio n a l to  th e  d iffusion  c o n s ta n t, a n d  d ire c tly  p ro p o rtio n a l to  th e  squ are  

of th e  lin ea r d im ensions of th e  tissu e  ; th e  fa c to r  2 a lw ays occurs as a  w hole 

in  dea ling  w ith  a  cy lin d rica l tis sue . S ince th e  w e igh t varies as  th e  cube of 

th e  lin ea r d im ensions, for m uscles of th e  sam e shape , we m a y  conclude  th a t  th e  

tim e  re q u ired  is p ro p o rtio n a l to  th e  2 /3  po w er of th e  w eight. As we shall see 

below , w ith  m uscles of th e  size u sed  th e  tim e  re q u ire d  to  a t ta in  final equ ilib rium  

is so g re a t t h a t  th e  va lues a c tu a lly  fou n d  are  co m p lic a ted  b y  changes in  th e  

tissues. I t  is necessary  to  e x tra p o la te  from  re ad ing s a t  a n  earlie r  s tage ,

 D
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State o f Water in Muscle and Blood. 499

I t  w as th o u g h t de sirab le  to  av o id  th e  use  of so lu tio n s  d iffering  co n sid e ra b ly  

in  o sm otic p re ssu re  fro m  th e  m uscles. T he  so lu tio n s  em p lo y ed  w ere 0 -8 R  

an d  1 • 2R , o r 0 • 75R  a n d  1 • 25R .*  T he  m uscles w ere a lw ays a live  a n d  n o rm a lly  

ex c itab le  a t  th e  end  of im m ersion . S ince, how ever, p rog ress ive  changes m a y  

occu r in  th e m , th e  sim ple  p ro c e d u re  e m p lo ye d  b y  O v e rto n  w as n o t u sed , b u t  a. 

“  d iffe ren tia l ”  m e th o d  wras a d o p te d . T h is  a u to m a tic a lly  e lim in a te s  th e  

effects of such  unk n ow n  d is tu rb a n c e s , e ach  e x p e r im e n t be ing , so to  sp eak , 

i ts  ow n co n tro l.

T he  twro ga stro cn e m ii of a  sm all frog  w'ere p re p a re d  a n d  k e p t  in  o x y g e n a te d  

R in g e r’s so lu tio n  (R ) t i l l  re q u ire d . E a c h  w as carefu lly  b lo t te d  a n d  w eighed 

to  th e  n e a re s t 0*1 m g . o n  a  B u ng e  a ir-d a m p e d  b a lan ce . O ne w as th e n  h u n g  

in  0 -8 R  so lu tion , s t ir re d  b y  o x yg en  b u b b lin g  slow ly th ro u g h  i t ,  th e  o th e r  

in  1 -2R  so lu tio n  s im ila rly  s tir re d . A fte r a  suffic ien t p e rio d  of im m e rs io n  a t  

room  te m p e ra tu re  th e  m uscles w ere  rem ov ed , b lo tte d , a n d  w eighed  to  0 -1  m g. 

as  before .

C onsider a  p a ir  of s im ila r m uscles, e.g., th e  tw o  g a s tro cn e m ii of one  frog . 

L e t th e ir  in it ia l  w e igh ts  be  ta k e n  as u n ity , a n d  assum e t h a t  th e y  h a v e  been  

b ro u g h t, b y  soak in g , in to  e q u ilib riu m  w ith  R in g e r’s so lu tio n  R . L e t (i) a 

be  th e  solid  p lu s  “  b o u n d  ”  w a te r  f ra c tio n  ; (ii) x th e  “  o sm o tic a lly  a c tiv e  

w a te r  fra c tio n  ”  ; (iii) (1 — a — x) th e  “  o sm o tic a lly  in a c tiv e  w a te r  f ra c tio n .” 

L e t u s im m erse  one of th e  m uscles in  a  h y p e r to n ic  so lu tio n  (1 -f- R , a n d  th e  

o th e r  in  a  h y p o to n ic  so lu tio n  (1 — r) R , a n d  leave  th e m  till  a  c o n s ta n t  d ifference 

of w eights  se ts  in . Im a g in e  t h a t  x c ha ng es  in  a n y  w ay, ow ing  to  th e  p ro 

cesses of su rv iv a l in  s a lt  so lu tio n , beco m in g  (1 +  8), w here § is p o s itiv e  or 

n e ga tiv e  ; causes of such  ch an g e  m ig h t be  (1) a  loss of sem i-p e rm ea b ility  in  

som e of th e  m em b ra n es  o r fibres, in  w hich case  8 w ou ld  be  n eg ativ e , o r (2) a  

p ro d u c tio n  of m e ta b o lite s  d u rin g  su rv iv a l, c au s in g  th e  tis su e  to  swell, in  w hich  

case 8 w ould  be po sitive , e tc . Im a g in e  fu r th e r  t h a t  (1 — a — x) a lso  changes 

as th e  re su lt  of im m ersion  a n d  su rv iv a l, becom ing  (1 — a — x ) ( l  +  8)', w here  

8 ' is po sitiv e  o r n e g a tiv e  ; a  cause  of such  change  m ig h t be  (1) a n  im b ib it io n  of 

w a te r b y  th e  colloids of th e  tis sue , o r (2) a loss of sem i-p erm ea b ility  in  som e of 

th e  fibres com ing  o rig in a lly  in  th e  o th e r  fra c tio n  ; in  e ith e r  case  S' w ou ld  be 

positive . L e t A  be  th e  fina l w e igh t of th e  m uscle  in  th e  h y p o to n ic  so lu tio n , B 

t h a t  of th e  m uscle in  th e  h y p e rto n ic  so lu tio n . S ince in  th e  fo rm er th e  osm otic

*  B y  a  t /R  s o l u t i o n  i s  m e a n t ,  a s  b e f o r e ,  a n  a q u e o u s  s o l u t i o n  o f  t h e  u s u a l  c o n s t i t u e n t s  o f  

R in g e r ’s  f lu i d  ( e x c e p t  b i c a r b o n a t e ) ,  i n  t h e  u s u a l  r e l a t i v e  p r o p o r t i o n s ,  b u t  w i t h  1 o f  t h e  

u s u a l  a m o u n t  o f  w a t e r .
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500 A . Y .  H i l l .

pressu re  of th e  e n v iro n m e n t w as ch an g ed  from  R  to  R  (1 — th e  “ o sm otically  

a c tiv e  w a te r  ” m u s t h a v e  inc rease d  in  th e  ra tio  1/(1 — r) ; hence

A  =  a  +  (1 -  a  - x) (1 +  +  x (1 -

S im ilarly
B  =  a  +  (1 -  a  -  x)(1 +  +  x (1 +  8 ) /( l  +  r).

W e see a t  once fro m  th e se  form ulae th e  d a n g e r of m a k in g  “ single ” uncon 

tro lle d  e x p e rim en ts  ; S '  is u n k no w n , i t  m a y  be  re la tiv e ly  la rge  

so t h a t  th e  a p p a re n t  o sm otic  inc rease  of vo lu m e  in  h y p o to n ic  so lu tions m ay  be 

p a r t ly  due  to  sw elling  in  no  w ise cau se d  b y  osm otic  forces. T h a t th is  danger 

is n o t im a g in a ry  is show n  b y  th e  fa c t t h a t  in  a ll th e  ex p erim en ts  perfo rm ed  

on pa irs  of m uscles, as  desc rib ed  ab ov e , th e  inc rease  of w eigh t in  th e  h y p o 

to n ic  so lu tio n  w as c o n s id e ra b ly  g re a te r  th a n  th e  decrease  of w eigh t in  th e  

h y p e r to n ic  so lu tio n .

I t  is s im ple, how ever, to  e lim in a te  S' c o m p le te ly  b y  su b tra c tio n  to g e th e r  

w ith  a ; we find

A - B  =  ®(1 +  S)2r / ( l  — r 2)

so t h a t  the final “  o sm o tic a lly  a c tiv e  w a te r  fra c tio n  ”  is g iven  b y  

a ( l  +  8) =  (1 - r 2) (A — B )/2 r.

T here  is no  d ire c t w ay  of find ing  th e  initial “  o sm otica lly  ac tiv e  w a te r frac 

tio n  ” ; th e  b e s t t h a t  c a n  be  done  is to  em p lo y  m uscles so sm all t h a t  th e  tim e  

of e q u ilib ra tio n  is re d u c ed  as m u c h  as possib le . F o r  th e  tw o  se ts of ob serva 

tio n s  to  be re p o r te d  firs t th e  g a stro cn em ii of th e  sm alles t frogs av a ilab le  w ere 

used. I n  th e  longer series of o b se rv a tio n s  (by  K u p a lo v ) th e n  described  various 

m uscles of w ide ly  d iffe re n t sizes w ere used . B y  e x tra p o la tio n  to  “ zero 

w eigh t ” th e  t r u e  v a lu e  c a n  be  a p p ro x im a te ly  e s tim a te d .

T he follow ing e x p e r im e n t is in s tru c tiv e . T he  10 gastro cnem ii of five frogs 

w ere d isse c ted  from  9.45 to  10.15 a .m ., a n d  le ft  in  o x y g ena te d  R -so lu tion . 

F ro m  11.15 to  11.42 a .m . th e y  w ere b lo tte d , w eighed, a n d  tra n sfe rre d , one se t 

to  o x y g e n a te d  0 • 8R -so lu tion , th e  op p o site  se t to  o x y g ena te d  1 • 2 R -so lu tion . 

F ro m  6.29 to  6.49 p .m . th e y  w ere b lo tte d  a n d  w eighed again . T hey  w ere 

soaked , there fo re , in  R -so lu tio n  for 1 | h ou rs , a n d  in  0 ’8R  a n d  1*2R fo r 7*17 

hou rs.
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State o f Water in Muscle and Blood. 501

F r o g .

I n  0  • 8 1 1 - s o lu t io n . I n  l * 2 R - s o l u t i o n .

A - B

c a l c u l a t e d .
I n i t i a l

w e ig h t .

F in a l

w e ig h t .

I n i t i a l

w e ig h t .

F in a l

w e ig h t .

m g . m g . m g . m g .

1 1 4 3 - 7 1 6 3 - 0 1 4 0 - 4 1 3 2 - 9 0 - 1 8 7 6

2 2 4 6 - 4 2 6 8 - 0 2 5 3 - 0 2 3 9 - 2 0 - 1 4 2 4

3 1 8 7 - 8 2 0 6 - 4 1 9 3 - 2 1 8 0 - 3 0 - 1 6 5 9

4 2 1 3 - 5 2 2 9 - 8 2 0 2 - 3 1 8 8 - 5 0 - 1 4 4 8

5 2 1 4 - 5 2 3 5 - 0 2 1 1 - 5 1 9 9 - 2 0 - 1 5 3 9

I t  sho u ld  be n o te d  t h a t  A  a n d  B  a re  f ra c tio n s  (final w eigh t) -j- (in itia l w eigh t) 

in  each  case. T h e  a v e rag e  v a lu e  of (A — B ) is 0 -158 9 . T he  a v erag e  in it ia l 

w eigh t of th e  m uscles w as 201 m g. S ince in  th is  case  0 • 2, th e  “  o sm o tic a lly  

a c tiv e  w a te r  fra c tio n  ” (A — B )( l  — r is 2 -4  (B  — A)

I n  th is  exp e rim en t, how ever, th e re  is ev idence  t h a t  a  s te a d y  diffe rence  

(A — B) h a d  n o t been  re ach ed . O n th e  sam e d a y  a  s im ila r g ro u p  of 10 g astro c- 

nem ii, so aked  in  o x y g e n a te d  R -so lu tio n  fo r 1 -6  hou rs , w as im m ersed , one 

se t in  0 - 8R , th e  op po site  s e t in  1 • 2R , fo r 6 • 16 h o u rs . T h e  a v erag e  in it ia l  

w eigh t w as 202 m g. a n d  th e  a v e ra g e  v a lu e  of (A — B) w as 0 -151 4 . T h is  is 

a p p re c ia b ly  less (a t  6 -1 6  h ou rs ) th a n  th e  v a lu e  o b ta in e d  fo r 7 -1 7  h ou rs . A 

th ir d  g ro up  of m uscles, so ak ed  in  o x y g e n a te d  R -so lu tio n  fo r 1 • 7 hou rs, w as 

im m ersed  in  0 • 8R  a n d  1 • 2 R  fo r 4 -5  h o u rs  ; th e  a v e rag e  in it ia l  w e igh t w as 

194 m g . a n d  th e  a v erag e  v a lu e  of (A  — B ), 0 -1 360 . T h is  is co n sid e ra b ly  less 

(a t  4 - 5 hou rs) th a n  th e  v a lu e  a t  7 -17 h o u rs . I t  is c lear  t h a t  a  c o n s ta n t d iffer

ence w as n o t  re ach ed . W e m a y , how ever, g a in  a  ro u g h  id ea  of th e  tru e  final 

va lue  b y  e x tra p o la tio n .

O ur d a ta  a re  as follow s :—

T im e, h o u rs  ..........  4 -6*  6 -1 6  7 -1 7

A - B  ................. : .  0 -1 36 0  0 -1 5 1 4  0 -1589

W e h a v e  to  choose  th re e  p o in ts  on  th e  cu rv e  of fig. 1 such  t h a t  th e  abscissae 

a re  in  th e  ra tio  4 -6  : 6 -1 6  : 7• 17, a n d  th e  o rd in a te s  in  th e  ra tio  of th e  c o rre 

spon d in g  va lu es of (A — B ). I f  we ta k e  4 -6  h o u rs  as  co rre sp o nd in g  to  

=  0 -12 , th e n  6 -16  a n tj  7 -17  h o u rs  c o rre sp on d  re sp ec tiv e ly  to  0 • 161 a n d  0 -187 . 

T he  va lues of th e  p e rc en ta g e  chan ge  re a d  off from  fig. 1 for th e se  va lues of 

kt/r2 are, 65 -4 , 72-6, a n d  76-5 , from  w hich  th e  ca lc u la te d  fina l va lue  of

*  4 - 6  h o u r s  i s  a  c o r r e c t e d  t i m e ,  t o  a l l o w  f o r  t h e  f a c t  t h a t  t h e  m u s c l e s  i n  t h i s  g r o u p  

w e i g h e d  s l i g h t l y  l e s s  t h a n  in  t h e  o t h e r s .
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502 A . V . H ill .

( A - B )  shou ld  be  0 -1 3 6 /0 -6 5 4  =  0 -2 08 , 0 -1 5 1 4 /0 -7 2 6  =  0-209, and

1-158 9 /0 -7 65  =  0 -208 , a  sa tis fa c to ry  a g re em en t. T h u s  th e  final va lue  of 

(A — B) to  w hich th e  m uscles w ere te n d in g  is 0 -2 08 , w h ich co rresponds to  an  

“ o sm otic a lly  a c tiv e  w a te r  fra c tio n  ” of 0 -5 0 . To a t ta in  i t ,  how ever, w ould 

h a v e  re q u ire d  a b o u t 24 hou rs, d u rin g  w hich tim e  th e  frac tio n  in  q u estio n  w ould  

h a v e  d im in ished , ow ing to  irrev e rs ib le  changes ta k in g  p lace  in  th e  m uscles.

I n  a n o th e r  e x p e r im e n t 14 p a irs  of gastro cnem ii, a g a in  av erag in g  a b o u t 0 -2  g. 

in  w eight, w ere d issec ted  a n d  le f t in  o y x g e n a te d  R -so lu tio n  all n ig h t a t  a b o u t 

18° C. O n th e  fo llow ing  d a y  th e y  w ere b lo tte d , w eighed  a n d  im m ersed  in  

7 R /6  a n d  5 R /6  so lu tio n s  fo r 7 J  h o u rs . F in a lly  th e y  w ere b lo tte d  a n d  w eighed 

again . T he  a v erag e  v a lu e  of (A — B ) w as 0 -115 , w hich  co rresponds to  an  

“  o sm otica lly  a c tiv e  w a te r  f ra c tio n  ”  of on ly  0- 336. T he  low  va lue  is doub tless 

due  p a r t ly  to  to o  s h o r t  a  tim e  of im m e rs io n  in  th e  ex p e rim en ta l fluids, p a r t ly  

to  a  genu ine  d ecrease— cau se d  b y  long  s u rv iv a l— of th e  fra c tio n  of th e  m uscle 

co n ta in ed  w ith in  fu n c tio n in g  sem i-pe rm eab le  m e m b ra n es .

A  series of s im ila r e x p e r im e n ts  w as p e rfo rm ed  b y  m y  colleague  D r. P . 

K u pa lo v , on  v a rio u s  m uscles of th e  frog  d issec ted  on  th e  sam e d ay . These 

w ere th e  ga strocn em ius , th e  sa r to riu s , th e  sem i-m em branosus, a n d  several 

o th e r  m uscles of th e  u p p e r leg. T h e  p e rio d  of im m e rs io n  w as a b o u t 5 |  hou rs, 

a f te r  a  p re lim in a ry  so ak in g  of a b o u t 2 h o u rs  in  R in g e r’s flu id  ; th e  so lu tions 

w ere e ith e r  (a) 0 -8 R  a n d  1 -2 R , o r ( b) 5 R /6  a n

in w eigh t fro m  30 m g. to  840 m g . N a tu ra l ly  w ith  th e  sm alle r ones th e  exp eri

m e n ta l e rro r  w as la rge , a n d  m ore ov er, in  th e ir  d is sec tion , th e re  w as risk  of 

in ju ry , w h ich  te n d e d  to  inc rease  th e  “  s c a t te r .”

T he  re su lts  of th e se  e x p e rim en ts  a re  show n  g ra p h ic a lly  in  fig. 2, th e  va lue  of 

th e  “ o sm otica lly  a c tiv e  w a te r  fu n c tio n  ”  be ing  p lo tte d  ag a in s t th e  in it ia l 

w eigh t of th e  m uscle. T h e  c u rv e  d ra w n  th ro u g h  th e  p o in ts  is a  th eo re tic a l 

one, b a se d  on  fig. 1, assum in g  th e  m uscle  to  be  cy lin d ric a l a n d  r 2 (in  kt/r2) 

to  be p ro p o rtio n a l to  th e  2 /3  pow er of th e  w eight. T he e x tra p o la te d  va lue  

fo r zero w eight, v iz ., 0 -47 , is t h a t  to  w hich, on  th e  average , th e  m uscles were 

te n d in g  a t  th e  tim e  of o b se rv a tio n  (5|- ho u rs ). A p p a re n tly  a f te r  1 to  2 hou rs 

of p re lim in a ry  soak ing  in  R in g e r’s flu id  a n d  5 |  h o u rs in  th e  exp erim en ta l 

so lu tions, th e  “ o sm otica lly  a c tiv e  w a te r  fra c tio n  ” is a b o u t 0 -47  ; in  o th er 

w ords, o u t of 0 -77  g. of “ free  ”  w a te r  in  1 g. of m uscle, 0 -47  g. is confined 

w ith in  sem i-perm eab le  m em b ra ne s  a n d  is su b je c t to  o sm otic  sw elling or sh rink 

age in  hypo- o r h y p e rto n ic  so lu tions, w hile 0 -3 0  g. is unconfined.

Of th e  0 -77  g. of “ free ”  w a te r  in  1 g. of m uscle  on ly  a  sm all p a r t  is p re sen t 

in  th e  in te rspaces be tw een  th e  fibres ; c e r ta in ly  fa r  m ore  th a n  0 -47  g. is con-
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ta in e d  w ith in  th e  fib res the m se lv es. T h e  re a so n  w h y  a ll th e  w a te r  is n o t 

“ osm o tie a lly  a c t iv e ”  is n o t, as  O v e rto n  sup po sed , t h a t  p a r t  of i t  is “ b o u n d ” ;

0 * 7 0

I n i t i a l  W e i g h t  o f  M u s c l e  : M G .

F ig . 2 . — T h e  “  o s m o t i c a l l y  a c t i v e  w a t e r  f r a c t i o n  ”  d e t e r m i n e d  f o r  a  n u m b e r  o f  m u s c l e s  

o f  d i f f e r e n t  s i z e s  b y  t h e  d i f f e r e n t i a l  m e t h o d  d e s c r i b e d  i n  t h e  t e x t ,  p l o t t e d  a g a i n s t  t h e  

w e i g h t .  T h e  c u r v e  d r a w n  t h r o u g h  t h e  p o i n t s  w a s  c a l c u l a t e d  f r o m  f ig .  1 , a s s u m i n g  

a  c o n s t a n t  t i m e  o f  i m m e r s i o n ,  (b) a  c o n s t a n t  c o e f f i c i e n t  k o f  d i f f u s i o n ,  a n d  ( c )  a  c y l i n 

d r i c a l  m u s c l e ,  w i t h  r- v a r y i n g  a s  t h e  2 / 3  p o w e r  o f  t h e  w e i g h t .  T h e  t r u e  v a l u e ,  f o r  t h e  

p e r i o d  o f  i m m e r s i o n  c o n s i d e r e d ,  i s  t h a t  e x t r a p o l a t e d  t o  z e r o  w e i g h t .

v e ry  lit tle , if any , of i t  is “  b o u n d  ” ; th e  s im p le st a n d  m o s t p ro b a b le  e x p la n a 

tio n  is th a t ,  a f te r  p ro lo ng ed  su rv iv a l w ith o u t a  n o rm a l b lood  sup p ly , th e  m em 

b ra n es  of som e of th e  m uscle  cells h a v e  lo s t th e ir  sem i-p erm ea b ility . I  am  

in fo rm ed  b y  M r. H . V. H o r to n  t h a t  a  co nside rab le  f ra c tio n  of i ts  p o ta ss iu m  

m a y  escape b y  d iffu sion  fro m  a  m uscle  su sp en d ed  in  R in g e r’s so lu tion ,

25 p.c. of i t  m a y  be lo s t in  5 h o u rs  (see also E r n s t  a n d  Scheffer (1928) ). D u rin g  

life th e  m em b ra n es  of a  m uscle  a re  c e r ta in ly  im p e rm eab le  to  po ta ss iu m . 

A p p a re n tly , how ever, th e  re m o va l of th e ir  n o rm al e n v iro n m e n t of b lood  p lasm a, 

o r som e o th e r cause, som ehow  affects  th e  m em bran es  of a  c e r ta in  n u m b e r of 

th e  fibres, re nd e ring  th e m  pe rm eab le , allow ing  th e ir  K -io ns  to  escape, a n d  so 

m ak in g  th e m  p re su m ab ly  “  o sm otica lly  in a c tiv e .”  T h e  sp o n ta n eo u s  o n se t 

of “ reversib le in e x c ita b ility  ”  described  b y  D u lie re  a n d  H o r to n  (1929) as 

occurring  in  a n  iso la ted  su rv iv in g  m uscle  is, so M r. H o r to n  in form s m e, a lm ost

2 oV O L . c v i . — b .
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504 A . V .  H i l l .

c e r ta in ly  cau sed  b y  tlie  escape  of p o ta ss iu m  fro m  th e  inside  of a  c e r ta in  nu m b er 

of its  fibres ; i ts  re v e rsa l b y  w ash in g  is d u e  sim p ly  to  th e  rem ov al of th is  

p o ta ss iu m . I f  th e  o rig in a l “  o sm o tic a lly  a c tiv e  w a te r  f r a c t io n ”  w ere 0 -6 4  

(allow ing 0*13 of th e  “  free  ” w a te r  f ra c tio n  0*77 fo r w a te r  be tw een  a n d  n o t 

inside  th e  fibres), a  loss of s em i-p e rm ea b ility  in  25 p .c . of th e  fibres a f te r  7 

ho u rs  su rv iv a l w ou ld  red u ce  th e  “  o sm o tic a lly  a c tiv e  w a te r  frac tio n  ” to  0 -48 , 

w hich  is a b o u t w h a t  we h a v e  fou nd .

W e m a y  conclude , th e re fo re , th a t ,  (a)progress

a n d  im m ersion , ( b) th e  slow ness of d iffusion , a n d  (c) th e  loss of sem i-perm

in  a  con sid erab le  f ra c tio n  of th e  fibres, a re  th e  cause , a n d  n o t a n y  h y p o th e tic a l 

£‘ b in d in g  ”  of th e  w a te r, of th e  re la tiv e ly  sm all o sm otic  e ffect of im m ersing  

m uscles in  hyp o- o r h y p e r to n ic  s a l t  so lu tions.

Summary.

1. P rev io u s  w ork  on  th e  s ta te  of w a te r  in  b io logica l flu ids a n d  tissues is 

d iscussed  ; i t  is p o in te d  o u t t h a t  th e  v a rio u s  defin itio n s of “  free  ”  a n d  “  b o u n d  ” 

w a te r  do n o t  ne ce ssa rily  co incide.

2. T he “ free  ”  w a te r  f ra c tio n  is defined  as  th e  w e igh t of w a te r in  1 g. of 

flu id o r tis su e  w h ich  c an  d isso lve  su b s ta n c es  a d d e d  to  i t  w ith  a  n o rm a l depression  

of v a p o u r p re ssu re  : th is  is an a log ou s  to  G o rtn e r’s defin ition , s u b s titu tin g  

“ v a p o u r p re ssu re  ”  fo r “ freez ing  p o in t .”

3. To m easu re  th e  “ free  ” w a te r  of a  flu id , a  w eighed  q u a n ti ty  of som e s u it

ab le  su b s ta n c e  is d isso lved  in  a  w eighed q u a n t i ty  of th e  flu id, a n d  th e  dep ression  

of v a p o u r p re ssu re  m easu red , a n d  c o m p ared  w ith  t h a t  cau sed  b y  a d d in g  th e  

sam e su b s ta n c e  to  a n  a p p ro x im a te ly  iso to n ic  s a lt  so lu tion .

4. To m easu re  th e  “free ” w a te r  of a  p o r tio n  of tis su e , a  w eig

of th e  la t te r  is s tir re d  fo r a  sufficien t tim e  w ith  a  w eighed a m o u n t of a  h y p e r

to n ic  s a lt  so lu tio n , a n d  th e  ch an ge  of v a p o u r p re ssu re  m e asu red .

5. T he “free ” w a te r  of b lood , o r of c en tr ifu g e d  corpuscles, is p ra c tica ll

e q u a l to  th e  to ta l  w ater, be ing  p e rh a p s  2 p .c. less. I n  dea lin g  w ith  th e  equ ili

b r ia  occu rring  in  b lood  (or m uscle), c o n c e n tra tio n s  sh ou ld  be expressed , n o t 

in  g ram m es (or m ols) per litre, b u t  in  g ram m e s (or m o ls )^ e r  1000 g. of “ ”

water. T he  o sm otic  p re ssu re  of b lood  is e x a c tly  acc o u n te d  fo r b y  supposing  

a ll th e  know n  soluble c o n s ti tu e n ts  of b lood  to  be  free ly  d isso lved in  th e  ‘‘ free ”  

w a te r .

6. T he “ free ” w a te r  of case in  so lu tions, o r of c o n c e n tra te d  egg w hite , is 

a lm o st e x a c tly  e q u a l to  th e  to ta l  w a te r.

7. T he “ free ” w a te r frac tio n  of frog ’s m uscle, w h e th er re s tin g  or in  rigor,

 D
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is a b o u t 0*77, o r p e rh a p s  a  lit t le  g re a te r , th e  to ta l  w a te r  f ra c tio n  be ing  0 -8 0  

o r  0 -81 . V e ry  l itt le , if a n y , of th e  w a te r  of m uscle  is “  b o u n d .”

8. T he  c o n tra ry  conclusion , b a se d  u p o n  O v e rto n ’s ex p e rim en ts, is d u e  to  a  

v a rie ty  of fa c to rs  : (a) p rog ress iv e  ch ang es  cau sed  b y  p ro lo n ge d  im m ersion  in  

sa lt  so lu tio ns  ; (b) th e  slow ness of re a ch in g  d iffu sion  eq u ilib riu m  ; a n d  (c) 

th e  loss of sem i-p e rm ea b ility  in  a  co ns id e ra b le  fra c tio n  of th e  fibres, as  th e  

re su lt of re m o v a l fro m  a  n o rm a l e n v iro n m e n t.

9. T he  o sm otic  b e h a v io u r of m uscles in  h y p o - o r h y p e r to n ic  s a l t  so lu tio n s 

is co nsidered .

I  am  in d e b te d  to  M r. P . E g g le to n  fo r ad v ice  a n d  in fo rm a tio n , a n d  to  h im  

a n d  M r. H . V. H o r to n  fo r  su gg estin g , m a k in g  a n d  a llow ing  m e to  re p o r t  th e  

e x p e rim en ts  w ith  u re a  re fe rre d  to  in  th e  te x t .  I  am  in d e b te d  to  D r . P . K u p a lo v  

fo r m a k in g  th e  e x p e r im e n ts  sho w n  in  fig. 2, a n d  to  M iss M. K e rly  fo r  th e  la c tic  

ac id  m e a su re m e n ts  re fe rre d  to  in  T ab le  V I I .
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