
SUMMARY 
-- - 

1:)' L I S ~ I I ~  3 ~ ~ : i [ ) o r - < ? ( ~ ~ ! i ! i l ) ~ i t i o r ~  ~ ~ i t - t h o d ,  the c q ~ ; ~ ! i i ) r i ~ i ~ i l  \~;ifCr COiliC~l~ 0; frog 7:OiL~::- 

t x y  m r i ~ c l ~ s  w:ls s!~;dic(l over tl:c r;~ii;e of rclntive v:;por prcssirrcs from 0.906 ("iso:~;riic") 
to  0.043. Coinp:~riiig [lie <::I~:I \ \ f i t j i  [ ! I : I~  oI)::iirlcJ by t!iC >!:iii<;:~~d i ~ ~ i i ~ c r s i o : ~  ~ i ~ t 1 : 0 2 ,  wc 
foolid tll:it :it rc1;itivc v:ipor pi.cssll:.c I)ctwcc~i O.9S6 :ill(: O.' i?O, t!~c rwo nictf:od:; ylcld 
siniil:~r ti:~fn. A plot of' w:ifcr coi1tc111 :~g::i~ist ~ \ i i i o I i ~  ~ I ~ C S ~ L I I . ~  yicl<is 3 straig!it lint! olily 

Q at V : I ~ ( K  p i ~ ~ t i ~ f i ; ~ l ) o ~ c  0.985 ( I / r r  = 0.0495). ?'hc ciitirc st,! of t l ; ~ ! ; ~  call Ije c!cscribcd by 
a 1ir;tdIcy ti:~ilti!:~yer isot!~criii s~r!~cri~~iposc(I  ~ I ~ ) * > I I  :i i~io~i(iii~oi<c~i!:ir :~ ( !~~rp t i ( j i i  isot l~cr:~i ,  
wit11 the in:rItil:tycr fr:~ctioi; iil:rliiii[: 111) : : l ~ ~ i ~ t  35% of tile rcstirig r:~usi'!c' vi:jter ca~:te;:t 
slid tlic siiinilcr, nlore tig!illy ~ d s o i 0 c d  f;;i~lioii i:l:l!<i~lg ti:) f l i ~  ~.c'i?i:~irlil~g 57;. T!~is si\p:lra- 
tioil of  two Fr;:ctio:ts c;f ~)olacizcd wnlcr :~g;ces witlr hi11iil:ir ~ i ) : ~ ~ i ~ i s l o i i s  froti; t1:rcc ittf,cr 
sets of ii~dcpei~tlclit  iiivcstigntio~is. -Fiicsc t1:ita arc sliown i o  I)c' co~isIstc!it witI: t1:c assacia- 
tioil-i:ltl~~ction !iypot!iesis f ) i i t  :lot wi i l~  tllc iilenil)r:iilc t1:c:ji.y. T!ie da:a :;(Id irilircct evi- 

+ d e i ~ c e  tlint :lie iiullc of intrnce1lul:ir K io:i mid orgaliic ar:ioi;s is i ; ~  nn :ibsorbi.d st:~te. 

Tlicrc is i:~cre:isiiig cvi(1cric~. froiii l~ot l i  i111~1c;ir ~i i :~g~ict ic  r ~ s o i ~ ; ~ ; i c c  st~:tlies arid iiitr3- 

ccllular frcczing csl)crirlicnIs. Iliat tlic w;ilcr wiil~irl liviii;: ctlls is iii a d iff~rci l t  p!lysical 
/ 

stntc th:in \v;itcr i l l  :I dilute s;itt soI~ltio:i.~~"l'licsrl i'irldiiigs :iic i ~ i  Ii;r:nloriy will1 tllc t::eory 

that tlic l)~ill< of  irit~~accll~ii:rr w:itcr cxisls ;is pol:ii-izcd ni~il:il;lytrs oil ccll~rlar I);.otci;:s.7 . . l l ie tllcory also p i ~ d i ~ i s  liypcrl~olic rc!;itioii hc:wccii sof~rtc cc~ni:ciitr;ition in t11c n x d -  

not ii~volve dircct cur1t;lct bctwccri tile iissuc : ~ r ; i )  :!lc :iiluco\is sol~itions providing dii"crc:rt 

wa:cr activities. We Iiavc tlicrcl'orc b e c ; ~  ;:hie t o  explore tlic ci;lirc :;~ngc of  watcr activi:ics, 

n task tlifficult toacliicvc using tlic co:ivcntio:lal soilking n1ctl;aJ. b t i r  i i~cthod 21x0 ciin-ii!:- 

atcs e x ~ ~ r i i i i c ~ i t ~ l  errors due to  cllangcs in tlic iritl-accllular solu!c contci:ts w!lic:? usually 

accompany soaking (scc below). 
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MATERIALS AND METHODS 

L-qrriiibrilrm it1 Vapor Plrosc 

Tlic method basically consists of equilibrating stcrilcly dissected small rnusclc strips 
from the sartorius rnusclc in l~ermctically scalcd vcsscls containing watcr vapor at diffcr- 

cnt vapor prcssurcs provided by different NaCl and [!,SO4 solutions (see ref. 11). 

Data on the conccrltratiori of  I-1,S04 and NaCI providing known vapor pressures at  

2 5 " ~  wcre obtained from International Critical TablcsI2 and from ~ r a z c r . ' ~  NaCI solu- 

tions were used t o  obtain relative vapor pressures of 0.995 and abovc: l j 2 S 0 4  solutions 

for those lower than 0.995. 
Pyrex tubes (10 x 75 m n ~ )  with plcatcd 5 x 6 cm filter papcr inscrlcd, pippettcs, etc. 

were sterilized by autoclaving and were thcn dricd at 105OC. Sizc 0 rubbcr stoppcrs with 
a loop of  glass thread sewn to the bottom wcre sterilized by soaking in 70% alcollol for 2 

hours, and then dricd under germicidal ultraviolet light for 1 hour. Thrcc cc o f  H2S04  or 
NaC1 solution wcre pipctted into each tube, aftcr which thc tubc was immediately closed 
with a tight-fit ting rubber stoppcr. This asscmbly was allowcd to stand for 24 hours in ;I 

constant tclnpcraturc bath slightly below 25°C. 

Leopard frogs (Rano pipiet~s, Sclircbcr) wcrc kcpt in running water :it room tcmpcra- 
ture and fed hamFurger mcat regularly. After the frog was rinsed in tq~  water, its skull 

was crushed with rongcurs and the skin irlciscd complctcly around the thor;lx bclow t l ~ c  

forclegs and stripped down. The spinal cord was crushed at about 3 nlni al)ovc the pelvic 

joint. The sartorius niusclcs wcrc tltcn eitllsr isolated undsr s tcr~le conrlitior~s i r ~  a straight- 
forward manner and studied in their intact state. or they wcrc isolatscl fro111 tllclr sur- 
rounding tissues except at  thc point of orig~n. With thc aid of' fine Sc)rccps a rnusclc was 

split lengthwise into scvcral strips and scvcred fro111 tllc pclvic origin by c;~rcfuI disscction 
t o  minimize the number of rnusclc fibcrs ilijurcd. Each strip w:~s tllrcadcd through and 

tllus suspended on thc glass thread loop on a rubber stoppcr. Thc stoppcr with the lr~usclc 
strip was thcn quickly substituted for the plain stoppcr on  3 prc-equilibrated tubc. Tllc 
tube was sealed with paraffin film and totally imrncrscd in an Aminco constant tempcra- 

ture water bath a t  25OC. To  prevent condensation, thc room tcnipcraturc w:~s maintained 
at a degrec or so bclow 2 5 " ~  during operations Icading to the imlncrsion of  the tubes. 

Thc bath temperature was kept at 25°C + 0.05"C (largcr'fluctuations would lead to v;lpor 

condensa~ion at higher vapor prcssurcs). 

Wafer Contertr 

Water content, exprcsscd as  g H20 /100  g dry muscle, was dctermincd from thc differ- 

ence between the wet weight measured on  a torsion balance immediately after removal of 

the muscle strip from the equilibration tube, and thc dry weight mcasurcd after drying in 

an aluminum pan a t  room temperature for several hours and then in an oven at 1 0 5 ~ ~  for 
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P;~isctl n i ~ s c l e s  wsi.e isol;~tcti as dcscl-iI)tkl nI)ove. O i ~ c  w ; ~ s  1lic11 irllii~crscd in 100 1111 o f  

solutiotl wllilc t l ~ c  watcr coiitcr~t of 11:c o ~ l l c r  was ass:~yecl i ~ ~ ~ ~ i l c d i ; ~ ( c l y .  1'11~ c o ~ i ~ p o s i t i o n  
of tlic solutioii was KC1 2.5 mM, NaiICO3 6.0 ~ i ~ h ' i ,  N31121'04 2.0 inM, Na2iI1'04 1.2 

niM, CaCI2 I .O mM, MgS04 1.2 mM, sucrosc vari;~blc (0.05 to 6.0 M). Vapor pressures 

wcrc cs t in~ ;~ tcd  using data from FrazcrI3 assu~ning the vapor pressure of  the salts in thc 

solution to be cquivalcnt t o  0.014 M NaCI, or 0.035 M sucrosc, (relativc v;ipor pressure 
0.995). Water contents of muscles in tlicsc c x p c r i n ~ c i ~ ~ s  wcrc calculated according t o  thc 
'following formula: 

. g 1120 - 100 [Wfi - Ws- (Wcll /Wil)x Wi,] - 
I 0 0  g dry rnusclc (Wd,/Wil) x Wiz 

(1) 

whcrc Wil was thc initial wct weight and Wd, the dry weight of  (lie paircd co~i l ro l  
nluscle: Wi2 was the initial wct weigllt atid Wfl tlic final wet weidit of  tlic cxpcrin~cntal 
muscle: and Ws was the weight o f  sucrosc in the cxpcrirncntal nitisclc, obtained fro1;i the 

difference hctwecn actual dry weight and that cxpcctcd from tllc control muscle. 

RESULTS 

7i'nlc Course aad Xe~~crs ib i l i f )~  

Tllc w;~ tc r  co~i tcn t  of frog sartorius r~iusclcs i t ~ ~ ~ n e r s e d  in I ~ y p o t o ~ ~ i c  sucrose Ringer 
solutio~is re;lcl~ed equilibriuni in a h o \ ~ t  3 Ilotirs: Iri I~ypertonic  so l~~t io i l s  i t  took 5 0  mi11 
to reach a platcau, but tlicrc w;,s a s c c o ~ i t l a ~ y  g ; ~ i ~ i  in ~ e i g l i t .  S ~ I ~ ~ C S I ~ I I ~  a slow C I I I ~ Y  of 
sucrose into cclis (Fig. 1). Thc water contcr~ts  of ~nusclcs cxl)oscd t o  varying vapor prcs- 

surcs (25.O~) reacllcd cqr~ilibrium by 100 liours and is lnaiataincd for at least another 100 
Iiours (Fig. 2). 

To  test tlie rcvcrsibility of  t l ~ c  steady level watcr c o ~ ~ t c ~ i t s  (Fig. 3. Tablc I), ~nusclc  

strips wcrc first brought to  equilibrium at  a low vapor yrcssurc a ~ i d  then rapidly trans- 

ferrcd t o  a tubc c o n t a i ~ ~ i n g  a I~igher vapor pressure (p/po = 0.9954 or 0.9960). Complete 

reversal to  about  3 0 0  g H20/100 g dry musclc (75% watcr) a t  = 0.9954, was achieved 
in muscles wit11 equilibrium watcr contents above 200  g 1120/100 g dry muscle. Muscles 

whose equilibrium water content had fallen bclow this value also regained watcr, but  final 

value reached was lowcr. 
. . 

. .  . . . 
_ C C _ _ - - * v - - . . . - -  
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Figure 1. Time course .of equilibrium watcr content in frog sartorius rnusclcs irnmcrscd in sucrose 
Ringer solutions at 25OC. 
0, p/pO = 019987; @, p/pO = 0.905 (4.0 M sucrosc); a, p/pO = 0.860 (5.0 hf sucrosc). Each ti~nc courx 
represents onc muscle. 

TIME (hours) 

Figurc 2. Time course of cquilibrium watcr contcnt in frog sartorius muscles cxposcd to watcr vapor 
at 25OC. 
Each point is the averagc of 4 muscle strips for the upper and middle curves: it is thc value of a single 
muscl~ strip for the lower curvc. Lower curve, p/pO = 0.909; middlc curve, p/pO = 0.953; upper curve, 
p/pO = 0.993. 
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?.:iblc 1 .  Ilcvcrsirl ol' w:rtcr ro~ltcnt ;it'icr rc\i~il i l lr i~~n~ 11 lowrr v;~l)or prrsx~lrcs. 

Tilnc cotlrscs for rc~rrs;iI :I[ p/l)O 0.0954 iirc ~ I I O \ V I I  in I:ig~~rc 3; tt~rly fi11:11 ~ c ~ i ~ i l i b r i i ~ r l ~  water contcnls 
of rcvsrs:il ;Ire givc~r Iwrc. Wlic~i apl)ro;~clistl fro~tr isoionicily (l)/po 0.900) (RSO-.100 g dry weight) t l ~ c  
cquilil,ri~~~n wntcr colrtclit iri p/pO 0.9954 is ;~bout  300 g 1120/100 g tlry wci~:llt. Nnnrbcr in brackcts 
rcl'crs to t l ~ c  n~~n lbc r  of cspcri~lictrts pcrfor~rrcd. 

p/pO I n i t i a l  Water Conten t  P/PO 'F'inal (Reve r sa l )  Water Content  
(gm./lOO gm. dry weight)  (grn./100 9. c'JY wcight )  

Alrhougl~ niusclcs exposed to a vapor pressure lower ~ I I ; I I I  tliat of  ncrrnlal Rinser solu- 

tion = 0.9969) lost sirnil;~r ;~moutl ts  of water as tliose soaked in a llypcrtunic solu- 
tion (see below), niusclcs exposed to  vapor prcssurcs liigl~cr than this value gained less 

weight or  actu;~lly lost some weight (Table 2). tIowever, wl~cri tlicse tnuscles wcre subse- 

quently immersed in n hypotonic Ringer solution they rcadily swcllcd to final weiglits 
approaclling those of  fresllly isolated n~uscle  in e similar I~ypotonic solution (bracketed 

figures in Table 2). 

. . 
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Figure 3. Reversal of cquilibriuni walcr contcnts of frog sartorius niusclcs csposcd to watcr vapor at 
2S°C. 
Data summirizcd in Tablc 1 ;   show^ hcrc, rcvcrsal at p/pO = 0.9954 from t l ~ c  following: 0. p/pO = 
0.909: c, plpO = 0.970; u. p/pO = 0.979; o. p/pO = 0.981 : 0. p/pO = 0.990; e, p/pO = 0.993. Computed 
SE (n = 4-6). 

7 % ~  h'atcr Coritcrlt of rl.flm-le Strips ill I.,iltrilihriirm \c~itli L)$j?rctzt Vapor I'rcssirrcs 

The watcr contcrlt o f  musclc strips i n  cquilibriuni witli watcr prcssurcs froni = 

0.033 to plpO = 0.096 is shown in Tablc 3 (for display of cxpcrimc~ital points scc Fig. 9). 
The ovcrall shapc of tllc isotherm rcsc~nblcs that sccn, in carlicr studics, in gascous adsorp- 
tion on solid s i ~ r f a c c s ' ~ " ~  and in watcr adsorption on protci~is.'"t differs from that sccn 

in thcse carlicr studics in that ilic adsorption isotlicrrn has bccn cxtcndcd t o  much l~iglicr 

relative vapor prcssurcs. 
That the lligl~ water content mcssurcd at thcsc vcry high vapor prcssurcs was not due 

to 3 systematic - crror (c.g., capill:~ry _condensation) is shown by comparing tlie water con- 

tents so m?asurch (ha~%lled  c5clcsiir Fig. 4) GXli those o b t ~ i ~ i c d  by the convcntional 

method o f  immersing musclcs in Ringcr sucrosc solution (empty - -- Fig. 4). Above 
a rclative vapor of 0.986 the data obtaincd by thc vapor method and by the 

soaking mcthod fall on the same linc. 

Below the rclative vapor pressure 'of 0.986 the two scts of data no longer agree. Tlie 

data obtained by the conventional method now lie above those obtained by the vapor 
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'I.;~l)lc 2. I ' ( l ~ l i l i l ) r i l l ~ ~ l  \ I . ; I I C ~  C I ) I I I C I I I  01' I I I I I \ L C I C - S  :I( ~ ~ I ; I I I V I .  V ; I I ) ( I ~  I I I ~ \ \ I I I C $  ;il)ovc ixololii~,ily ;iriJ ; i ( ' l ~ r  

s~ll)st.cli~r~~l i i ~ ~ ~ ~ i c r ~ i o ~ r  in l i y l , o l t , ~ ~ i t .  I<ilq:cr ~ o l ~ ~ l i o ~ \ .  
I \olo~liz rcl:~livr v;~l,t,r 1,rcswrc- is = 0.90f10. Nr111)l>cr i l l  ~ r ; ~ r ~ i ~ l l l c s c \  rclcrs I t )  111s 11111l1llcr ol' c u l ~ c i -  

i~t~cnls. Mi~sclc slril)s Illat hn t l  I,cclr cx,,osc~l lo p ~ r r  w;llcr v;~por (p/p" -- I.000) ;:;iilrcd solric wci):lil 
(walcr  roiitclrt of nor111;ll 11iust.1~ i l l  isolol~ic solulioll is I'rolrr 400 lo 4 7 0  g per 100 g ul 'dry \vci::ltO; 
l 'l~cy g;lillctl Illore n.;ilcr wl1i.n s~~l)st-cl~~cntiy lllc 1n11vclc slril,s wcrc scr;lht*,l I'or 30 I I I ~ I I ~ I ~ C \  i l l  :I h y ~ ) v -  
1o11ic I<iligt-r solt~lioi~. C ~ I I ~ ; I ~ I I ~ I I ~  o111y 3VX. of IIIL, 11or111;ll ~ I I I ~ O ~ I I I I  ol' N d ' l  i l l  3 l t i ~ ~ ~ ~ r  sol~~livir. ' ~ I I c  
f in i l l  wcigllls i~clricvcd ;lpl,roecl~cd Iliosc ol' frrshly isol;~~cd n111sclc strips . ; i l l~i l ;~rly Ircaletl (brdckctcd 

pllasc c c l ~ ~ i l i l , r i r ~ ~ ~ ~  tllcll~otl. I t  is ~ ~ o t c w o r i l ~ y  that Iliis rcl;~tivc v;ll)or pressure o f 4 . 9 ~ 6  also 

marks tlic p o i ~ ~ t  bcyolltl wl~iclr tllc muscles I I O  lollgcr t fkct ivcly cxcltrtlc tllc sucrosc ia 

tllc soaking rllediunl. Thus 7'aI)le 4 allti Figure 5 sllow t11a1 31 a sucrose cor~ccn[r:~tion 

below 0.7 niolal (rclativc vapor prcssurc ahovc 0.080), tllc sucrose c o r ~ t c l ~ t  of tllc muscles 
rcmaill i t1  tllc 1icig111)0r11ood o f  22% of that in the s t ~ r r o u ~ ~ t l i i ~ g  nicdiurn (sce also 17). As 

tlic sucrose c o r l c c ~ ~ t r a t i o ~ ~  of  tlic sur rou~~t l ing  solution h c c o r ~ ~ c s  l~igllcr tl13n 0.7 niolal, 

llle sucrosc c o t ~ l c ~ j t  of t l ~ c  rnusclc abruptly rises to  a l~iglrcr IcvcI. Tlius tllc higher watcr 

content i i ~  thc Inore c o r ~ c c n t r ~ t e d  sucrosc solutiorl call be. ascribed to  tlrc atlditiorlai os- 

motic activity of  tllc extra arliount of intraccllular sucrosc aild O I I I C T  cll;i~lges a ~ c ~ n ~ p a r i y -  
itig this largc sucrosc cntry. 

, . 
. 7  
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A f  l:er Vapor Erp~il ibr ium Subscqucn'i E q ~ ~ j . l i h r o t i o n  i n  So lu t ion  

PIPo 

1.0000 

0.9903 

0.9987 

0.9974 

0.9960 

p i p o  

0.999 

[ 0.999 

Water Content 
(gm./100 qn. dry  weight) 

572 i. 31 ( 4 )  

409-C10 ( 5 )  

361L12 (4) 

370 * 44 (3) 

372 2.7 (12) 

Water Con t e n t  
(nm. /I00 qnr .  dry wciq'nt) 

Qr 
002 A 35 ( 4 )  

047 + 22 ( 6 ) )  



Table 3. The cq~~ilibrium water contents of  frog sartorius muscle strips at 2S°C. Equilibrium time for 
all experimcnts was betwecn 7 to 8 days. 

Relative Nunber of (gin. H20/100 9 s .  dry wt. ) 
Vapor Pregsur e Experiments mean * S.E. 

(PIP ) 

from time course 
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1:igurc 4. Co~npnrison of c q ~ ~ i l i l ) r i u n ~  watrr content of frog s;~rtorius ~nusclcs in sucrosc 1lin;cr solu- 
tion with tlli~t cxposcd to wiitcr vapor. 2S°C. 
9 watcr viil)or ddta fro111 Tablc 3: o, sucrosc Ringcr data fro111 'T;tblc 4 calculated by Equation 12. 
L)ottcd line rcprcscnts weight of wiltcr ~ssociatctl with 100 g of NaCI ; I I  a sl~cciiicd rcl:~tivc vspor 
pressure (data from 13). 

Sucroseo( g / 1009 Water 
I:ig~~rc 5. Equil ibri \~n~ distribution of sucrose in the cell watcr in sucrose Kingcr sol~~tioirs ,  25OC. 
Data arc calc111;1tcd froin tllosc of Table 3.l.llc straight linc is at a cons t ;~r~ t  ratio of intcrnal to cstcrnal 
sucrosc concentration of 0.22. Tile last ~ ~ o i n t  o n  Illis linc i;a1 p/pO 0.956 (0.7 hl sucrosc). The ordiniitr 
rcprescnts tllc equilibrium concentration of sucrose in 100 g of cell watcr; tlic abscissa, that in 100 g 
of watcr in)hc bathing solution. 



T3hIe 4. Equilibriunl watcr content of filusclcs in sucrosc Ringer solutions. 
Column 1 rcprescnts the conccn[ration of sucrosc in tlic sucrosc Ringer solution in two units: molality 
and gr;ims pcr 100 g IizO. W i l  is initial and Wdl is dry wcight of thc paired control muscle; Wi2 is 
initial, Wfg is f ind  (after equilibration), and Wdz is dry wcig11t of tllc cxpcrinlcntal musclc, Ws, wcight 
of sucrosc, is Wd - (Wdl/\Vil)\Viz. Water content is calcuiatcd by Equation 12. 

Molal g. /100g. 
cmc. H2° 

mg mg - mq. mg. p./100 p. d .q  weight 

DISCUSSION 

The 12len1 bratze Tlzeory 

Thc mcmbranc thcory owcs its current populrlrity to two scts of cxperimcntal findings 
concc;niilg the equilibrium distribution of water in living cells: (a) A dcmonstratcd vapor 
equilibrium wit11 a solution containing free ~ a ' a n d  Ci- ion s t  a concentntion (0.1 18 M) 
roughly cqllivalent to that assayed for thc intracellula: ions (K', crcatine phosphate, ATP, 
C ~ C . ) " - ~ ~  and (b) a rcpcatcdly corifirrned hyperbolic relation betwccn "impcrmeant" 
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solute conccr~tr:rtior~ ill tllc hatlri~lg 11icx1ii1111 and tllc cell V ~ I U I ~ C . ~ ' - ~ ~  For a Iorlg time no 

altcr~lativc tllcory could accour~t for t l~csc I'acts. L.ct 11s 11ow tliscuss tllc'sc fi~ldirigs scpa- 

ralcly. 

( I )  Isotor~icity with 0.1 I 8  M N:I(!~ lc~ltls s t r o ~ ~ g  supl~oi  t to tllc mcn~brane t l~cory ,  ns 

long ;IS o11c can s\~zt;;ir~ tllc u ~ ~ t l c r l y i ~ ~ g  ; ~ s \ ~ ~ ~ ~ ~ p t i o r l  t11;1t tllc I ~ ~ l l k  of irltraccllular water is 

not n~;llcrially altcrcd by tllc I;~rgc clu;~ritity ol' proleills ~)rcscr~t i l l  tllc ccll. 111 the p;lst I'cw 

ycilrs. t!:crc 113s heen s;~pitlly gat l~cri~lg cvidcncc ti l ; l l  t11c bulk of ccll wntcr is rlnclcr tllc 

polarizing inllucncc of tllc i ) i o t c i n s . r - ~ s o t o ~ ~ i c i t y  wit11 0.1 18 M NaCl is [llcrcforc no 

longcr ;I support for t l ~ c  r)~crrll)r;~nc tllcory: irlclccd, i t  s~~ggcs ts  111i11 a rnnjor portion of thc 

K' ion and o t l ~ c r  solutcs r n ~ ~ s t  bc in sn adsorbcil s t ;~tc ,  or i r ~  sornc otllciwisc osnloticnlly 
irlactivc state. Wcrc Illis not thc case, tllc ccll s l~ould bc in v;rpor cq~rilibrium with a F\I:lCI 

solution Ilighcr tllan 0.1 I H M in concentration. 

(2) 7'11~ ~ncrnbr;lne t l~cory predicts a Ilypcrbolic r e l a t i o~~  l~ctwccrl cq\:ilibriuri~ ccli vol- 
unlc and t l ~ c  conccntratiorls of  what historically h:ivc bccn rcfcrrctl to  as i~npcrrncant 
soli~tes, rlotahly ~ n '  ion 3 rd  silcrosc. Ag;~irl, this is valid only a s  long as tllcse solutcs arc 

absolutely or  cflcctivcly inlpcrmcant. ~c'itller of  tllcsc conditions arc firlfillcd b ~ a '  ion 

(refs. 32,  33), 01. by sucrosc (rcf. 17, scc also Tablc 4 and Fig. 5 ) .  
2 

Tljc Pro b l ~ t ~  o f  E-urracell~rlar Space 

Bcrorc a~laly.zillg tllc data clu;~lltitativcly wc w;~rlt t o  tncr~tion that, !~istoric;:lly, corrcc- 

tion for t l ~ c  w;lter i r r  the cxtr;rccllular spacc has hccn a sta~ltlard proccdurc. 'The volunie 

attribuletl to thc cxtraccllul;~r spacc rnay bc as largc as 20 to.30% of the total musclc. 
Fiowcver, irlvestigations of  volume cl~angcs of isolated singlc 11111:.clc fibcrs (which ! I ~ V L ?  no 

extraccl l~~lar  space) have not yielded dilta sllarply diffcrcnt frorn tire data from whole 

sartorius muscle studies (scc ref. 27, for cxanlplc). 

i~ccently,  we hevc ui~dcrtrtkcn all cxtc~lsive investig;~tion of the volunlc o f  tl:c cxtra- 
cellul;~r spacc in frog rnusclcs using 3 new nletllods: cclui l ib~i~~rn distributio:~ y f  poly-L- 

glutarila t ~ , ~  tot;ll frcc ~ a +  ior1 assi~ycd will1 1111clc;1r I I I : I ~ I I C ~ ~ C  rcso11aricc sPcctro~coPy ,35 ' 

and dcrnonstration of crltry of  D-mirnr~itol and sucrosc illto si~iglc isolated nluscle fibcrs 

nicrltior~ed abovc." All consisicrltly show that tllc cxtraccllul;ir spacc proper of  f:og 

sartorius rnusclc cannot cxcccd 107& :,nrld is probably closcr to 5%). This rcvision of extra- 

cellular sp;~ce volume rctluccs tllc ~iecd for its correction. TI:crc is, howcvcr, an ndt1itio;lal 

rc;lson to niake s\lch correctior~ urlncccssary for t l ~ c  prcscrlt s t r~dy.  
Thc cxtraccllulnr space is, in  csscr~cc, sp;lce fillcd wit11 a 0.1 hl NaCI solution. The 

dotted lirlc in Figure 4 shows the cquilibriurn wcight of water ;issociatcd with 100 g of 

dry NaCI at dif'fercr~t rclativc vapor prcss~rrcs.r3 With lowering ol' vapor prcssure :hc NaC1 

solution loses water inuch rrlore prccipiloirsly than tlic n~uscle tissuc does. Each litcr o f  3 

0.1 M NaCl contains about 6 grams of dry NaCI. Assunling tll;~t thc cxtracel!ular space is 

10% of the fresh muscl~.  weight, we find-that there arc about 0.6 g of  h'aC1 in 1000 grams 

- 
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o f  frcsli nlusclc wliicli cont ;~ i~ is  ;~ltugctlicr 300 gr;iriis of' dry rii;lttcr. 'Tllus, for c;rcli 100 g 

of total dry rn;~ttcr, tllcre arc 0.3 g of dry N:ICI i l l  tllc cxt~accllul;~r sp;rcc. 

At tlic rclativc vapor prcssurc, of 0.995, tlic wiltcr :~ssoci:r~ud witli 100 g of dry 
NJCI is fro111 t l ~ c  dotted cirrvc of Figurc 4, about 1 15 grams. TIic a1i1ou11t of watcr : I S S ~ C -  

0 3 iatcd wit11 0.3 gr;rm of dry NaCl is thcrcforc 1 15 x = 0.345 g. At tliis vapor plcssure, 
tlic total watcr contcnt associ;~tcd witli 100 g of dry riiusclc is 200 grams. Thc watcr 

0 345 associated with N3Cl in tlic cxtraccllular spacc is tlicrcl'orc -';<, = 0.12% of ~ h c  total 

content. This is far bclow our cxpcrimcrital crror. At vapor prcssurc bclow 0.995, thc 

crror introduced is cvcn smallcr. Siricc 0.996 is tlic uppcr limit of tlic range of  this study, 

wc conclude tliat for thc prcscnt study wc can safcly igriorc tlic cxtraccllular spacc. 

Tllc varr 'I Iloff Equation . . 

According to the mcmbranc theory, tlic watcr contcnt of living cclls sliould follow thc 
vant't Hoff equation: 

whcre Rand Tarc  tlic gas const;inl and al)solutc tcnipcr:rturc rcspcctivcly, n is tlic osmotic 

pressure, and V' is tlic voluri~c of watcr ;rssociatcd witli 11 niolcs of solute in tlic system. 

Using the conventional soaking mctliod, tlic range of T; irivcstigalcd is vcry limited. In ;, 
the prcscnt study, the air spacc scp:~rating tlic cell and t l ~ c  l i2S04-1120  mixturcs is idcally 

semipermeable. I t  cffcctivcly climinatcs undcsirablc arid liarnil'i~l rtiovcrncrlts of solutcs 
into anti out  of tlie cclls, yct permits 11ic movcnicnt of  w a ~ c r .  Urldcr tlicsc coliditions tlic 

amount of solutcs in the ccll, n, remains constant. Equation 2 can bc written as: 

- Constant v' = 
n 

In Figurc 6 ,  the expcrimcntal data arc plottcd as a function of osrnotic prcssurc, T ,  

derived from the relativc vapor prcssurc and tllc partial molar volumes (v') of water 
in sulfuric acid-water mixturc by thc rclation: 

'RT p
O 

n = -- I n - .  V' p 



8. was c;ilculntcd from 'tlic density da ta t2  by t l ~ c  iollowiilg c!cluatiorl (rcf. 36, p. 670): 

wllcrc M i  is n~olccillar weight of  solvent, p is tlic dci\sity of tlic solutioii of  conccntri-ilions 

c (g/g). Equation 3 predicts tliat a plot 4 agai~ist tlic water contuiit of  the cell, v', should 
yield a simp!c straight linc. 

Figure 6 shows that this is true in thc range of  watcr activity usually invcstigsted by  

Figurc 6. Equilibrium watcr cotrtcnt o f  frog s;irtorius musclcs a s  a function of lln, n is calculatrd 
from Equations 4 and 5 and is t11c os~llotic pressure of thc I12S04 solutions tlic vapor of  which the 
n~uscles :ire in equilibriuln with. Data are tllc S;IIIIC as i l r  'l'nblc 3. At I / n =  0.0495,  p/pO = 0.935,  indi- 
cating t11c pronounced co~ldcns~tiorl o f  a widc rarlgc of wntsr ;~ctivitics \)ctwecn 0 and 0.05 o n  the 
l / l ~  axis. 

c o n v c ~ ~ t i o n i ~ l  rrictliod abovc 0.985; 1 In above 0.0495). 

In a higlier os~llotic pressure range tlie data no longcr fall on the straight lint that fits 

the d:~ta at lower osmotic pressure, but belid sliaiply dc)wnward toward the origin of  the 

grapli. 
The slope of t l ~ c  straight linc is such lliat by extrapolation, at I / n =  0. the wiitcr con- 

tent is not zero as denlanded by Equat io~i  3.  This recalls si~iiilar plots of Ilni~gaiiist total 

cell volurne. In the lattci case tlic extrapolation departure from non-zcro watcr content 

at infinite os~not ic  prcssilrc was usually ascribed t o  osniotically illactive rnatcrials in the 

cells (c.g., oil droplets, proteins, and tlic so-called osrnotic;~lly inactive watcr). In  the 

present case, t l ~ e  total watcr contcnt rather t l u n  total cell volume is plotted, one is left 
120 only with tlic explanation of  osmotically inactive water amoi~ntiiig t o  ~ o o  = 3070 of the 

total cell water. 
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Wl~at is osnlotically inactivc watcr? I t  would scc~ii ,  by dcfinitioll, it must hc i ~ l c ~ p : ~ b l c  

of cxcrting :111y vapor prcssurc. Yct CVCII icc, at o0C, cxcrts co~lsidcrablc vapor prcssurc 
(i.e., 4.58 rli111 kip. scc 1 2). 

Expcrimcl~t:~l rcsults dcpictcd it1 Figure 6 ,  sl~ows t11at no part of tlic watcr contcnt has 
[Iris property of osmotic inactivity. Wllcn tlic vapor prcssurc is vcry low, all watcr is lost 

from lhc tissuc. 

In conclusion, wc Inusl statc that the da t :~  cannot bc rcadily cx1daincd by [ l ~ c  mcni- 
brane t l~cory.  

Accortling to t l ~ c  association-inductio~i Ilypotlicsis, t l ~ c  bulk of  intracellul:~r watcr 

exists in tllc form of  polarized m ~ l ~ i l : ~ ~ c r s . ~ ~ ~ ~  In a nunibcr of tlo~i-living protein-aqucous 

fixed charge systcnis (collagcn, shccp's wool);it has already bccn sllown t l i :~ t  watcr up- 
take follows Bradley's adsorption i ~ q t l i e r m : ~  

whcrc a is the ;iniount of  watcr adsorbed in gr:lrns H 2 0  per 100 grams o f d ~ y  wcigl~t, K t ,  

K3, and Kq are C O I I S ~ ; I I I ~  under spccificd c~~l t l i t i~ns , I ' '  (SCC ;IISO 15). 
Copc 112s sllown on a tl~corctical basis that this nlodcl of ccll also prcdicts t l ~ c  I~ypcr-  

bolic relation bctwccn cxtcrn;~l solutc cotlcctltr;~tior~ a ~ i d  ccll voltlnlc discirssctl ;~t)ovc. This 
is valitl.' Ilowevcr, only in the rungc of cxtcr11a1 s o l u ~ c  co~iccntration low cliough tllat 

Raoult's law is obcycd.' Tllc I ) ~ C S C I I ~  i~ivcstigation ~ C : I I S  with a ~ n i ~ c h  widcr r;ingc of Vapor 

pressurc extcnding into areas wl~cre tllc Ilypcrbolic rclation is no longer followed. 
Figure 7 shows thc bulk of adsorbed watcr cat1 bc fitted with ;I Bradley adsorption iso- 

therm hut points at lowcr vapor prcssurcs do  not. 

However, tllc full data can be ~ n u c h  bettcr dcscribcd by t l ~ c  supposition that the water 

of frog muscle tissue co~lsists of two fractions: tlic largc fraction (a l )  constituting about 

95% of the total watcr content of a resting musclc, follows tlic Bradlcy multilayer adsorp- 

tion isotherm (see Fig. 8): 
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Figurc 7. Bquilibriu111 water contcnt of  frog sartorius musclcs fi l led to a single Bracilcy adsorption iso- 
therm. Data of Figurc 4; plottcd accortli~rg to Eq~~at ion  14. 

The sniallcr fraction (al1) ,  which is adsorbed Inore tightly, constitutes about 5% 01 the 

nluscle water con[ct~t .  I t  is described by a Langmuir unirnolccular adsorption isotherm; 

- - 

wlicrc i f ] ,  tlie tol;ll ~iuinbcr o f  binding sites for this fraction, is that accommodating 15.6 - 
gwnis'br about 0.87 rnoles of watcr moiccules pcr 100 g of dry ccll matter. K, the adsorp- 
tion constant is equal to 337. 

The entire watcr content (a) is thcn the sum of a I  and : 



Figure 8. Multilaycr adsorption plot.of entire sct o f  data after subtracting a small monomolccular 
adburption. 
The four lowest points which d o  not fit into the isotherm of Figure 7 can be fitted with a Langrnuir . 
adsorption isothcrm (Equation 8). Subtrdcting from all points tile thcoretic;~l valucs of watcr belong- 
ing to this Langnluir fractiqn ( I I ) ,  one obtains data shown nbovc which fit cqu;ition 7. 

ii 

In Figure 9, the equilibrium watcr content of  sartorius muscle strips given in  Table 3 is 

displayed. The linc is calculatcd according to Equation 9. 

The existence of OIIC srnnll, more tightly bound fraction dcscribcd by Equation 8 and 

a large, more loosely adsorbed fraction of intraccllul;~r w;ltcr dcscribcd by Equation 7, is 

in accord with conclusions from threc other indcpcndcnt types of investigation: 

(1) Studies of  the diffusion o f  Isbclcd water silowed (113t two fractions of watcr cxist 
in frog ovarian Neitllcr one exhibits the propertics of normal liquid watcr. Again, 

the larger fraction exchanges its water more rapidly than the snlaller fraction, wi~ich 
averages 10% of thc tots1 water content of  tlic cells. 

(2) Cope3 concludcd from nuclear magnetic resonance (NMR) studies of D,O in rat 

voluntary muscle and brain that the watcr in these cells exists in two fractions. In boih 

fractions the watcr is in a physical statc different from that in normal dilute aqueous solu- 

tion. T l ~ c  more tightly adsorbed fraction amounts to 27% of muscle water and 3% of 

briin water. 
(3) Hazlcwood, Nichols and Chamberlain4 concluded from steady-state NMR studics 

that thc watcr in rat muscles exists in two fractions. Both fractions have,morc structure 

than liquid water and the smaller, more tightly adsorbed fraction amounts to 8%. 
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Tlic ulr;i~linlity or l l ~ c  cu~rclusio~ls  t1r;iwn fro111 the four s:ts of cxpe!ir::cutal stu\fics 

adds strong support to tllc collccpt 111;rt thc pliysic;il s t ; ~ t s  o i  water iri living cells diffcrs 

from that of water in dilute ;iqueous solut io~i  ant1 that t!ic biilk of  ilrt1.acellul3: wztcr 
exists as  polarized n ~ u l t i l a ~ c r s . ~ ~ ~ ~  

Figure 9. Uptakc of watcr by frog musclc at various vapor prcssurcs. 
Points aie expcrin~cntal as givcn in 'Tal)lc 3. Solid linc i s  tl~corclical, calculated according to Equation 
9. 

T l ~ c  conccpt of polariz.cd multilaycrs of  w:ilcr cllil)odics the co~iccp t s  o f  indirect :]car- 

ncigl~hor i~rtcr;iction ;illti o f  (auto-) coopcr;~tivc a ~ s o r ~ ) t i ~ ~ ~ . ~ * "  TT113t is t o  my, adsorption 

and oricniatio~r of ilidiviil~l;~l watcr molcc111cs by ccll protciils is not an inticpcrldent 
process; ratlrcr, tlrc oricnt;ltion of  o ~ i c  ~irolc.ciilc infiucilccs tl;c o~ icn ta t ion  of  its ncigl~bors 
by an iriductivc n ~ c c l l a n i s r n . ~ ~ . ~ ~  A ~ ~ ~ o - c o o ; ) c I . ~ ~ ~ v c  ~ d s o l p t i o n  rnc;irls tI1;1t if one site 3b 

sorbs w;ltcr, its near-ncigl~bor sitcs will tcntl t o  adsorb wiitcr Inore readily. At isotonicity, 

the systcm appears stabilized in a coopcrativc statc and will ~cf i lsc  uptakc of :lddition'al 
water until a n ~ i ~ c h  Iriglrcr lcvcl of watcr activity is rcacllcd. In a normal swclling cxpcri- 

ment this is produced by  directly imnlcrsi~rg thc tissuc in :I rrlcdiu~n of Irigh watcr activity 
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(i.e., lows:~lt coi~ccntration). In thc vapor pliasc, on t l ~ c  otlicr hantl, thc transport of  watcr 
molcculcs on to  thc ccll surf:~cc is such that thc clinncc of thc sirnult:i~~cous arrival o f  a 

- - -~ largc number of watcr molcculcs at thc samc locus to  cffcct a coopcrativc transition is 
small. The rcsult is as v ~ c  have observed: normal nlusclcs cichcr d o  not swcll or swell to  a 
smallcr dcgrcc in  a "hypotonic" vapor prcssurc, but  wllon subscqucntiy immcrscd in a 

hypotonic solution thc s;irnc musclcs took u p  additional amounts of  watcr approaching 
those takcn u p  by frcsllly isolated musclcs. 
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