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SUMMARY 

Equations are derived from the thermodynamics of irreversible processes which 
show that the flow of any permeable component across a semipermeable membrane 
may depend on the simultaneous flows of all other such components through solute-  
solute interactions. Expe.dments were performed on the sand dollar egg in an at tempt  
to demonstrate such effects through their inf,2ence on classical swelling curves. 
Initial indications were obtained for the presence of such effects. Reflection coefficients 
determined individually for ethylene glycol, propylene glycol, and acetamide are 
compared with similar data for hu~2n erythrocytes. 

INTRODUCTION 

Several papers t-5 have appeared in the past few years on the application of the 
thermodynamics of irreversible processes to problems involving membrane perme- 
ability. In general, these papers have emphasized the interactions whici~ occur between 
solute and solvent flows. Such interactions have been shown to produce physiologically 
significant results: for example, a flow of water against the osmotic gradient under 
certain special conditions when the solute penetrates the membrane rapidly. Although 
more general equations have been presented for multicomponent systems, relatively 
little emphasis has been placed nn the effects of solute-solute interactions. Such 
effects could be of real importance if the flow of one solute affected the flow of a second 
~:olute to a significant degree. 

Our interest in this problem began when DtmLOP A.~D GOSTtSG at the University 
of Wisconsin'. 7 demon:trated that a concentration gradient of one solute caused a 
flow of a second solute i .  a freely diffusing system even when there was no initial 
concentration gradient of the u--ond solute. 

Although the effects observed in freely diffusing s~tems were relatively small, 
it was felt that such interactions might be considerably greater in flows across semi- 
permeable tnemlzranes, and might be important in biological systems where many 
components are normally passing through :he plasma m e m b r a ~  simultaneously. 
These effects wouki then h a ~  obvious significance in the i n t ~ t i o n  of va r io~  
tr-.msT,~-t phcr.,3rr.ena..~xordir~y, the flow equations ~ .  to test solute-..~flute 



I N T E R A C T I O N  F L O W S  IN P E R M E A B I L I T Y  S I U D I L ' ;  3 8 7  

interactions among non-electrol)~tes were derived from the thermodynamics of irre- 
versible processes, and initial experiments were performed on sand dollar eggs in an 
attempt to demonstrate such effects. 

T ~ E O R Y  

The approach to problems of diffusion and permeation that uti!ize~ the thermo- 
dynamics of irreversible processes has become familiar through the publications of 
KEDEM AND KATCHALSKYLffi and others. Accordingly, relatively little emphasis will 
be placed on the derivation of the necessary flow equations in this paper, and more 
emphasis will be placed on their significance. 

The notation used throughout is generally in accordance with that used by 
KEDEM AND KATCIiALSKY. Solute components are represented by subscripts; sub- 
script 3 is re~r~'ed for an average ,,~ the impe.,'~,,eable ,i .~ . . . . . . .  - ~, so,u,~o ~,~scn,. The -^~:':--~ 
flow of solute k per unit area of membrane in the direction from outside to inside 
is represented by hk. The subscript, v, refers to volume as in volume flow, Jr,  and 
the subscript, w, to the solvent water. Superscripts, i and o, refer to the inside 
and outside of the sand dollar egg, respectively. Chemical potentials are represented 
by the convential symbol, p, and Atrz for each solute is defined by the equation: 
A*rt .=  R T , . { c k .  Here, the quantity, Ac,, is the concentraticn difference of component k 
between the outside and inside of the egg in moles/l, while R is the gas constant and T 
is the absolute temperature. Hydrostatic pressure difference between the outside and 
inside of the egg is represented by Ap. 

The dissipation function, @ = Tds/dt, where ds/clt is the rate of internal entropy 
production per unit area of membrane, may be ~ t t e n  for three solute components as: 

3 

k - - - - - !  

In order to apply this equation several approximations must be made which are 
difficult to verify experimentally. Although the approximations make an exact 
quantitative interpretation of the equations difficult, they do not affect the general 
conclusion that the flow of one solute or the flow of the solvent may affect the flow 
of another solute. 

When the concentration difference is small, the difference in chemical i~tential 
for the solute may be approximated by 

R T  . l."r~ 
.JVt = - - . l c k  ~ vlr-lP . . . . . .  reAP 

Ck fit 

where v~ is the partial molar volume for solute k. The chemical potential difference 
for the solvent is expressed with the help of the Gibbs-Duhem eqt~ation as 

3 
_J~,,- ~-~ ~.~IF- ~.."--~ .Jc: = ~..~ l i , -  "~-"~'~ 

~ "  ( W d--, Cw 
h : t  k = : t  

~,k~en these substitutions are made into the equation for @ we get 

3 3 • - 
¢~ = : , .  .~" . ,  * S ; ,  v ; . J e -- N [ ~--* - -  . t - , ,  ~ 2 ~ 

6.. "~" [ Ct t: 
k =  ! ~ : :  I 
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which is .now in the txsual form of a s,.~m of products of forces, represented by A p  
and A,-k, and fluxes defined as follows: 

3 nk ~'zw 
• - ,:3) 

k = !  

J t  is recognizable as the total volume flow into the cell per unit area of membrane, 
while I n  is the velocity of solute k relative to the solvent. 

According to the basic principles of the thermodynamics of irreversible processes, 
these flows may be. expressed as linear functions of the forces: 

J r  = L p J P  2_ LPDIA.-t I .2- LPD,A't2z --  LpDa±|~a 

J D  i : L ~ , l e  ! P  - -  L o  t tat + LDID.,A.'r2 --  L o ,  oaAn3 
(.0, 

jo.,. = LD2p-IP. :- LD,D1Anl., -.- L D  " --  LD2D3 "L'r3 

J o  a = L o , j ,  A P  --  LDaDI:L'tt + Loao2-ln2 -:- LDaA-'r3 

X~2,en the reciprocal relationships 

L p o  k = L o j p  and Lok~ ~ = L o g o  k 

are invoked; the substitutions, 

L p  = - -  L p o  3, L o l o  o = - -  L p t )  i 

and 
LD'D3z :': - -  Lpo . ,  

arising from the impermeability of solute 3 are made; the hydrostatic pressure 
difference is assumed to be zero; and the equations are rea~anged, we get" 

J r  = L p D u l n l  -- L p D £  |'r2 - -  L p A n 3  

;ix = q ( J r  -~ Lufl~l = LORD. 2 I.'To. - -  L v o t . l a a )  (s) 

;zz = c~.[Jr - LD1D2J~I --  LD2. I a 2 -  LpD.,Aa3} 

These equations are the results we are seeking from the thermodynamics of 
irreversible processes, and may be considered a starting point for the experimental 
investigation of the effects of one .solute flow on the flow of another solute. They 
described the net v M m e  flow and the flow of each permeable solute in the presence 
,0t any concentration gradient of the other ~olutes. 

A comparison of these equations with eqnations which neglect solute-solvent 
and solute-solute interactions mmmes the sigmli~ance ol the new t:.q::-~ apparent.  
Classical equations which have no interaction term-=. ,,=o gi,'en be~,~,'v "" 

nl -~-¢IL'~|.J.II 

.t = tsL'oz-t~ 

B ~ .  B ~ y * .  Aaa. 66 {t96jt j a 6 - ~  
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Two points are immediately apparent. First, the volume flow in the classical 
equations depends in the same way on all concentration differences, either of perme- 
able or impermeable .solutes, while the new equations show a separate de~ndence of 
volume flow on each so'rote. Second, the rate of penetration of any permeable solute 
depends on the concentration difference of that solute alone when interactions are 
ignored, but depends on volume flow and concentration differences of all s,,],:'es 
independently when interactions are taken into account. 

The varying contributions of different solutes to volume flow have been discussed 
r,.......j h..o~ .L~..w'~.,~-.....~..........~.~..,~" .~-,-.. . . . . . .  who intreduce STAVERMAN'S reflection coefficient, 
at, defined by 

at = - -  Lt,  o t /Le ,  

to take these variations into account. The additional term.s in the equations for ~:,iute 
flow are the ones we wish !o focus attention on here. 

I t  is cleat from Eqns. 5 that the flow of a permeable solute depends not only on 
the concentration gradient of that solute, but also on the total volume flow and on 
the concentration gradients of the other solutes present. The exact significance of 
terms such as 

LotD2A~9. and -- L e , f l ~ 3  = LvtoaA.'r3 

in the flow of solute t can be seen in the defining Eqns. 4. Here, Jo~ may have a 
non-zero value in the absence of either a pressure gradient or gradient in concentration 
of solute x if 

LDIO.ZA~t~ and -- Lpot]~3 

differ from z~ro. Thus, a concentration difference of solute 2 or 3 can cau~ a flow 
of solute ! relative to the solvent even when there is no pressure gradient nr c~ncc, n- 
tration gad ien t  of solute x itself. 

A system of differential equations describing volume and solute flows in a sand 
dollar egg may be obtained directly frc, m Eqns. 5- If the right-hand side of each of 
these equations is multiplie:l by the ar=a of the-~C! membrane, the resulting expressions 
give the rates of increase of volume and solute content of the cell. A difficulty arises 
in evaluating A~rt for the permeable solutes, however, because of the impossibility 
of measuring the internal .~lute concentration directly. In keeping with the as- 
sumptions of other authors, the internal cencentration of solute k, ct l, has been set 
equal to n t l / (V  - -  b) where nt  * is the number of moles of k x~ithin the cell, V is the 
cell volume, and b is the volume of osmnticallv inactive material within the cell. 

No general solution of the resulting differenti ~! -(tuations has ~,yen found. An 
appreciable simplification results if exper~.enta~ .ms are chosen such that the 
initia~ rate of volume change is zero. The vo~urr, e ~na concentration terms can then 
be expressed as power series expansions in time, c a ~ ' i n g  only the leading terms. 
Very satisfactory approximations to both ex'perimentally observed volume changes 
and volume changes calculated aumencally from the differential equations resulted 
from this simplified approach. Because of the complicated nature of the system mid 
the limitations of the experimental method, ,however. no additional conclusions were 
drawn from this approach and i t  is not presented here in greater detail. 

Initial rates of volume change, although ~ t  diffacult to evaluate experi- 
menudly, avoid mmae of t he~  difficulties. Thus. by. equilibrating the eggs in so;utme.s 
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of kno~-n concentration before transferring them to experimental solutions, initial 
concentration dM[ereeJces can be determined for each component. 

Further difficulties in interpretation might arise from solute-solute interactions 
at cquilibrium which would alter the activity coefficients of each component. Thus far, 
there have been no determinations of acti~Sty coefficients for these ~ lu tes  in solutions 
simulating the cell interior and such possible effects have, therefore, been neglected. 

The use of Eqns. 5 and the experimental evaluation of the individual terms in 
the equations ic considered in a later section. 

E X P E R I M E N T A L  M E T H O D S  

The investigation of solute-so]ute interactions involved direct measurements of 
total volume flow across the plasnta membrane of the sand dollar egg (Echinarachnius 
parma). The general methods used were similar to those employed by JACOBS 8 and 
others in eatly studies on Arbacia egg~; the essential difference lay in the choice of 
initial conditions for the experiments. 

The unfertilized sand dollar egg was chosen as a readily available experimental 
system with a low metabolic rate which would allow passive movement of the ext~eri- 
mental solutes. Interaction between acetamide and propionamide was investigated 
first, but these substances seemed somewhat toxic to the eggs and ethylene glycol 
and propylene glycol were substituted. All of these solutes penetrate the eggs at  a rate 
conveniently followed by visual methods. 

The procedure tor a typical experiment may be outlined as follows. Eggs were 
shed into sea water or experimental solution contained in Syracuse dishes by injection 
of 0.5 ml of 0.5 M KCI through the mouth of the sand dollar. Collection and all other 
manipulations were carried out at room temperature which was between x6 ° and x8 ° 
on ~xperimental days. The entire unfertilized egg including jelly coat was employed 
for all experiments and comparisons between runs with and without the addition 
of a second solute were always performed on aliquots of the same batch of eggs. 
Each aliquot was drained and washed three times at I5-rrdn intervals with the equili- 
brating solution, and in cases where a sol~:te as well as water was required to equili- 
brate, x h elapsed before tran_-fer of the eggs to a new experimental sohitic, n. 

After equilibration, about xoo eggs were transferred to the bot tom of another 
Syracuse dish containing the new solution mounted in the mechanical stage of an 
ordinary Bausch and Lomb light microscope. Time zero was taken from the moment  
when the eggs were released in the new ~lutions.  Volume changes were observed 
initiM!v through a xo ..' objective and a xo .' measuring eyepiece, hut all experiments 
reported here "~ere recorded on 35-rn,'n Plus-X film with a photomicroscopic at tach- 
ment which allowed simul,'~n~-:~_~ vi~tal .',b~ervation of the swelling or shrinking 
eggs. This method of recording da~- a,x~ not , ~ y  more precise, but  allowed the volume 
changes in several different eggs to De follo~,,t at once. At  some point dining each 
experiment, the grid on a hemocytometer chamL..r was photographed for determi- 
nation of the magnification factor. The grid itself had been calibrated p r e ~  on 
a toohoaker's microscope. 

At the conchtsion of the experhnent, egg volumes were delernfined as a f-anction 
of time by l~rojectir~ the photographic image onto a g l a s ~ o t [ l ~ d  desk where the 
~ i o n a l  area of each egg could he determined with a Keuffel and Esser pbmi- 
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meter. Calibration of the planimeter and determination of the magnification factor 
involved tracing representative areas of the hemocytometer grid. At the sea water 
concentration employed, the eggs were nearly perfect spheres and it was pc.~ible 
to calculate total volume by the appropriate formula from the cross-sectional aro.a. 

A disadvantage of this technique is the time involved in tracing and plotting 
data on individual eggs. Such an approach is very useful, however, in es":b'i: '  ..~, 
uniformity of r~ponse among different eggs and would serve as the basis for 
~ b r a t i o n  of other optical methods which measure averages. Prelimina,~- experiments 
indicated that useful swelling curves co~ild be obtained with a light-scattering method. 

Equilibtium volumes were determined as a function of ~ a  water concentration 
on aliquots of eggs from several di~erent sand dollars. The activity of the water 
component in sea water was determined by freezing in a Fiske osmometer, and the 
results were expressed both as osmolal and osmolar concentrations. !n order to make 
this conversion, solid content of sea water was determined by evaporation to dryness 
at 135 ° . 

Solutions were made by weighing quantities of solute, adding the required volume 
of ::ea water, and diluting to volume with distillt-d water. Eastman-grade highest 
purity chemicals were used throughout. Acetamide and propionamide were both 
dried in vacua over silica gel, and the glycols were dried by passage through a silica-gel 
column. Freezing-point determinations were made on all experimental solutions. 

A primar 3, concern throughout the experiments was that the plasma membrane 
might be d~maged either by manipulation or exposure to the solutes. On several 
occasions after the kinetic experiments had been completed, therefore, eggs were trans- 
ferred from the experimental solutions to pure sea water, allowed to re-equilibrate, 
and fertilized. In experiments with the glycol% high rates of fertilization were ob- 
tained and initial cell divisions appeared normal. Similar experiments ~ith the amides 
indicated damage to the eggs and led us to change solutes. 

The first data obtained led to a relationship between equilibrium volume and 
sea water concentration. It  was found that eggs transferred to sea water diluted by 
volume to 62. 5 vol.°~ sea water were conveniently round and could either swell 
or shrink without losing their spherical configuration. Most experiments were per- 
formed, therefore, from this initial sea water concentration. The general plan of the 
experiments was to transfer aliquots of eggs from the 62. 5 vol. ° 0 sea water to solutions 
more dilute in sea water but containing added glycol. Sea water and glycol concen- 
tration differences were carefully balanced to produce an initial volume flow close 
to zero. Parallel experiments were then performed with the second glycol pre~nt 
in equal concentrations both inside and outside t~c egg to note ,~he effect of a ~cond 
permeable solute. 

RE~VLTS AND DISCUSSION 

Dependence of  equilibrium t~ob, m, on sea ",,~at~, concen~alion 

Belore experiments with penetrating solutes ~ere undertaken, certair, general 
properties of the_ ~and dollar e~j~ ~ere investigated. The eggs remained intact and 
c h a n g ~  volume reversibly ov ~ the ¢on..e~_.,ltratio~ range f.,~om 40 voi.% to twice the 
normal strength of sea . . . .  xl,,,,r. All kinetic experiment~ reported here, however, em- 
plo~x"d eggs initially equilibrated it, 5o-zoo  vol. °o sea water  
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The average volumes of 30 egg_ aliquots from one sand dollar are p lo t ted  against  

the  reciprocal of the sea water  concentrat ion in Fig. I. As shown in this figure, the 
equi l ibr ium volume, V, follows the familiar  expression, c = a/(V-- b), where c is the  

concentrat ion of sea water ,  a is the effective impermeable  solute content  of the  egg, 
and b is the osmotical ly inact ive  volume of the  egg in the same uni ts  as V. 

Variations in egg volume at any  given sea water  concentra t ion for a single sand 

dollar were within + xo %. Although var ia t ion in size among  e~ '~ from different sand 

dollars was somewhat  greater,  the dependence on concent ra tmn was similar wi th  
both a and b increased or decreased by a factor related to the size of the eggs. 

a .  

2is 

2.2 

3 . 0  

/ /< 
_ 

! ! .E  t , 
1.0 ').4 1,8 2.2 

C °') , C $ n ~ 7 "  .1 

Fig. x. Dependence of equilibrium volume of sand dollar eggs on sea water concentration. 

Values for the constants  in Fig. z are a = x .z2c .xo 6 and b - -  o.8o2-1o 6 when c is 
expressed in osmoles/l and V is in cubic micra. Comparison of b wi th  the volume of 

an egg in pure sea water  shows tha t  nearly 4 ° % of the egg is osmotical ly inactive.  
This compares wi th  only about  I I  % in the Arbacia  egg. 

The osmotic concentrat ion of sea water  used in plot t ing Fig. z, together  with 
values for representat ive glycol solutions, are given below in Table I. The osmotic 

TABLE I 

O S M O T I C  C O N C E N T R A T I O N S  O V  E X P E R I M E N T A L  S O L I ? T I O N S  

Solutum |'ol. % Propyle~¢ lll~¢;ol E lky l¢~ fly~ol Osmo~l Osm,J, ar 
N o .  s e ~ tt,  a l e  T ~ *,'¢16 t~. ( M y  ~ o¢¢~ ~ .  (.%1) ¢ o ~  m.  C Ot~¢~.  

z 37-5 o o 0.350 o.34~ 
2 62.5 o o 0.578 o.568 
3 87.5 r, o o.8t4 0.797 
4 I 0 0  o o 0-948 0.933 
5 37-5 o.25 o o.637 o.6,:o 
,, 37-5 0..$0 o 0.944 o.9o2 
7 37-5 1 .c~o o n .61o 1.477 
8 6z. 5 9 o5o  1.152 I.lO 3 
9 37-5 o. 5 ° o. 50 I .~o2 1 . 3 9 0  

xo )3.o c 50 o 0.878 0.838 
t t  33 ° o . ~  0.50 L479 !.37o 

B.~c~=..  B,opi lyJ Aa , . .  ~J ( , 9 6 ~  3J~, ; . '~  
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concentration of the sea water solutions increased linearly ~ith increased volume 
concentration of sea water, but mixtures with glycol showed some de,Aation from 
idea!ity. 

E x p e r i ~  with one pcr~tt.a2,le soluU 

As bored in the theoretical section, a detailed analysis t,~, ~::~ .~in o or,., is 
greatly simplified if conditions are chosen such that the initial volume flow is zero. 
Accordingly, a series of experiments was performed ~fith each permeable solute in 
which eggs equilibrated in 62.5 vol. % sea water were transferred to solutions more 
dilute in sea water, but containing the permeable solute in vaD-ing concentrations. 

0.~ 

o C 

-0.~ 

012 t 0.4 (16 0.8 
I 

!.0 

Fig. 2. Dependence of initial rate of swelling on external propylene glycol cor.centration. Eggs 
_tt~_~sferred from 62.5 vol.% ~ a  water  to 37-5 vo!.% _sea water  containing varying concentrations 

of propylene glycol. 

The results from one such experiment with propylene glycol are shown in Fig 2, 
whereJ~,, the initial volume flow into the egg, is plotted against the propylene glycol 
concentration difference. 

In the experiments of Fig. 2, eggs were transferred from 62.5 vol.% sea water 
to solutions x, 5, 6, and 7 of Table I. There was thus an initial toncentration difference 
between the inside and outside of the egg of o.22 osmole/l of sea water. To offset 
this concentration difference, and to produce an initial volume flow of zero, 0.42 M 
propylene glycol was reqrired in the e>.-ternal solution. As may be seen from substi- 
tution in Eqns. 5 with Jv = o, afar, --= 0.42 RT, 2~t  = o, and A~r s = --0.22 RT, 
the ratio Opropvleme glyCOl = --LpodLP then has the value 0.52. 

In order to test Eqns. 5 for J~. over a wide range of initial conditions, RTLp 
was determined from an average of sweUir, g experiments involving a gradient of sea 
water concen*ration only. A value of 5.33" x o- t  was obtained when .act for sea water 
was expressed in osmolesfl and J r .  was expressed in/L/sec. The constar, t, RTLpot, 
xtr, ts determined by multiplyir4g the average value of R1 Lp by the value of 
" - - o ) ~ t ~ e  tvtmt from the experiment shown in Fig. 2, resulting in a value ~f 
--3.05-x0 4 .  ~ a i l y  determined intial rates were then plotted in Fig..~ 
against those caictdated from Eqns. 5 wit~ J ,  = - 3 . o 5 - x o  -t  A c t m t , ~  ~ e ~  
- -5 .33-zo  4 ~ Each point in Fig. 3 ~ . ~ t s  the aver'%~ rate for from two to 



3 9 4  D . B .  L U D L U M  

several different eggs under conditions varying from positive to negative concentration 
gradients in both sea water and propylene glycol. Agreement wath the predicted 
value is faith- good and some of the residual scatter undoubtedly results from the 
inclusion of data on aliquots of eggs from several different sand dollars. 

1 / °  

° 

J ~o 

o 

4_. j 
/ 

[ J 
_ 2.C t j /  = I I 1 

- 2 . 0  - t O  0 1.0 2 0  
dv . ,co lcu lo ted ,  I 0  "2 p / s e c  

Fig. 3. C~mpa.~son bct~..en initial rates of swelling determined experimentally and calculated 
from Eqns. 5- 

The expression for volume flow in Eqns. 5 thus appears to be adequate over 
a wide range of conditions. The experimental approach indicated above, with each 
permeable solute being studied separately, is also a practical method of evaluating 3 
of the 6 constants in Eqns. 5- 

Values for the reflection coetficient, c-, obtained in this manner on three different 
~olutes are given below in Table II .  Also included for comparison are data obtained 
by GOLDSTEI~ ^-~D SOLOUO~' on the human e~'throcyte.  I t  is interesting to note 
that  propylene glycol has a lower value of o than ethylene glycol in the sand dollar, 
but a higher value in the erythrocyte. This difference may  be related to the fact that  
these solutes are thought to penetrate through pores in the erythrocyte, but probably 
enter the sand dollar egg through a lipid phase. 

Experiments with two permeable solutes 

The remaining 3 constants in Eqns. 5 could be evaluated by comparing experi- 
mental swelling curves with those obtained from the numerically integrated form 
of the equations. The magnitude of L~.z~ would then be a direct measure of the 
interaction between solute~ x and 2. Such an approach was at tempted here. but it 
was concluded that  a direct m~-asure of interaction utilizing tagged compounds would 
be a better  experimental appl~,,ch. The data  presented here. therefore, simply 
indicate an effect of a second solute on the swelling curve obtained with the firs*. 
solute. 

Typical experiments were carried out in the manner described below. One aliquot 
of eggs was equilibrated in 62. 5 voi. % sea water containing o.5 M ~h)'lene glycol. 
After equilibration, the first aliquot was transferred to a 33-vo1.% sea water sohttion 
oattaiaing o.5 M propylem glycol, and a swel~ng curve ,ms obtained_ A simile- 



INTERACTION FLOWS IN PERMEABILITY STUD,: c. 395 

swell ing curve was ob ta ined  when the  second aliquot was transferred to ~ 33-voi. °o 
s e a  wate r  solut ion conta ining 0. 5 M ethylene glycol and 0. 5 M propylone glycol. 
Since there  was no ini t ia l  e thylene glycol conct~i3.~ration gradient  in the second case, 
t h e  e thy lene  glycol  could a l ter  the  ea r ly  pa r t  of the  swelling curve only by  in teract ing 
with the  solvent  or solute flow, or, possibly,  by  affecting the memhrano. 

TABLE II 

REFLECTION COEFFICIENTS 

S~/gte 
Sand d,~llar egg Er.~cl~voc).tc 

Ethylene glycol o.82 0.6 3 
Acetamide o. 76 o. 5,~ 
Propylene glycol o.5z o.S 5 

Some indicat ion of interar t ior l  is shown in Fig. 4- In  this figure, the comparison 
between swelling curves in the presence and absence of e?bv]ene glycol is shown in 
4 sepa ra te  exper iments .  Each  curve represents  an average for all the eggs p r e ~ n t  
in the  photographic  field The onk, var ia t ion  in the  exper imenta l  design W e n  above 
is t ha t  the  d i lu te  sea wate r  in Run A was 37.5 ;'ol. % in each case ins tead of 33 vol. %. 

The  curves in the  presence of e thylene  gi3coi seem different over their  entire 
raiige,  bu t  i t  is difficult to  eva lua te  how much of this  difference is d i rec t ly  related 
to  so lu t e - so lu t e  in teract ion wi thout  a more e labora te  ki~.etic t rea tment .  Apparen t  
differences in ra te  a t  t ime zero would not be_ predic ted  ;r~,m Eqns. 5, and ~,;me of 
the  observed difference m a y  represent  difficulty in ext rapola t i ' -~  accura te ly  back to 
t ime zero. E thy lene  glycol could also affect the pe rmeabi l i ty  of the membl ane directly.  
a l ter ing all of the  constants  in Eqns. 5. We intend,  therefore to obta in  addi t ional  
exper imenta l  da t a  on indiv idual  solute flows with the aid of isotopical ly labelled 
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F i -  4- Effect ol ethylene glvc~l o .  propyleue gix~ol swelling curves T~p rn'~ sh,,ts experimental 
d~ta m the atqer~e of ethylene glycol; the  seco.-.d ro~'. in the prt~,J.-ncc of t.thylt'rit" g:?(ol, and 

the bottom t o . .  a d*rect < o m p a r ~ o n .  
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compound~ to evaluate the importance of each of these effects. We can, however, 
conclude from the present data that the addition of a second pe..rm..eable solute 
markedly affects the nature of the swelling curves obtained with the first so!ute 
and that some of this effect may be related to solute-solute interactions. 
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