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Sums. ry 

Relative volume curves for human red cells were gene,-ated with a com- 
puter program to simulate the experimental  results obtained by rapidly 
mixing red cells and urea. Known values for the permeabil i ty variables were 
used in the Kedem and Katchalsky (Biochim. Biophys. Acta (1958) 27, 
229--246) solute and solvent flux equations. The different values used for the 
reflection coefficient, o, were 0.62, 0.75 and 1.0. The theoretical computer  
curves with o = 0.75 compared closely with the experimental  s topped-flow 
curves. 

Reflection coefficients, o, are necessary to formulate mathematical 
models for nonelectrolyte permeability across red cell membranes, as shcwn 
by Macey and Wadzinski [1]. The purpose of this paper is to compare c~m- 
puter-simulated results for the rapid penetrant urea with the recent experi- 
mental a data reported by Owen and Eyring [2]. 

To ascertain the amount of error, if any, present in the recently deter- 
mined o, it is necessary to compare experimental and theoretical red cel! 
relative volume curves. Fig. 1A illustrates the effect of rapidly mixing human 
red cells with urea ,n a stopped-flow instrument (for more data, see Fig. 3 in 
ref. 2). Fig. 1B represents a plot  of  the negative tangents of  the  " ini t ia l"  
slopex of  the  data in Fig. 1A. Fig. 1C shows computer-simulated curves at  
three different o values (a = 0.62, 0.75 and 1.0). The concentrations of  the  
permeant molecule urea, C'~,, are listed as post-mixing values, which is a factor 
of  8/9 of the pr~mixing experimental  values pre~.~ously reported [2].  The 
theoretical curves in Fig. 1C were obtained by using ~ fourth-order Runge- 
Kutta routine to  integrate numer.'cally the Kedem avd Katchalsky [3] equa- 
tions for volume Jv and solute Js f a x  across the cell ~membrane. 
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,Iv = --Lp(RT~Cm + oRT/,Cs) (1) 

,& = ( I  - o)e,4, + p, Ac, (2) 
After the "non-solvent" and "apparent osmotic" volumes were considered, 
tim final forms of  Eqns. i and 2 which were used to  obtain the curves in Fig, 
1B are shown in Eqns. 3 ,nd 4. 

1 bm • 

dt - - - Y - - ~  V - -  b--m-m C ° -- o(C ° -  C~) (3) 

Vi 

dOi'dt F i ~.-dV "-~i -wART(c°s--ci)] / v-bsvi = L ((1 -- o)(~s -- Cs) + (4) 

where V is the relative cell volume (volumelVi), Yi is the isotonic cell volume, 
b is the fractional portion of the cell which is apparently osmotically unavail- 
able. Lp and (o are the osmotic  and solute permeability coefficients, C is con- 
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Fig. 1. ( A )  The effect  of different  urea concentrat ions on  the z l te  of  change in intensity of  9 0  ¢ 
scattered I / ~ t  from a human red cell suspension, dV/d t ,  where V is the  rasponas of  the photomu]t ipUer  
tube in volts. Since red cell volume is indirect ly propor t ional  to, the  intemdty of  90°-scat tered I/Jht,  
the photomul t ip l ie r  voltage was an index of relative eel] volume, i.e. a negative vG~taSe ehanse  eorre- 
sponds to swe~ng  and • positive voltage cha rge  denotes sh t ink i , l | .  The cont ro l  t~ace represents the  
rapid mixing of  ~ 8 vol. of  isotonic buf fe r  wi~h 1 voL of  an Isotonic red cell  suspension. This  da ta  is 
from ref. 2. (B) Tangents  were drawn to  the curves in A between approx.  20  and 130  x~,  and the 
nee• t i r e  of  the slopes of these tangents was p lo t ted  88 • funct /on of  ure~ concent ra t ion .  The urea 
concentra t ion obtained by interpo|a*.ion from ( - -dV/d t  ffi 0 )  was 4 0 4  mosmol / ]~ ,  which wi th  the 
isotonic buffer  (oncen t ra t ion  of  3 0 6  mnsmol/kE, Ja~e a o of  0 .75 .  The  urea  concentra t ions  used here 
were pre-mixln8 concentra t ions  to conform with  the orig/nal procedure  of  GoJdstein and Solomon [ 6 ] .  
This  de 'n  is from ref. 2 and the ordinate  was p~.~ouldy ineolTeCtiy labeled t w i c e  its ac tual  value, bu t  
this does not  • f f ec t  the  value of  o.  (C)  Comput~r4/mulated .  reMtive-volume curves for  z~! cells mixed 
with varying ~u t~de  concentra t ions  of  urea, C~t, a t  given o values. The  vsluse used in Eqs~. 3 and 4 to  
generate these eu-wse were: A = 1 . 4 2 . 1 0  .6 cm ~ [6 ,7 ] ,  T = 2 9 8  [ 2 ] ,  ' , p  = ? .7  • I 0  -~s em*Idyne4  [8]°  

m 15 R ~ II 3 3 3 me W 1 1 " 1 0 -  m o l / d y n e - s l 9 ] . V i =  . 7 - 1  - cm [ 1 0 ]  ~ m = O . a O ~ , . l O "  nsmoi /em [21,~'~m 
0 .034  • 10  "3 nsmni/cm 3 [2]  ((1 - -  ( b m / V l ) ) t ~ : e o r  T = ((1 -- (b-m/Vi)) t ~ e ~ l ~  X alEpslmlt amnot/c value ~ 
( 0 . 7 1 7 X 0 . 8 )  - 0 . 6 8  [ 1 1 1 ,  ( b s l V  l) = 1 - -  0 . 7 ~ 7  = 0 .283  [ 1 1 ]  and 0 s - , ~ - -  0 8 ) / ! n ( ~ 1 C 5  s )  [ a ] .  
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TABI,E 1 

CO MPARIS ON O F  U R E A  o V,aLUES IN  HUMAN R E D  CELLS 

Oaver~e  Invest igators  ]ge~. Procedure 

0.62 Goldstetn and Solomon (1960)  4 Rapid-f low 
0.55 Sha'afl ,  Rich,  Mlelmteeky and  So lomon (19"/0) 7 Stopped-f low 

~>1 Macey and  Wadzinsk~ (1974)  1 C o m p u t a r ~ m u l a t e d  fi t  of  
red cell vo lume data  in ref. S. 

0.79 Owen and Kyring (I  ~75) 2 Stopped-f low 
0.71 Solomon,  Mllsrmn &~d Kirkwood (1975)  12 Computer-s lmulat lon m-  

evalua~on of  the  o in  ref.  4 (?) 
0.79 0 , ~ n  (this  work)  --  Computer-s lmulated  fi t  o f  

red-veil, l ight. .~atterlng da ta  
in ref.  2. 

centration, {~s is the  mean concentrat ion of  the permeant  species within the 
membrane,  A is the  urea and R and T have their  usual meanings. The sub- 
scripts in Eqns. 3 and 4, i, m and s denote  isotonic, impermeant  and permeant  
species, whil., the  superscripts, i and o represent concentrat ions inside and 
outside the cell. 

A t  lemt four similarities can be shown with the  recent experimental  red- 
cell, light-scattering data  Fig. 1A and B and the theoretical  cell volume curves 
at  0 ffi 0.75 in Fig. 1C: 

(1) C °vaiues which initially gave swelling, no Lz>lume change and 
shrinking. In Fig. 1A, the  experimental  "nu l l "  C °, o~, the  interpolated per- 
meant  molecule concentrat ions which caused a zero time slope of  zero, was 
404 mosmol/kg (pre-mixing). This corresponds to  a post-mixing null C ° of 
360 mosmol/kg.  The theoretical  curves in Fig. 1C indicate a null C0 of  260 
mosmol/k4g for  o = 0.62, 360 mosmol/kg for o ffi 0.75 and 460 mosmol/kg 
for 0 = 1.0. In Fig. 1A, the experimental  data  indicate tha t  a t  C ° 365 mosmol/  
kg (pre-mixing) or  324 mosmol/kg (pest-mixing) the  cells were swelling and at  
C ° 462 mosmol/kg (pre~mixing) or  411 mosmol/kg (post-mixing) the  cells 
were shrinking, so qualitatively the experimental  data  near and at  the  null C ° 
agrees with the  theoretical  curves at  o = 0.75. When comparing the experi- 
mental light-scattering data  with the theoretical  relative volume curves in 
Fig. 1C the changes occur in opposi te  directions, i.e. tight-scattering increases 
as cell volume decreases [ 4]. 

(2) The position of  the minimum volume point. The theoretical  minimum 
point  for the  curve a~ CO 812 mosmol/kg (post-mixing) or  91q mosmol/kg 
~pre-mixing) in Fig. 1C for o = 0.75 is a t  about  110 ms, but  the  experimental  
minimum, shown in Fig. 1A, is a t  approx.  130 ms. If  Eqns. 3 and 4 are con- 
sidered correct,  then the experimental  points  must  '.~ shifted approx.  20 ms. 
This apparent  shift  may be due to  an n,itial mixing ~henomonon which is 
unrelated to  the  osmotic  propert ies  of  the cells, sin, x: it  manifests itself in all 
the  C ° tested. Therefore, the  procedure  used pr~ ,h  ~ ] y  [2] of  ignoring the 
initial 20 ms for tui tously gave slope measurements ttarting at  "zero t ime".  

(3) The ratio o f  the slopes of  the CO curvea D-~ing the initial 20 ms the 
theoretical  curves in Fig. 1C show considerable differ ences at  the  same CO 
but  different  o, e.g. at  C ° 812 mosmol/kg the  slopes become increasingly 
steeper from o ffi 0.62 to  1, while a t  C ° 92 mosmolfk.g the  slopes decrease 
slightly as c increases. The ratios o f  the  theoretical  ~l~ves at  ((812 mosmol/kg)/  
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(92 mosmol/kg)) in Fig. 1C are approximately:  --1 a t  o ffi 0.62, --1.5 a t  o = 0.75 
and --3 at  o = 1. The  experimental slope ratio from Fig. 1A at  the  comparable 
premixing C ° values, ((913 mosmol/kg)/(104 mosmol/kg)) ,  is about  --1.4,  
which is in good agreement with computer  simulated data  at  o = 0.7.5. 

(4) The time at which the (refatfve volume versus time) slope is meesu~d. 
The calculated value at  o, using the "zero- t ime" method [5] ,  decreases from 
the o value given to  the computer  as the  apparent  initial observat/on t ime 
increases. This can be demc~s~rated with the  theoretical  curves at  a given o 
of  0.75 in Fig. IC.  Interpolat ion at  5 ms ;tfter mixing with the  324 and 411 
mosmol/kg Cs ° curves yielded a calculatea o o f  0.74. A plot  of  the  zero-time 
slopes, obtained from tangents drawn to  the curves m Fig. I during the initial 
?0 ms, as a function of  each C ° for a given o of  0.75 gave a calcular~,d o of  
( .71.  Increasingly lower o values were calculated from slopes taken at  longer 
~pparent initial observation times, e.g. a a of  0.53 was calculated from slopes 

at  5F ms and a o of  0.46 was found at  75 ms. 
aJculating o from the theoretical curves (comparison 4) indicates that  

tht ~Icpes must be determined close to  zero t ime to obtain excellent agree- 
mc~t between the given o and the calculated o values. Consequently, since 
the experimental  data  and theoretical curves at  o = 0.75 are qualitatively 
similar (comparisons I ,  2, 3), the  experimental  o of  0.75 [2] must  have been 
determiner  from slopes close to  zero-time. Therefore, this suggests tha t  this 
representa; i re  example where o = 0.75 and the :lverage o of  0.79 is probably 
accurate. 

Table I shows the comparison of  our  average value of  o of  0.79 [2]  
with several other  repor ted o values. The range is indeed wide between 
various o ,,alues and illustrates the  necessity for continued interest in this 
area o ~ re~ cell nonelectrolyte permeabil i ty research. 
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