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SUMMARY 

A theoretical analysis is presented for the calculation of tritiated water  (SHHO) 
permeability coefftcient in red blood cells during osmotic water flow. This method 
can also be used to calculate the permeability coefftcients of small hydrophilic solutes 
under similar experimental conditions. With the aid of this analysis it becomes 
feasible experimentally to test  the pore model hypothesis for the red blood cell mem- 
brane. Previously determined experimental values were substituted for parameters 
in the final equation to show how this hypothesis can be tested. 

The concept of the pore model for biological membranes and in particular for 
the human red blood cell membrane has not been totally accepted by  the leading 
investigators in this field in spite of a large body of evidence 1. Even those who are 
strong advocates of this view concede that  the experimental data  at hand do not 
rule out other interpretations but  are merely consistent with the pore model hypo- 
thesis. Even though some of the outstanding arguments put forth by  DAINTY 2 against 
this concept have been experimentally ruled out by SHA'AFI et al. 3 and RICH et al. 4, 
there is, however, one important  point as yet unresolved. This has to do with experi- 
mental  verification of the effect of osmotic water flow on the diffusion of tri t iated 
water /3HHO) and tracer diffusion of small hydropkilic solutes such as urea. Measure- 
ments on both the stop-flow and continuous-flow apparatus can be combined to 
provide an excellent opportunity for the investigation of this question. This can be 
done by measuring 3HHO diffusion in red blood cells under conditions in which the 
cell volume is continuously changing during the course of the experiment. 3HHO 
movement  can be measured while osmotic flow of water is taking place in either the 
same or the opposite direction of 3HHO movement.  If the concept of the pore model 
is valid, one would expect an increase in aHHO movement  when the osmotic water  
flow is in the same direction as the 3HHO; a decrease would be expected when it is 
in the opposite direction. Similar behavior would be expected for the radioactive 
movement  of small hydrophilic solutes which are assumed to permeate the cell mem- 
brane via the aqueous pores. SOLOMON 1 is well aware of the importance of this kind 
of approach. Such findings would be hard to interpret without thinking in terms of 
a porous-like structure for the red blood cell membrane. Lack of theoretical guidance 
was the main reason for not carrying out such investigation. The needed theoretical 
analysis is presented in this short communication. 
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The basic equat ions  which govern volume flow and  t racer  diffusion in red  blood 
cells are as follows a, 5: 

d Vq/dt  = - - A L p R T ( c t o - - c i i )  (I) 

d P / d t  = - - K p  + K q  (2) 

in which Vq is the  volume of cell water ,  Lp is the  hydrau l ic  wate r  conduc t iv i ty  which 
has  been shown to be independen t  of t ime bu t  depends  on med ium osmola l i ty  or 
di rect ion of wate r  flowS, 7. R and  T have  the i r  usual  meanings,  ci0 and  cii are the  
concent ra t ions  of the  impermea t ive  solute (NaC1) in the  med ium and  the  cell, respec- 
t ively ,  t is t ime and  A is the  cell surface area  which is assumed to be cons tan t  in 
the  course of the  exper iment  4. K is a cons tan t  and  is the  same for the  inward  and  
ou tward  movemen t  of the  t racer ,  since the  m e m b r a n e  is assumed to be symmet r i ca l  5, 
p and  q are the  specific rad ioac t iv i t ies  in the  med ium and  the  cell, respect ively,  and  
P is the  a m o u n t  of r ad ioac t iv i ty  in the  med ium = v p p .  cio varies  wi th  t ime and 
cannot  be t aken  as cons tan t  as is usual ly  done a. 

Bu t  

0 0 0 0 0 0 O (  1 ) 
cio = CloVp/Vp, c i i =  c i iVq/Vq and Vq + Vp = Vq + Vp = V I + H0- 

where Vp is the  volume of the  medium,  H is defined as V q / V p ,  and  the superscr ip t  o 
refers to t = o. Eqn.  I can be rewr i t ten  as follows: 

- - ( a  4- c) -1 x d x  4- ab(a 4- c) -2 dx 4- b2ac(a + c) -2 (cx 4- a x - - b c ) - i  dx = - -d t  (3) 

o o o o Vq/V°q. In te -  -~ A L p R T c i i / V q  and x = in which a A L p R T c i o / V  q, b = i + H °, c -~ 

gra t ing  Eqn.  3 for the  b o u n d a r y  condi t ion  x ---- I when t = o one gets :  

cx 4- a x - - b c  
( I - - X 2 ) ( 2 a + z c ) - l + a b ( a 4 - c ) - Z ( x - - i ) + a b ~ c ( a + c ) - 3 1 n  t (4) 

c + a - -bc  

B y  inspect ion,  o < ( a x + c x - - b c ) / ( a + c - - b c )  <- 2 since in an ac tua l  exper iment  the  cell 
volume does not  change b y  more t han  20 %, i . e . o . 8  -< x < 1.2 (ref. 6). The  na tu ra l  
logar i thm can be e x p a n d e d  wi thin  these l imi ts  in t e rms  of a power  series as follows: 

i n   + -bcJ i) + 

F o r  an ac tua l  exper imen t  the  h igher  order  t e rms  are less than  2 %. The value  of x 
ca lcula ted  f rom Eqn .  4 is as follows: 

x = B / 2 n  i (B 2 + 4hE  + 4nt) ½/2n (5) 

Upon using ac tua l  exper imen ta l  values  for these parameters ,  i t  tu rns  out  t h a t  the  
posi t ive  root  is for the  case when the  cells are swelling, i.e. I < x <- 1.2 and the  
negat ive  root  is for the  case in which the  cells are shrinking,  i.e. 0.8 -< x -< 1.0; where 

m = a + c - - b c  

n = (m 2 + ab2c) (2am~ 4- 2cm2) -1 

B = ab/m z 

E = --ab(a + c) -2 4- (2a 4- 2c)-1--2ab2c(3 mz + 4bcm + bZc 2) (2m)-Z(a + c)-a 
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The parameters m, n, B, and E all are constants and can be easily calculated from 
experimental conditions. 

Assuming that  the back flow of radioactive tracers is negligible during the course 
of the experiment, Eqn. 2 can be rewritten as follows: 

dp/p + dVp/Wp = --Kdt/Vp (6) 

But  

Vp = V° (b/H°--x)  = (V° /2n) (~ 4-).) 

where 

~ = B s + 4 h E  + 4n t ,  a = 2nb/HO--B 

The above assumption is certainly valid in the case of small hydrophilic nonelectro- 
lytes such as urea since the maximum amount that  enters the cells during the course 
of the experiment is about 25 % of the total  medium radioactivity. A straightforward 
analysis yields the following solution to Eqn. 6: 

[ l u In  k ~ J  V ° ~, -{- ). J fOI" O < X ~ I .O (7 a) 

and 

In [ p(,x--A) I ----- K [ '~--A°l for I.O < % < 2 (7b) LP°(~--A°)J --H ~°--~+~In ~--~ j 

In order to see how p/po, which is an experimentally determined quantity, 
varies with time, let us consider the following experiment: A suspension of red blood 
cells at a given hematocrit  and in iso-osmotic solution (286 mosM) is rapidly mixed 
with an equal volume of a hyperosmotic solution (338 mosM) containing tri t iated 
water (aHHO). After mixing, the time-course of the disappearance of SHHO from 
the medium is followed. This experimental setup is identical with those of PAGANELLI 
AND SOLOMON 5, BARTON AND BROWN s, R IC H et al." and VIEIRA el~ 02. 9, except that  
the solution which contains 8HHO is hyperosmotic instead of iso-osmotic. The details 
of the experimental procedure are discussed elsewhere~, s. Under the present experi- 
mental  conditions Lp = I - lO -11 cmS/dyne • sec, A = 1.67. IO -~ cm 2, V°q = 4-9" lo - l l  
cm 8, RTC.°li = 6.98. IO e dynes/cm ~, RTc°io = 7.62. lO 6 dynes/cm ~, and H o = 0.3. These 
values are taken from ref. 3. Using these parameters, ~o and a can be easily calculated 
as: ~o = o.159 sec, ,¢ = 2.48 sec. Table I gives the values of p/po calculated from 

T A B L E  I 

TIME-COURSE OF MEDIUM SPECIFIC ACTIVITY FOR TWO VALUES OF a H H O  RATE CONSTANT 

T~m8 
(see) 

Medium specific activity, p]po 

0 1.0 1.0 

0.005 0.92 0.88 
O.OIO 0.85 0.78 

o.o15 0.78 0.69 
0.020 o.72 o.61 
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Eqn. 7a using two different values of K / V  °. These values of K/V°q and the range in 
time interval represent actual experimental valuesS, s. For such experimental con- 
ditions the higher order terms in the series expansion contribute less than 1% to 
the total value of the function. 

To test the validity of the pore hypothesis, one first determines the value of 
K/V°q under conditions when no volume flow of water is taking place, i.e. the solution 
which contains SHHO is iso-osmotic. This can be done using any of the procedures 
discussed in refs. 5, 6, 8 and 9. Then one determines the value of K / V  ° by plotting 
the left-hand side of Eqn. 7 a or 7 b against the right-hand side as shown in Fig. I 

• I I 

o 2.0 4.0 6.0 

[(~- X*I + e.LN (~ ÷ k*/a +X)] [$EC x I0 '~] 

Fig. r. The right-hand side of Eqn. 7a is plotted against the left-hand side for two values of K/V°q. 
The upper line is for K]V°q = 5 ° sec-' and the lower line is for K[I~q = 80 see-'. 

for the data in Table I under two different experimental conditions: first, when the 
solution containing 3HHO is hypo-osmotic and second, when the solution is hyper- 
osmotic. If the pore hypothesis is not valid, one should expect the value of K / V  ° to 
be the same for the two conditions and equal to the value determined when no volume 
flow of water is taking place. On the other hand, if the pore hypothesis is valid, 
one should expect that  the value of K/V°q determined under the hypo-osmotic con- 
dition to be greater than that determined under hyperosmotic case. Moreover, the 
value of K/V°q determined when no osmotic water flow is taking place should lie 
between the hypo-osmotic case and the hyperosmotic case. The value of Lp to be 
used must correspond to the experimental conditione,L The same analysis can be 
used when dealing with the radioactive movement of small hydroplfilic nonelectrolytes 
which are assumed to permeate the cell via the aqueous pores. Further evidence for 
or against the pore hypothesis can also be obtained using the same procedure with 
red blood cells of other mammalian species, whose membranes are characterized by 
different pore sizes 6. 
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