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SUMMARY 

A method is described which allows determination of the concentration depen- 
dence of the filtration coefficient Lp for membranes of intact cells. After a snlall, 
sudden perturbation of solution osmolality the cell volume exponentially approaches 
a new equilibrium value. The time constant of this osmotic process is measured by 
turbidity changes and is used to calculate Lp for each set of experimental conditions. 
Application of this method to beef and human erythrocytes has shown: (a) Values of 
Lp are in good agreement with those found by other investigators using other tech- 
niques. (b) Lp is independent of cell size and osmolality of the suspending medium. 
(c) An apparent rectification of water flow occurs, inward flow being 4o-5o °o greater 
than outward flow for the same osmotic gradient. The two latter results contradict 
the recent conclusions of RICH et al. (J.  Gen. Pl~vsiol., 52 (1968) 94 I) but are consistent, 
nevertheless, with the experimental data reported by these investigators. 

INTRODUCTION 

In the past ten years it has become common practice to describe the kinetics 
of membrane transport  using principles of irreversible thermodynamics~. The goal has 
been to formulate an unambiguous method for defining and measuring transport  
parameters. Definition and measurement of parameters  has, however, been compli- 
cated by the fact that  the commonly used, linear, thermodynamic coefficients are 
implicitly dependent upon the concentrations of solutes and solvent. Since flux 
measurements are often made in the presence of sizeable concentration gradients, 
precise definition of the transport  parameters is difficult unless the concentration 
dependence of each linear coefficient is made explicit. Formal integration of the 
differential flux equations through the membrane often lead to results which are not 
compatible with the original Kedem-Katchalsky equations2, 3. 

These complications can be minimized by the measurement of transport  fluxes 
which result from very small concentration gradients or concentration "perturba- 
tions ''~. If, for example, a particular concentration is abruptly changed from its 
equilibrium value c--Ac to c, measurement of the ensuing flux enables calculation of 
the transport  parameters. The parameters are referenced to a specific concentration 
which lies within the narrow range of c-Zlc  to c. By changing the final concentration 
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c, it is possible to extend measurements over a large span of concentrations and hence 
to obtain an explicit and detailed account  of the dependence of the parameters on c. 

The purpose of this paper is to apply the perturbat ion method to the relatively 
simple case of osmotic water flow in erythrocytes.  Later  papers will deal with more 
complicated cases of simultaneous water and solute transfer. I t  will be seen that  
there are a number  of practical advantages  associated with this technique. Analytical  
t rea tment  is straight forward, da ta  processing is simplified, calibration curves are 
not required and the usual rigorous requirements of rapid initial mixing are relaxed. 

Applying this method to beef and human red cells shows that  (I) the filtration 
coefficient is independent of cell size and osmolality of the suspending medium, 
(2) an apparent  rectification of water flow occurs ; inward flow is greater than outward 
flow for the same osmotic gradient. These findings readily account  for the data  recently 
reported by RICH et al. 5 who, on the basis of a less detailed study, have proposed an 
opposite interpretation. 

C A L C U L A T I O N S  

Analysis of the problem begins with the kinetic equation for osmotic water 
flow in the absence of a permeable solute and in the absence of a hydrostat ic  pressure 
gradient. Allowance is made for variations of cell parameters  with cell size and 
osmolality of the suspending medium. For  small osmotic gradients the differential 
equation can be linearized by  a Taylor 's  series expansion. The linear solution predicts 
that  the cell volume changes exponentially with time. The exponential  time constant  
depends upon cell parameters  and medium osmolality. 

The equation describing the time dependence of cell volume following a sudden, 
small increase in osmotic pressure can be writ ten:  

dV 
/~'(| ',//) [ / / ' ( [ ' ) - - I I ~  (I) 

dl  

where: V = normalized cell volume (V --  I at isotonicity), H --  normalized external 
osmotic pressure or final tonicity, assumed constant  (H  = I at isotonicity), H ' ( V )  = 

internal tonicity (a function of cell volume), t = time in sec. The functional de- 
pendence of the cell parameters  on cell volume and osmotic pressure is wri t ten:  

k (V , I1 )  -- R T c o  L p ( V , H ) A ( V ) / V o  (2) 

where: R T  - -  universal gas constant  times absolute temperature (dyne.cm.mole-1) ,  
L p ( V , H )  = osmotic filtration coefficient at volume V and osmotic pressure H 
(cm a-dyne -1. sec-1), A (V) = area of cell membrane at volume V (cm2), c o = isotonic 
concentrat ion (osmoles. cm -~) and V o = isotonic cell volume (cma). 

The functional dependence of H '  upon V has been found from equilibrium 
experiments 6,v to have the following empirical form 

V b + ( i - - b ) / I I "  (3) 

where b is independent of cell volume. The parameter  b is related to the non-water  
volume of the cell. I ts  physical significance has been discussed by  GAR¥-BoBo AND 
SOLOMON 8. The fractional volume (I--b)  might  be identified with the apparent  cell 
water at isotonicity. Utilizing Eqn. 3, Eqn. x becomes 
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d V  _ k ( V , H )  [ ( l - -b )  H] (4) 

Let A H  represent a small increase in external osmotic pressure and let AV 
represent a corresponding increase in cell volume from the initial volume Voo--AV 
to the final volume Voo. The kinetics of per turbat ion can be shown by  expanding the 
r ight-hand side of Eqn. 4 in a Taylor 's  series about the final volume V~o. The expanded 
form is writ ten 

[ ]] dV a k ( V , H )  U (l"-- V~) 
dl ~V (V--b) V~ 

' ~ ~ v  ( v - - v ~ ) ~  + . . .  (5) 

Using Eqn.  3, with the condition tha t  at V = Voo, I I '  = I I ,  Eqn. 5 becomes 

dV H '2 
- [k(Y~,H)l ( v - - v ~ )  

dt (i --b) 

(T---bSm L(V~--~)[k(v~'n) eV0k V~ l + , (v-  v~)" + ... (6/ 

For small A V ,  Eqn. 6 m a y  be approximated by  

d V H z 
_ [k(V~,g)] (V--  V~) (7) 

dt (~--b) 

The solution to this first-order, linear, differential equation is 

[ - '  ] - - - - - -  V ~ H) t  V - -  V - - A V e x p  (I--b) k( , (8) 

where AV is found from Eqn. 3 to be approximated by 

A V  ~ - -  (I - - b )  H -2 A H  (9) 

The time constant  ~ of the exponential in Eqn. 8 is clearly 

T - -  ( I - - b ) H - e [ k ( V o o , H ) ]  -1  (IO) 

where k ( V , H )  is expressed by  Eqn.  2. 
In  red cells Lp and A are commonly assumed constant ,  i.e., independent of 

cell volume and medium tonici ty 9, a0. With  these assumptions, Eqn. IO becomes 

~g = [ ( I - b )  V0 ] 
LR--TCo L . ~ J  H-2 = (Constant) H -2 (II) 

I t  should be noted, however, tha t  the general t rea tment  given above is fully capable 
of handling and, in fact, testing cases of non-constant  Lp and A. For  example, 
DIAMOND 11 found tha t  the resistance to water flow through rabbit  gall bladder in- 
creased linearly as the mean osmolality of the bathing solutions was raised. Such a 
membrane  proper ty  leads to an expression for Eqn. IO of the form 

= (Constant) H -') [I i t- B(H--I)~ (I2) 

where B = o.74 is obtained for rabbit  gall bladder. RICH et al. 5 have postulated a 
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l inear  increase of log Lp with  increasing g -1 for dog and human  red cells. Such a de- 
pendence leads to 

r (Constant) H -2 exp [D(I--H-1)] (13) 

where D is near  I.O. 
For  spherical  cells, in which the surface area  increases as the  two- th i rds  power 

of the  volmne,  one m a y  assume cons tan t  L~ as did  LUCK~ el al. ~2 for Arbac ia  eggs. 
The result  is 

r (Constant) H -2 [b -t- ( i - - b ) H  1] 2/3 (14) 

Again  for spherical  cells, NORTHROP ~3 assumed membrane  volume to be independent  
of cell volume (Lp not  constant) .  This leads to the  form 

r = (Constant) H -e [b + ( i - - b ) H  -17 4/~ (15) 

EXPERIMENTAL PROCEDURE 

Fresh  beef b lood was ob ta ined  at  a local s laughterhouse and was def ibr inated,  
f i l tered and s tored at  about  2 °. H u m a n  blood was collected in a plas t ic  bag  conta in ing 
acid c i t ra te  dextrose.  Hematoc r i t  ( In te rna t iona l  Model MB Micro-capi l lary Cen- 
trifuge),  p lasma  osmola l i ty  (Fiske Mark I I I  Osmometer)  and  cell counts  of the  blood 
were rout ine ly  determined.  Red cell volume was ca lcula ted  from hematocr i t  and  cell 
count  wi th  no correct ion for t r apped  plasma.  Cell area was es t ima ted  using a r ight  
circular  cyl inder  approx in la t ion  ' l .  

The isotonic salt  solut ion used with beef blood had  an app rox ima te  final con- 
cen t ra t ion  of (all C1 salts) I33 mM Na +, 5-4 mM K +, 2.6 mM Ca 2+, 1.8 mM Mg 2+, 
32 mM Tris. The solut ion used with  human  blood had  178 mM Na  +, 4.7 mM K +, 
154 mM C1 , 4.7 mM H2PO 4 , i2 .o mM HPO42 . The p H  of each solut ion was about  
7.4,  and the osmolali t ies were near  3oo mosM. Hyper ton ic  and hypoton ic  solut ions 
conta ined  the same re la t ive  propor t ions  of salts. 

Red cell volume was s tudied  as a funct ion of med ium ton ic i ty  at  osmotic  
equi l ibr ium for each lot of blood. Micro-hematocr i t s  of cells suspended in solut ions 
of va ry ing  tonici t ies  were obta ined,  and  a l inear dependence  of hematocr i t  on inverse 
ton ic i ty  7 was ob ta ined  for bo th  beef and  human  cells. The slope of the best  (least mean  
square error) s t ra ight  line fit th rough the exper imenta l  points  was de termined.  
Dividing this slope b y  the hematocr i t  at  i so tonic i ty  gave the appa ren t  cell water  a t  
isotonici ty ,  represented  b y  ( r - -b )  in Eqn. 3. The q u a n t i t y  ( I - -b )  was found to be 
re la t ive ly  independent  of l imited changes in t empe ra tu r e  and  pH. 

Kinet ic  behavior  of the cells was measured  pho tomet r i ca l ly  by  a modif icat ion 
of the me thod  of (:~RSKOV 15 and WILBRANDT 16 (see Fig. I). The l ight source (G.E. No. 40, 
6-8  V bulb seated in a f lashlight reflector assembly) was powered b y  an ad jus tab le  
6.6 V d.c. supply.  The pho to-de tec to r  ( I P 2 I  photomul t ip l ie r  b iased at  8oo V) received 
t r a n s m i t t e d  l ight  passing through the cuve t te  and then through a red filter (Klet t  
No. KS-62). The pho tomul t ip l i e r  load consisted of a paral le l  r e s i s to r -capac i to r  filter 
with a 5-msec t ime constant .  An a l t e rna te  pho to -de tec to r  (RCA 6953 pho to tube  
biased at  7 ° V) has also been used. 

The cell suspension was placed in a I3 -mm square cuvet te  conta ining a 3/8 
inch × I /8  inch, Teflon-coated,  magnet ic  s t i r r ing bar.  The s t i r r ing bar  was dr iven b y  a 
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stirring magnet to speeds of 5o-6o rev./sec (speeds below 4 ° rev./sec began to ad- 
versely affect time constant measurements.) Temperature was controlled in the cuvette 
by circulating water from a water bath  through a gold-plated copper coil immersed 
just below the surface of the cell suspension, yet out of the light path. Temperature 
was monitored by a thermistor placed in the cuvette. 

to iniection solution 

Injection syringe Solenoid 

circulating ° "~--JF---'-~ Valve 
water//  J 

]o recorder ~1~ / to solenoid 
Square ~(/i~j,_4L ~ • control unit 

cuvette ~ I I  
Temp ',1 -shower head 
control r l 

Thermisfa ~,.~, 
to d.c. J q  ./. 
supply - - - - - ~ -  . . . .  

Light ~ _  
source j 1  

to recorder 

stirring bar red filter Photo 
defector 

Fig. I. Simplified d iagranl  of appa ra t u s .  See t ex t  for descr ip t ion  and  for detai ls  of operat ion.  

The tonicity of the suspension was perturbed by a sudden injection of a small 
amount of "injection solution" which was either hypo- or hypertonic. The injection 
was carried out upon electrical command by a solenoid-driven syringe. The solenoid 
(WesCo Model 2-2o-C, 115 V, 6o cycles) was mechanically coupled with an automatic 
syringe at tachment  (Scientific Industries S-2o2-2) containing a 2-ml glass syringe. 
The unit was adjusted to deliver o.5-o.6 ml. A line leading from the syringe to the 
cuvette was terminated in a lucite "shower-head" nozzle positioned just below tile 
surface of the cell suspension. This nozzle created a "spray"  of injection solution 
which facilitated mixing. 

Each perturbation experiment was carried out in the following manner. A I.O % 
suspension of beef cells (1. 4 % for human cells) and the appropriate injection solutions 
were brought to thermal equilibrium in a water bath (5-45 °). The cuvette was washed 
several times with the preequilibrated cell suspension to minimize temperature 
differences, and the injection syringe was manually operated until the injection line 
was free of air bubbles. 5.o ml of the cell suspension were then pipetted into the cuvette. 
After a short baseline was established, o.5-o.6 ml of the injection solution was in- 
jected by solenoid into the cuvette, and the resulting perturbation signal was re- 
corded. The suspension was withdrawn from the cuvette, and its final osmolalitv 
was measured in the Fiske osmometer. 

RESULTS 

Fig. 2 shows a typical series of swelling experiments. Beef erythrocytes, 
initially in near isotonic solution, were perturbed by the injection of a small quanti ty 
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of distilled water. The init ial  large j ump  was caused by di lut ion of the cells. The 
slowly changing part  of the trace represents swelling of the cells and is expected to 
exponent ial ly  approach an asymptote.  In ject ion and mixing are seen to be complete 
within about  IOO reset. 
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,\ 
\ 
\ \  

I \ 
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T I M E  o,1 
( 0 .2 sec / cm  ) 0 0.4 0.8 1.2 

Time (sec) 
Fig. 2. Oscilloscope record of beef erythrocyte swelling following an injection of distilled water. 
Cells were initially equilibrated in a saline solution of tonicity i.o6. Final tonicity was about 0.95. 
The initial large jump up from the baseline (lower left-hand corner of the photograph) was caused 
by dilution of the cells. The slowly curving portion of the trace represents kinetic swelling of the 
cells. The baseline was shifted progressively downward to show five consecutive runs. 

Fig. 3. Semilog plot showing exponential approach to asymptote. Plotted here is the sum of the 
five runs of Fig. 2. Fronl the slope of the line a time constant of 0.26 sec was obtained. 

The exponential  prediction is verified in Fig. 3 which represents a semilog plot 
of the sum of the five runs i l lustrated in Fig. 2. Indiv idual  points were obtained by 
first measuring the vertical  distance of each trace from its corresponding asymptote  
for a series of times (measured from an arbi t rary  reference). Distance values obtained 
for a given time were then summed and plotted as shown. The exponential  t ime 
cons tant  taken from the slope of the least-squares fit corresponds to r in Eqn.  I0 and 
allows the value of Lp to be calculated. I t  should be noted that  exponential  t ime 
constants  are independent  of init ial  values, so tha t  this est imate of Lp can be obtained 
independent  of measurements  at the ins tan t  of injection. In  other words, the per t inent  
da ta  can be extracted even though t ransient  mixing and di lut ion signals obscure 
early port ions (I00 msec) of the trace. Fur ther ,  the t ime cons tant  is independent  of 
magni tude  scaling factors. Thus, the data  can be extracted from Fig. 2 without  
convert ing the distance uni ts  of the vertical scale to volume units.  This is par t icular ly  
advantageous  when measurements  are extended over a large range of concentrat ions 
where changes can occur in the scaling factors (e.g., by change in refractive index). 

If we assume that  LpA is independent  of tonici ty  and cell volume then Eqn.  I I  
suggests tha t  a plot of T versus 17 2 should give a straight line. Marked dependence of 
LpA on tonici ty  or cell volume should show up as a systematic deviat ion from a 
straight line. Fig. 4 shows the results of experiments which were performed on beef 
cells of vary ing  sizes (pre-equilibrated in media of differing osmolalities). The t ime 
constants  of both swelling and shrinking experiments are plotted versus 17 2. Details 

Biochim. Biophys. Acta, I96 (197 o) 53-65 



OSMOTIC RECTIFICATION IN RED CELLS 59 

of individual experiments are tabulated in Table I. The data indicate that  linearity 
holds within each set of experiments, i.e., for a given direction of flow LpA seems to 
be constant over a range of tonicities from 0.75 to 1.6. However, the two sets of 
experiments possess markedly different slopes. Although Lp appears to be independent 
of cell size and final tonicity, it appears to be dependent upon the direction of water 
flow. We express this rectification property by a ratio defined as  LpijLpo~ where Lp~, 
corresponds to cell swelling and Lyon, corresponds to shrinking. With these particular 
cells, the measured rectification ratio is found to be about 1.64 with swelling faster 
than shrinking. 

T A B L E  I 

INDIVIDUAL PERTURBATION EXPERIMENTS LEADING TO FIG. 4 

The  cuve t t e  con ta ined  5.o ml  of a i .o  ~o suspens ion  of beef e r y t h r o c y t e s  in i t i a l ly  in equ i l ib r ium 
wi th  a so lu t ion  of o smo la l i t y  " i n i t i a l " .  A b o u t  o.6 ml  of a so lu t ion  of o smo la l i t y  " i n j e c t e d "  was  
in jec ted  in to  the  cuve t te .  The t i m e  c o n s t a n t  v was  ob t a ined  by  a l eas t - square-e r ror  exponen t i a l  
fit to  the  resu l t ing  volunle  change.  The measured  final o smola l i t y  " f i n a l "  was  used to c o m p u t e  
the  t o n i c i t y  H.  The p l a s m a  osmola l i t y  (isotonic) for these  cells was 3o9 mosM, and the  t e m p e r a t u r e  
was 25 ° . The las t  co lumn of th is  t ab le  shows the  size of the  vo lume  p e r t u r b a t i o n  in percent .  The  
blood was i d a y  old in Exp t s .  i - 6  and  2 days  old in Exp t s .  7-18. 

Ezpt .  Expt .  Solution osmolality (mosM) H ~ zJV* 
No. type (sec) (°, o) 

In i t ia l  Injected F ina l  

I Swell 27o o 249 o.8o6 o.337 5.1 
2 Swell 316 o 285 o.923 o.218 6.3 
3 Shr ink  316 631 351 1.137 0.258 5.3 

4 Shr ink  207 631 266 o.861 0.407 13.3 
5 Shr ink  270 631 31o 1.oo2 o.315 7.2 
6 Shr ink  416 631 434 1.4o2 o. I7O 2.0 

7 Swell  270 o 242 0.784 0.293 7.2 
8 Swell 316 o 284 0.920 0.239 6.6 
9 Swell 333 o 296 0.959 o.191 7.1 

io  Swell 416 o 366 1.184 o.131 7.1 
II  Shr ink  207 631 262 o.848 0.448 12.6 
12 Shr ink  270 631 311 1.oo8 0.302 7.4 

13 Shr ink  316 631 353 1.142 0-258 5-5 
14 Shr ink  333 631 366 1.186 0.228 4.7 
15 Shr ink  416 63i  436 1.411 o.16o 2.2 

16 Shr ink  631 942 654 2.12 O.lO 7 1. 3 
17 Shr ink  221 316 251 o.813 o.516 7-3 
18 Shr ink  207 316 228 0-739 0.567 5.8 

* ] J V / V o o  i, ca lcu la t ed  f rom Eqns.  3 and  9. 

Using the data of Fig. 4, together with Eqn. II  and measurements  of cell 
parameters at equilibrium, we find that  RTLp, n = 0.49 cm ~" osmole -1" sec -1. With  a 
rectification ratio of about 1.64, the outward filtration coefficient RTLpo,t is about 
o.30 cm4-osmole 1.sec-1. Using the same technique,  the average inward filtration 
coefficient for blood from 12 different animals was found to be RTLp,n = 0.47 ~- 0.03 
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(S.E.) c m 4 - o s m o l e - l . s e c  -1. On 8 of these I z  the rectification ratio was determined,  
and the average measured value was z.67 ~ o.o 4 (S.E.). 

o,r . . . . .  1 /  
0.5! 
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~ 0 . 4  ~" 

~0.34 

0.2- , / / 

0.1 < ~ "  , Shrinking 
. . . .  :,:o,,n0 

0 0.4 0.8 1.2 1.6 
7g-2 

2.0 

0.7 - 2 ~ : 
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"3 0.4 / 

o.2i 

0.11 / / °  , Shrinking 
' / /  • Swelling 
/ /  

0 0.4 0.8 112 1.6 
~-2 

i 
2.0 

Fig. 4" D e p e n d e n c e  of the  perturbat ion  t ime cons tant  upon ton ic i ty  (cell size) and  direction of flow. 
Cells are beef erythrocytes  at  a t emperature  of 25:. Ind iv idual  exper iments  are descr ibed  in Tab le  
1. No te  tha t  shr inking  t ime constants  are ahvays  s lower  t h a n  swel l ing t ime  constants  for the s a m e  
final tonic i ty .  However ,  l ineari ty  holds wi th in  each set of experiments .  Using V-qn. I 1 and  va lues  
for cell parameters  measured at equi l ibrium the i nwa rd  f i l t ra t ion coefficient is ca lcu la ted  to he 
l?Ti<h" 0.49 c m 4 . o s m o l e  1.se C 1. The  rectif ication ratio Cph,/l.pout is ahout  1.04. 

l:ig. 5" 1)ependence of the  t ime  c o n s t a n t  7 u p o n  H 2 for h u m a n  red cells at  25 '. Again shr inking  
is s lower than swel l ing for the saIne  tinal ton ic i ty ,  l:or these  part icular  cells the i n w a r d  f i l t rat ion 
coefficient RTI;v ,  ~ is ca lcu la ted  to be a b o u t  o.32 c m ~ . o s i n o l e - l . s e c  L The  rectif ication ra t io  
l.pi~,/Lpo,t is about  1.5,~. 

Although there is more scatter in the data, human red cells also appear to 
posses a linear dependence o f ,  u p o n / / - z  (shown in Fig. 5). Again there is a marked 
difference between swell ing experiments  and shrinking experiments  implying rectifi- 
cation of flow. For the data of Fig. 5, the measured rectification ratio is found to 
be at)out 1.58. From Eqn. zx and measurements  of cell volume,  etc., at equilibrium, 
a v a l u e  of  RTLp~. = o.3~ c m ~ . o s m o l e  -1.  sec -1 is calculated for these cells. RTLv,,. ~ is 
about o.2o cm4.osmole  1-sec 1. The average inward filtration coefficients for b l o o d  

from 5 different subjects  was RTLv~,, = o.43 ± o.o5 (S.E.) c m a . o s m o l e - l . s e c  i at 
~5 °. The average measured rectification ratio for three of these was z.53 ± o.o 4 (S.E.). 

These values for mammal ian  cells m a y  be compared with preliminary values 
for nucleated chicken erythrocytes  where RTLp,, = o.ox6 cm ~. osmole-Z, sec 1 at 25 ° 
has heen found. The measured rectification ratio was near x.I8.  

Fig. 6 shows the temperature dependence of Lp. This is a semilog ph)t of 
(TzH2) -1, which is proportional to Lv, versus the inverse absolute temperature ( T q ) .  
The temperature range is from xo to 4 o°. The final tonici ty  was near o. 9 for all points. 
The upper line is composed of swelling experiments  similar to those discussed before. 
The lower line is composed of shrinking experiments.  From the slopes of these two 
lines the equivalent heat of activation iv for water filtration in beef cells is found to 
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be about 4.o kcal.mole -~ for both swelling and shrinking. For chicken cells a preli- 
minary value of 11. 4 kcal-mole -a has been obtained for the swelling process only. 

0.1 [ . . . .  ~ ~ q 

I I 
I 

-~  O.Ol I ' - - - - ~ '  ~ "---~ 

I c~ 

I , Shr ink ing  ! 
- Swel l ing 

0 . 0 0 1 .  • , , , - • . 
3 .20  3 .30  3 . 4 0  3 . 5 0  

T °1 x 10 3 (degr 'ees -1) 

Fig. 6. T e m p e r a t u r e  dependence  of wa te r  f i l t ra t ion  in beef e ry throcy tes .  P lo t t ed  is (TrII"-) 1, 
which is p ropor t iona l  to Lp, vs. the  inverse  abso lu te  t e m p e r a t u r e  T 1. The t e m p e r a t u r e  range is 
f rom IO to 4 o°. In  swell ing,  the  cells were in i t i a l ly  suspended  in abou t  296 mosM. After  in jec t ion  
of 0.6 ml dis t i l led  w a t e r  the  final concen t ra t ion  was  near  264 mosM ( / /  -- 0.88). In shr inking ,  
the  cells s t a r t ed  a t  abou t  264 nlosM. In jec t ion  of 0.6 ml  of 495 mosM solut ion b rough t  the final 
concen t r a t ion  to 289 mosM (H  0.96). The measured  rect i f ica t ion ra t io  is abou t  1.74. The h e a t  
of a c t i v a t i o n  for the  swel l ing process was  abou t  4.I k c a l . m o l e  -1. For  sh r ink ing  it  was  abou t  
3.9 kcal .  mole 1. 

DISCUSSION 

Water transport, cell volume and osmolality 
The apparent independence of Lp from cell volume and osmolality, it might be 

argued, is in agreement with early results of SIDEL AND SOLOMON TM on human erythro- 
cytes. These investigators found a nearly constant water flow coefficient in osmotic 
experiments which traversed three different tonicity ranges. On the other 'hand, 
VILLEGAS et al. x9 reported a decrease in the rate of aHHO diffusion into the beef red 
cell with an increase in cell size (decrease in osmolality). They suggested that  water  
enters the cell via membrane "pores" whose sizes depend upon the solution tonicity. 
Now the rate of water diffusion through pores should be approximately proportional 
to the square of the pore radius while net water flow may  be proportional to an even 
higher power of the radius. Thus, the large dependence on pore size should make net 
flow a sensitive indicator of changes in pore dimensions. The observed constancy of Lv 
indicates that  no such changes take place as osmolality is varied. Further, using 
glycerol as a water-soluble "pore probe" MACEY AND TOLBERG 2° found no dependence 
of glycerol permeability on beef cell volume or tonicity. 

Recently, RICH et al. 5 have reported a dependence of Lp upon solution osmolality 
or tonicity for human red cells. The primary basis of this assertion is a scatter-gram 
consisting of many  measurements of log LD plotted against H -1. Lp's from swelling 
experiments (from an isotonic to hypotonic medium) tend to cluster around a value 
of Lp that  is definitely higher than the cluster of Lv's from shrinkage experiments 
(isotonic to hypertonic medium). Plotted this way, there is an apparent correlation 
between log LD a n d / I 1 .  Inspection of these results shows that  the data is consistent 
with an alternative interpretat ion--namely that  the value of Lv depends on whether 
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the cells are swelling or shrinking, i.e., flow rectification. The authors' later arguments 
that there is no rectification are not compelling. They arise from a very few experi- 
ments, and they are based on the assumption a pr ior i  that Lp depends on osmolality. 

Our interpretation is that rectification occurs in both beef and human red 
cells; we believe that Lp is relatively independent of H but dependent on direction 
of flow (swelling or shrinking). We base this on the data of Figs. 4 and 5 which cover 
a greater range of concentration for both swelling and shrinking than the corre- 
sponding data of RICH et al. 5. Finally, the compatibility of both sets of data with this 
interpretation is illustrated in Fig. 7, where we have replotted typical Lp data of 
RICH et al. ~ together with our own against H -1. Fig. 8 shows a similar plot for beef 
red cells using data from Table I. 
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Fig. 7. Plot of Lp against  inverse tonicity H t for h u m a n  red cells. The points  sur rounded by  
circles have been replotted from RICH et al. 5. The points  wi thout  circles are our own. Each set of  
points  has been normalized to the average Lpi n to minimize animal- to-animal  variation. The 
dashed line represents  the in terpreta t ion of RICH el al. 5 in which no rectification is permit ted;  
so Lp depends heavily upon H.  The two solid lines show our interpretat ion of rectification with 
Lpi ~ (swelling) and Lpout (shrinking) relatively constant .  

Fig. 8. Plot of Lp against  inverse tonicity H 1 for beef red cells. The points  are drawn from the 
da ta  of Table I. The upper  solid line represents  the average Lpi n (swelling) at ioo %. The lower 
line represents  the average Lpo.t (shrinking) at  about  59 % of Lpi n. The two values for Lp seem to  
be reasonably independent  of H.  

Rectif ication of  flow 

Rectification of water flow is well known in plant cells although its cause 
remains obscure 21. DAINTY 21 has cautioned that in some cases unstirred layers can 
create an apparent flow rectification. The size of unstirred layers around red cells 
has been studied by SHA'AFI et al. 2~ who have been able to show that these layers 
have negligible effect on their determinations of osmotic permeability coefficients. 
Since our permeability measurements agree closely with those of SHA'AFI et al. 22 
(see Table II) and since the cell suspensions were subjected to continuous vigorous 
stirring throughout the measurement, it seems unlikely that unstirred layers play a 
significant role in our results. 

An apparent rectification can result from the first-order analytical approxima- 
tion used in data processing. Dropping higher order terms of Eqn. 6 accentuates the 
magnitude of rectification, but an analysis of the second-order correction shows that 
the error in each L v determination is less than 5 %. The contribution of this second- 
order effect toward the rectification ratio is near 9 %. Therefore, the average measured 
rectification ratio of 1.67 for beef erythrocytes, when corrected by 9 % becomes 1.52. 
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T A B L E  I I  

COMPARISON OF RESULTS OF VOLUME PERTURBATION OF BEEF, HUMAN AND CHICKEN RED CELLS WITH 

RESULTS OBTAINED BY OTHER METHODS 

Also included in tb_is table  are resu l t s  compi led  for dog e ry th rocy tes .  

Species 3lethod (z--b) RTLpin* RTLpout* Ratio Source 
LpirJLpout 

Beef Pe r t u rba t i on  0.54 0.45 0.29 1.52 This  pape r  
Stop-flow 0.52 - -  0.28 | RICH et al. 2~ 
Flow- tube  ( ° ' 3 5 . . ' t  ( o . 2 8 ,  *]  t > 1 . 5  ° \:ILLEGAS et al. TM 

\0-52 ] \0 .42 ] 

Dog Stop-flow - -  0.57*** 0.36*** 1.59"** RIcHetal .  ~ 
Stop-flow 0.57 - -  0.36 ] RICH et al. 24 
Flow- tube  ( ° .7o *'i [0"72 l ) > I . 6 I  VILLEGAS el al. TM 

\o .57* ] ~o.58"*] 

H u m a n  P e r t u r b a t i o n  o.6o o.41 o.29 1.39 This  paper  
Stop-flow - -  0.40 o.22 * * * 1.82 * * * RICH el al. 5 
Stop-flow - -  - -  0.22(20 ~) | SHA'AFI et al. ~ 
Flow- tube  ( ° ' 4 6 ,  ,1 { ° ' 2 3  **~ 1 > I  .32 S IDEL AND SOLOMON TM 

\0"57 ] \0 .29 ] 
Stop-flow - -  o.41 0.24 1.71 BLUM AND FORSTER25,§ 

C h i c k e n  P e r t u r b a t i o n  o.46 O.Ol 5 O.Ol 4 i .o 7 This  paper  

* Given  in un i t s  of c m * . o s m o l e - l . s e c  -1. Values  located  m i d w a y  be tween  t he  co lumns  RTLvj  n 
and  RTLpo,~ were de t e rmi ned  f rom bo t h  swell ing a n d  sh r ink ing  exper imen t s .  T e m p e r a t u r e  is 
23-26 ° excep t  where  noted .  

** Reca lcu la t ed  us ing  a more  accep tab le  va lue  for ( I - -b ) .  
* * *  Rein te rp re ted  al lowing for rect i f icat ion of flow. 

§ R. E. FORSTER, persona l  c o m m u n i c a t i o n .  

The measured ratio of 1.53 for human erythrocytes becomes 1.39. For chicken red 
cells, the measured rectification ratio of 1.18 is more accurately 1.o7, which is very 
close to unity. 

Assuming the observed rectification of water flow is indeed a property of the 
cell membrane, several possible explanations arise. PATLAK et al3 for example, have 
shown that  a double-membrane system can lead to flow rectification. A second possi- 
bility involves a dependence of membrane structure upon the direction of water flow ; 
in particular, a valve-like action occurring within aqueous channels could lead to a 
direction-dependent value of Lp by changing the "effective pore radius". One further 
possibility associates the rectification property with hemoglobin inside the cell. 
During swelling the inward flow of water may  tend to separate the membrane and 
adjacent layers of hemoglobin (perhaps by force of entry or by  electro-osmotic charge 
unbalance). As a result, a maximal membrane area would be available for transport  
of water into the cell. On the other hand, in shrinking, the outward flow of water may 
bring the membrane and adjacent layers of hemoglobin into close contact thus re- 
ducing the effective area of the membrane. Since at isotonicity only about 72 % of the 
cell volume is water 7, one might conjecture that, in shrinking, around 28 % of the cell 
membrane area is occluded by non-water materials, e.g., hemoglobin. The rectification 
ratio may then be expected to be about 1/o.72 = 1. 4. The value of 72 % cell water, 
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while it  m a v  be dependent  to some degree upon t empera tu re  ~a is roughly  constant ,  
so a rect if icat ion ra t io  which is ra ther  independent  of t eu lpera tu re  (Fig. 6) is plausible.  

Comparison with results from other methods 
Table  I I  is a comparison of f i l t rat ion coefficients which have been de te rmined  by  

several  methods .  The coefficients de te rmined  by  pe r tu rba t ion  have been corrected 
by  5 % for second-order  effects. They  are for the beef e ry th rocy te  RTLI),n = 0.45 
t in  ~. osnlole ~. see-1 and R T L p  .... ~ 0.29 cm a" osmole ~. sec ~ at  25 °. The rect if icat ion 
rat io  is 1.52. This means  tha t  imvard f i l t rat ion of water  is about  52 O//o faster  than  
ou tward  f i l t rat ion for the same osmotic  gradient .  For  the human e ry th rocy te  R T L p ~ - -  
o.41 cm4.osnl()le 1.see 1 and RTLpo,~ 0.29 cm4.osmole 1.se c i a t  25 ° .Ttm rectifi- 
cat ion ra t io  is about  1.39. I t  should be noted  tha t  chicken e ry throcy tes ,  on the  o ther  
hand,  seem to possess a rect i f icat ion ra t io  which is near  uni ty .  These cells also possess 
a f i l t rat ion coefficient which is slower than  those for beef and  l m m a n  cells by  more 
than  an order  of magni tude .  

RICH et HI. 24 have carefully de te rmined  the ou tward  f i l t ra t ion coefficient for 
beef e ry throcytes .  Their  value of 0.28 cm ~.osmole -1.see -~ compares  favorab ly  with 
the  0.29 repor ted  here. These authors  also claim good agreement  wi th  the value of 
0.28 found by  VILLEGAS et al. 19 almost  IO years  earlier. However ,  the l a t t e r  authors  
had averaged  toge ther  both  swelling and  shr inking d a t a  to get  their  figure. Moreover, 
in their  calculat ions  they  used a value for ( I - b )  of 0.35 which mus t  be judged  too 
low. (Out of 15 de te rmina t ions  the  lowest value found here was 0.50 ; the average,  
0.54.) A recalcula t ion of thei r  results  based upon a value of 0.52, which was repor ted  
b y  the same l abo ra to ry  ~4, gives a f i l t rat ion coefficient of 0.42 cm4.osmole ~.sec -~. 
Curiously,  this  is closer to the 0.45 cn14.osmole 1.see-1 which is repor ted  here as the 
inward  f i l t ra t ion coefficient. Using tllis reca lcula ted  value of 0.42 and the o.28 found 
by  RICH et al3 ~, a min imum rect if icat ion ra t io  can be computed  to be o .42/o .28=1.5o.  

In  exac t ly  the  same manner  a m in imum rect if icat ion rat io  can be found for dog 
e ry th rocy tes  using d a t a  from the same two papers.  Tiffs ra t io  is compu ted  to be 
0.58/0.36 --~ 1.61. Fur the r ,  using d a t a  from SIDEL AND SOLOMON 18 and SHA'AFI et al. 22, 
the  same computa t ions  can be made for the  h u m a n  e ry throcy te .  The m i n i m u m  rectifi- 
ca t ion ra t io  is found to be 0.29/0.22 = 1.32. gLUM AND FORSTER 25 have  repor ted  
a rect i f icat ion of flow in the human  e ry th rocy te .  They  repor t  a ra t io  of 1.71 in the 
correct  direct ion (R. E. FORSTER, personal  communicat ion) ,  "endosmosis"  being 
grea te r  than  "exosmosis"  b y  71% for the  same osmotic gradient .  

If  the  d a t a  of RICH et al. 5 are re in te rpre ted  allowing for rect i f icat ion of flow, 
the  inward  f i l t ra t ion coefficient for truman red cells can be es t ima ted  to be 0.40 
cm 4" osmole -~. sec -~. This value agrees well wi th  the 0.41 cn#.  osmole -~. sec -1 ob ta ined  
b y  pe r tu rba t ion .  The rect if icat ion ra t io  is e s t ima ted  to be 1.82. The agreement  be- 
tween this value and  our value of 1.39, while not  pa r t i cu la r ly  outs tanding ,  is cer ta in ly  
adequa te  to demons t r a t e  t ha t  rect i f icat ion of wate r  flow m a y  occur across the mem- 
brane  of red cells. 

F ina l ly ,  it  is of in teres t  to note tha t  DAINTY 26, upon eva lua t ing  the exper iments  
of KAMIYA AND TAZAWA 27, concludes tha t  the  p lan t  cell Ni te l la  also exhibi ts  rectifica- 
t ion of osmotic  flow. This cell has a re la t ive ly  high inward  f i l t rat ion coefficient 
(RTLp, ,  is about  o.72 cm ~. osmole 1 .sec- t  a t  2o°), and DAINTY 26 es t imates  the rectifi- 
cat ion ra t io  L~)jLpo,~ to be about  1.55. 
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