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Permeability coefficients ( P )  measured at various penetrant  concentrations ( C )  by the perturbation method cam be 
plotted to distinguish simple diffusion, simple pore kinetics and simple carrier kinetics a~s follows: 
for simple diffusion, I / P  = constant; 
for a simple pore, 1 /  Pffi I / P o + l / Po|l / Kin + I / Ko]C; 
for a simple carder ,  I / P ffi I / P o + I / Po| l / Kin + l / K o ] C  + I / Pol l / ( K 3 K 4 ) ] C 2 
where Po is the maximal permeability at  zero penetrant concentration and the K ' s  are combinations of kinetic constants 
defining each of the transport steps. (K~. and Ko are the half-saturation constant for zero-trans efflux and influx, 
respectively; K 3 is the half-saturation cosntant for  equilibrium exchange, and K 4 is related to the mobility of the free 
carrier.) in  human erythrncytes, permeability coefficients for  diethylene glycol were constant suggesting simple 
diffusion. For  glnense, a plot of I / P  versus concentration was nonlinear indicating carrier kinetics. Plots of I / P  
versus penetrant concentrations gave straight lines with positive slopes for  urea in human and bovine erythrncytes and 
for methylurea in human red cells, indicating these penetrants follow simple pore kinetics or  simple carrier kinetics in 
which K 4 is very large. 

Introduction 

Although urea moves across the human  red blood 
cell membrane  by  some type of mediated t ransport  
system [1-3],  very little is known of the actual mecha- 
nism. Measurements useful for distinguishing between 
the "simple pore (channel)" and  "simple carrier" models, 
as trams acceleration and  counter-transport ,  are more 
difficult for urea than for slower penetrants  since, for 
urea, both water and  solute permeation is very rapid. 
Thus,  cell volumes and  internal urea concentrat ions 
change rapidly dur ing the time course of tracer mea- 
surements. Here, we base our  work on the kinetic 
definitions of the simple pore and  the simple carrier 
models given by Lieb [5] and  Stein [6,7], and  introduce 
a relatively simple way to distinguish between pore and  
carrier as follows. 

Permeability coefficients are measured at  various 
pametrant concentrat ions with the per turbat ion method 
[4]. A linear dependence of the inverse of permeabili ty 
coefficients on penetrant  concentrat ion signifies a sim- 
ple pore and  a non-linear dependence a simple carrier. 
For  urea, a simple pore fits the da ta  much better than 
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the simple carrier, a l th tugh  more complex kinetic mod- 
els cannot  be ruled out. 

Materials and Methods 

Distinguishing among simple diffusion, the simple F~re 
and the simple carrier 

If the concentrat ions of passively permeating non- 
electrolyte on the outer and inner surfaces of a mem- 
brane are given by C,, and Cin. then, we define the 
permeability. P, as the ratio of the net molar  flux. J.  to 
the concentrat ion gradient, i.e. 

J 
P=  (C,--c, . )  (t) 

In general, P is a function of Cin and  C o. P takes 
different forms depending on whether the permeation 
takes place via simple diffusion, a simple pore, or  a 
simple carrier [5-8]  as follows: 

P = Po = constant (diffusion) (2) 
e. 

P = '" - (pore) (3) 
C C 

C C P = l + - "  + - ' "  ÷ C,,C,. (carrier) (4) 

K .  o K.-in K3K4 
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where Po is the limiting permeability as C~, and C o 
approach zero, and the K ' s  are combinations of kinetic 
constants defining each of the transport steps [5-8]. (K o 
and Km are the half-saturation constants for zero-trans 
influx and efflux, respectively; K 3 is the half-saturation 
constant for equilibrium exchange, and K 4 is related to 
the mobility of the free carrier.) In addition to the 
above, the principle of microscopic reversibility requires 
that 

1 1 ~ 1 . . . . .  + - -  
~7,+ (5) K,, X~ Ka 

Eqns. 2, 3, and 4 show that distinctions among the 
three different modes of transport can be obtained by 
plotting the reciprocal of the permeability against solute 
concentration. Simple diffusion results in a constant P, 
as indicated by the horizontal line of the plot. A pore 
will yield a straight line (with positive slope); and the 
carrier should show an upward curvature imparted by 
the quadratic term CinCo/K3K4. Our objective is to 
exploit these differences, and in the experiments de- 
scribed below, we have simplified the procedure and 
analysis by using small perturbations so that inside and 
outside penetrant concentrations are almost equal and 
will hereafter be denoted by C. 

C ~ Co = C m (6) 

Using Eqn. 6, our criteria Eqns. 2, 3, and 4 can be 
written as: 

l 1 (diffusion) (7) 

1 l l l  1 l ] 
-~ = TO + TO [-~in + ~ l  C (pore) (8) 
, ,  , , t  t ,  i f  t , .  
~=To . . . . .  c+To[ ] ~  c- po [ Ki~ Ko ] ( ... . . . .  ) (9) 

Determination of permeability coefficients 
(a) The perturbation method The perturbation method 

can be used to calculate transport parameters from the 
time course of a small volume change which results 
when salt tonicity a n d / o r  penetrant concentration 
around cells is rapidly altered in a specific way. These 
transport parameters are: Pf, the osmotic (filtration) 
water permeability coefficient, a, the reflection coeffi- 
cient, and P, the solute permeability coefficient. 

In the absence of penetrant, a small change in exter- 
nal salt tonicity will result in an exponential volume 
change [9]. The time constant, Tw, can be used to 
calculate the osmotic water coefficient as follows: 

p (l-b)v,[ c, ~2 
, = ~ )  (to~ 

V i is the isotonic volume (79 .10  -12 cm 3 at pH of 7.8 
and 300 mosM, and 89 .10  -Iz cm 3 at pH 7.0 and 300 
mosM for human erythrocytes [2]); A is the cell area 
(1.42.10 -6 cm: for human red cells); b is the fraction 
of isotonic cell volume which is osmotically inactive 
(0.43 for human red cells, [9]); C~ is the isotonic salt 
concentration is osmol/cm3; Cm is the external salt 
concentration in osmol /cm 3, and ~Sw is the partial molar 
volume of water (cm~/mol). 

In the presence of penetrant, any random, small 
perturbation of external solution will result in a volume 
change which can be described by the sum of two 
exponentials [4,10]. The time constants, T+ and T_, are 
dependent on experimental conditions and transport 
parameters. Measurement of the time constants can be 
made more accurate by choosing experimental condi- 
tions which favor one or the other. From these time 
constant determinations, the reflection coefficient and 
the permeability coefficient can be calculated at each 
penetrant concentration, on the assumption that the 
osmotic water coefficient is constant and independent 
of penetrant concentration. 

Single exponentials from which T+ and T_ could be 
determined were relatively easy to obtain for slow 
penetrants. However, for rapid penetrants like urea, T_ 
was too rapid to measure, but  T+ was very easy to 
measure. Assuming both the osmotic water coefficient 
and the reflection coefficient were constant, we calcu- 
lated the permeability coefficient at each penetrant con- 
centration from the following equation: 

Pf °wCm ( - ~ -  ) (1 - T ~  -b ° 2"Y~m ) 
,, = (11) 

rw 

where 

i ( l - b ) c ,  ] 

Here, a is the fraction of the isotonic cell volume which 
is not water. (a  = 0.3 for human erythrocytes [11]), with 
other terms as defined above. Calculations of P were 
made using a range of reasonable values for o (between 
0.7 and 1.0). Although the particular value chosen has 
some effect on the magnitude of P, the linearity of the 
plots was unaffected. 

(b) Apparatus used to monitor volume change. Two 
photometric devices were used to follow cell volume 
changes which resulted from a disturbance in the exter- 
nal solution. Both devices measured changes in turbid- 
ity. These turbidity changes were assumed to be directly 
related to changes in cell volume; refractive index cor- 
rections due to changes in internal penetrant concentra- 



t ion over  the t ime course  of  the vo lume  change  [12l are 
very  unlikely to be necessary since the changes  in 
pene t ran t  concentra t ion within the whole cell volume,  
or  the scat ter  surface,  were  usually very small.  Fo r  ~, 
example ,  the internal urea  concentra t ion within the 
scat ter  surface changed  25 m M  or  less over  the course  ~= 
of  the vo lume  changes  for exper iments  done  on five 
di f ferent  ba tches  of  blood (a total o f  33 da ta  points) .  
Resul t s  on  another  blood ba tch  ob ta ined  f rom per-  
turbat ions  in which urea  concent ra t ion  wi th in  the scat ter  -=- 
sur face  changed  17 m M  at  the lowest urea  concent ra-  

t ion to 66 m M  at the highest  concent ra t ion  were not  
d i f ferent  f r o m  those in which internal  urea  concent ra-  
t ions changed  less. And,  all these concent ra t ion  changes  
are  m a x i m a l  since at  least the  first  250 ms  were  not  used 
in the  t ime cons tan t  calculations.  

T h e  first  appa ra tus  was  descr ibed previously  [9]. in  
this appara tus ,  the  cell suspens ion (hematocr i t  = 1.4%) 
in the  appropr ia t e  incuba t ion  solut ion was  placed in a 
cuvet te  on a magne t i c  stirrer.  Tu rb id i ty  changes  were  
recorded when  the des i red  inject ion solut ion was  intro-  
duced  th rough  a shower-head  nozzle. In  the  second 
appara tus ,  mix ing  was  accompl i shed  by  aspira t ion.  A 
v a c u u m  p u m p  pulled equal  vo lumes  of  cell suspens ion 
(hematocr i t  = 3.0%) in incuba t ion  solut ion and  of  injec- 
t ion solut ion th rough a Tee  mixer  into an  obse rva t ion  
tube  placed be tween  a red-sensi t ive  pho to tube  and  a 

white  light source.  The  turbidi ty  changes  were  observed  
a f te r  the f low was  s topped  with  a toggle valve.  

(c) Determination of time constants from turbidity data. 
F o r  each pene t ran t  concent ra t ion ,  10 to 15 pe r tu rba -  
t ions were recorded and  s u m m e d .  A c o m p u t e r  p r o g r a m  
fit  the  d a t a  to an  exponent ia l  by  a non-l inear ,  least- 
squares  i terat ive process.  G o o d n e s s  of  fit  was  checked  
by  c o m p a r i n g  the  cu rve  genera ted  f r o m  the  fit  p a r a m e -  
ters  wi th  the  actual  data .  Fig.  1 shows  typical  d a t a  
ob ta ined  f r o m  the  two appara tuses  wi th  the  s m o o t h  
cu rve  genera ted  f r o m  the  fit pa ramete r s .  T h e  T+/Tw 
d a t a  were  used to calculate  P accord ing  to Eqns.  11 a n d  
12. 

(d) Comparison of the photometric apparatuses. Table  
I i l lustrates that  the  two a p p a r a t u s  were  essential ly 
equivalent ;  ag reemen t  was  wi th in  107o 

(e) Experimental procedures. H u m a n  blood was  ob-  
ta ined  by  vert ipuncture,  wi th  hepar in  as  ant icoagulant .  
T h e  blood was  s tored  at  4 " C  and  used for exper imen t s  
wi th in  five days,  and  usual ly three days ,  a f te r  be ing  
collected. T h e  isotonic  concen t ra t ion  was  measu red  on  a 
sample  of  p l a s m a  f r o m  each  blood ba tch  wi th  a f reezing 

poin t  depress ion  osmomete r .  Who le  b lood was  added  to 
the  appropr ia te  incuba t ion  solution. Both the  inject ion Final urea 
and  incubat ion  solut ions  conta ined  N a C l - p h o s p h a t e  concn. (raM) 
buf fe r  (3.7 m M  K H 2 P O  4 and  9.6 m M  N a a H P O  4, then 
ad jus ted  to give  p H  of  7.0 to 7.8) a n d  the  des i red  
concent ra t ion  of  penetrant .  F o r  all exper iments ,  the  
t empera tu re  was abou t  2 5 ° C  and  the  f inal  cons tan t  
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Fig. l. Computerized fits of data superimposed on digitized "¢olume 
change data. Tile circles are dala summed from 15 osmotic swelling 
perturbations from the rapid-mixing apparatus (upper curve) and the 
stop-flow apparatus (lower curve). The smooth lines are drawn from 
the computer-generated exponential fits of the data. For both, cells, 
incubated in 298 mosM NaCI-phosphate buffer (pH 7.O). were mixed 
with solutions which brought the tonicity to 268 mosM. The upper 
carve obtained from the rapid-mixing apparatus gives a time constant 
of 0.47 s (Pf = 0.017 cm/s) and the lower one obtained from the 
stop-flow apparatus gives a time constant of 0.43 s (Pf = 0.019 cm/s). 
Computer fits of data in the presence of penetrants were comparable 

to these fits. 

va lue  of  Cm/C. var ied  f rom exper iment  to exper iment .  
but  was  a lways  within a range of  0.90 to 0.96. The  
incubat ion  and  final salt tonicities caused a max ima l  
vo lume  change  of  10% or  less. 

Bovine blood,  ob ta ined  f rom a local s laughterhouse,  
was  def ibr ina ted  by slow stirring. Per turba t ion  experi-  
men t s  were  done  with the cells in LeFevre ' s  solut ion 
which con ta ined  5.4 m M  KCI.  2.6 m M  C a C I >  1.8 m M  
MgCI  2, and  32 m M  Tr is  (pH 7.4) and  N a C I  to give  the 
desi red tonicity.  

TABLE I 

Comparisml between .'apid-mixing and slop-flow apparatuses 
Time constant measurements were made on both apparatus on Ihe 
same day with the same blood (C, = 288 mosM). For both, cells were 
incubated in 235 mosM NaCI (pH 7.0) plus urea and were mixed with 
a solution which resulted in 268 mosM NaCI-phosphate buffer and a 
final urea concentration from 4 to 10 mM less than was in the 
incubation solution. T~. measured in the absence of penetrant on the 
rapid-mixing apparatus, was 0.53 s (Pt = 0.015 cm/s) and Tw, mea- 
sured on the stop-flow appanus, was 0.60 s (Pt=0.014 cm/s). 
Per'neability coefficients were calculated from Eqns. 11 and 12 with 
the reflecUoo coefficient assumed to be 0.95 and constant. 

Rapid-mixing apparatus Stop-now apparatus 

T, P(×104) T+ P(xlO 4) 
(s) (cm/s) (s) (era/s) 

134 0.58 4.27 0.65 4.41 
268 0.66 3.37 0.73 3.49 
402 0.75 2.98 0.82 3.10 



284 

Results 

Perrneabilities of model penetrams diethylene glycol and 
glucose in human erythrocytes 

Diethylene glycol was chosen as a penetrant  since it 
plausibly penetrates by simple diffusion. Fig. 2 is con- 
sistent with this notion, i•e, the permeabil i ty coefficients 
for diethylene glycol were essentially independent  of 
penetrant  c¢;ncentration both for swelling and shr inking 

within the range o~ concentrations used (0.2 to 1.8 M). 
The average P(swelling) was 8 . 2 . 1 0  -6 c m / s  (S.E. = 0.3 
• 10 -6, n = 8) over a concentrat ion range of 130 m M  to 
1810 mM, and the average P(shr inking)  was 7.1 • 10 -6 
c m / s  (S.E. = 0 . 2 . 1 0  -6, n =  8) over a concentrat ion 
range of 134 m M  to 1780 mM. (The reflection coeffi- 
cient was assumed to be 1.0.) These values are not  far 
from the P(swell ing) of  6 . 3 . 1 0  -6 c m / s  obtained by 
Naccache and Sha'afi  [13]. This  permeabil i ty  is some 

50-times lower than the maximum permeabil i ty  observed 

for ethylene glycol which is presumably t ransported by 
a facilitated system [3]. The small  difference between 
P(swell ing) and P(shr inking)  does not  seem to be due 
to water rectification, since, in these cells, none was 
observed. A P(swel!ing) greater than P(shr in ldng)  was 
also observed for urea. 

Fig. 3 shows that  a plot  of  the inverse of  glucose 

permeabiSty coefficients in 1-day-old human  red cells 
versus concentrat ion is nonl inear  as expected• Permea- 
bilit ies for all but  the first two data  points  were calcu- 
lated from Eqns. 11 and 12 with a reflection coefficient 
of  1. At  the two lowest concentrat ions which were near 
the K values, the changing glucose concentrat ion which 

occurred dur ing  the per turbat ion results in a range of  
permeabilities. This  range was estimated as follows. 

E °2 i 
0.1 " o  o a n r~ =o 

0 5011 1000 1500 21100 
BIE'fHYLENE GLYCOL (raM} 

Fig. 2. Inverse permeability versus diethylene glycol concentration. 
Cells incubated in 247 raosM NaCI-phosphate buffer (pH 7.8) and 
diethylene glycol shrunk (=) after being mixed in the rapid-mining 
apparatus with a solution which resulted in an external salt tonicity of 
26g mosM and external diethylene glycol concentration which was 14 
raM to 2O mM Jess concentrated than in the incubation solution. 
External diethylene glycol concentrations after mixing are plotted. 
Swelling ([]) resulted when cells incubated in 295 mosM NaCI-phos- 
phate buffer (pH 7.8) and diethylen¢ glycol were mixed with a 
solution which resulted in an external salt tonicity of 268 mosM and 
external diethylene glycol which was 28 mM more concentrated than 
in the incubation solution. Horizontal lines show average permeabili- 

ties for shrinking and swelling. 
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Fig. 3. Inverse permeability versus glucose concentration. Cells in- 
cubated in 296 mosM solution at pH = 7.4 were rapidly mixed in the 
rapid-mining apparatus with a solution which resulted in an external 
salt osraoladty of 267 mosM and external glucose of 16 mM to 30 
mM more than was in the incubation solution. External glucose 
concentrations after mixing are plotted. The solid line was drawn 

using transport parameters of Brahra [14]. 

Volume versus t ime data  were generated from a fourth- 
order  Runge-Kut ta  in tegra t ion  of  the Kedem-Katchal -  
sky equat ions with the permeabi l i ty  coefficient f rom 

0.1 
A 

i 0 . 4  

0.g 

~100 1000 1500 
UREA (raM) 

Fig. 4. Inverse permeability versus urea concentration in human 
erythrocytes. [] designates data collected from cell shrinkage at pH of 
7.8 on the rapid-mixing apparatus; the (2) designates two identical 
data points. Cells incubated in 245 raosM NaCl-phosphate buffer 
(pH = 7.8) were mixed with a solution which resulted in a final salt 
tonicity of 278 mosM and external urea 3 mM to 52 mM less 
concentrated than was in the incubation solution. With the reflection 
coefficient of 0.95 [12], a linear least-squares fit of the data (correla- 
tion coefficientffil.0)gives Vm~=4.0.10 -4 ramol.cm-2.s -I and 
K 3 ffi 769 raM. • designates data obtained from cell shrinkage on the 
slop-flow apparatus with cells in pH 7.O solution. Cells, incubated in 
236 mosM NaCl-phosphate buffer (pH = 7.0) plus urea, were mixed 
with another solution to give all ~xternal salt tonicity of 265 raosM 
and external urea which was 6 to 34 mM less concentrated than was 
in the incubation solution. A linear least-squares fit of the data 
(correlation coefficient = 0.99) gave Vm~ = 3.7' 10- 4 retool, cm-2. 

s- ~ and Ks = 866 mM. 



Eqn. 4. All  K values were assumed to be 8 m M  [14] and 
the Po was adjusted unti l  the time constant  from the 
generated data  matched the measured time constant.  

The  range of  permeabil i t ies which occurred dur ing the 
course of the per turbat ion were then calculated from 
Eqn. 4. 

The  measured glucose permeabil i ty  coefficients are 
qui te  compat ible  with t ransport  parameters determined 
by Brahm [14] as shown by the solid line in Fig. 3 
(calculated with Po of  2 .75-10  -5 c m / s  and all K values 
of  8 mM). Assuming  the K values are all 8 mM, we 
calculated a range of  Po values from 1 .4 -10  - s  c m / s  to 
2.7 - 10 -5 c m / s  from the measured permeabil i ty  coeffi- 
cients. 

Thus,  the per turbat ion method can dis t inguish be- 
tween s imple diffusion and simple carrier kinetics. Un-  
fortunately,  no model  non-electrolyte penetrant  is avail- 

able to test the simple pore. 

Permeabilities of  urea, methylurea, and dimethylurea in 
human red cells 

Fig. 4 shows the inverse urea permeabil i ty  plot  for 
human  red cells in solut ions of  pH 7.8 and 7.0 with an 
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500 1000 1500 PENETRAHT (mM) 
Fig. 5. Inverse permeability of human red cells versus methylurea at 
pH 7.0 (O) and dimethylarea at pH 7.4 (<>) and at pH 7.0 (0)- For 
methylarea, cells incubated in 240 mosM NaCI-phosphate buffer (pH 
7.0) were mixed in the slop-flow apparatus with a solution which gave 
a final 270 mosM tonicit$. The methylurea gradient across the red cell 
membranes varied from 27 to 35 raM, being more concentrated inside 
the cells at time zero. With a reflection coefficient of l, a linear 
least-squares fit (correlation coefficient = 0.98) gave a Vm~ of 5.2" 10 - s 
mmol.cm-Z.s -t  and a K3 of 1110 raM. For dimethylurea at pH = 
7.4, cells incubated in 236 to 214 mosM NaCl-phosphate buffer (pH 
7.4) were mixed in the rapid-mixing apparatus with a solution to give 
a final salt tonicity of 260 to 236 mosM; the dimethylurea was 19 to 
25 mM more concentrated in the incubation solution. The average 
permeability coefficient was 1.5-10 -s cm/s (S.E. ffi 0.l- t0 -s, n = 6). 
At pH 7.0, cells incubated in 240 mosM NaCl-phosphate buffer were 
mixed in the stop-flow apparatus with a solution which resulted in a 
final salt tonicity of 270 mosM; the dimethylurea was 29 mM more 
concentrated in the incubation solution. The average permeability 

coelficient was 1.4.10- s cm/s (S.E. = 0.l. l0 - s n = 4). 
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Fig. 6. Inverse permeability versus urea concentration for bovine red 
cells, reflection coefficient of 1.0 (m) and 0.73 ira). Bovine cells 
incubated in LeFevre's solution {pH = 7.4, tonicity from 307 to 287 
mosMI swelled when mixed in the rapid-mixing apparatus with a 
solution which resulted in a final salt tonicity of 272 to 254 mosM. 
External urea was 49 mM more concentrated than in the incubation 
solution. With the reflection coefficient of 0.73 [4 l, a least-squares fit 
of the data gives Vm, ̀ of 7.2.10 5 mmol-cm-Z.s -t and K 3 of 676 
mM. A reflection coefficient of t.0 results in a Vm~=l.4"10 -4 
mmol-cm z-s- 1) and K3 = 1090 raM. For both fits. the correlation 

coefficients were 0.99. 

assumed reflection coefficient of  0.95 [12]. Fig. 5 s: :c ' ,~ 
data  for methylurea (with human  red cells in solut ions 
of pH 7.0) and for dimethylurea (with human  cells in 
solut ions of  pH 7.0 and 7.4). We assumed a reflection 
coefficient of 1.0 for both methylurea and dimethylurea.  

Permeability of  urea in bovine red cells 
Fig. 6 shows the inverse permeabil i ty plot  for bovine  

red cells in solut ions of pH 7.4. To  calculate permeabil-  
ity coefficients in bovine  cells, it was assumed that  the 
non-osmotic  fraction of  isotonic volume was 0.42, the 
non-solut'~ fraction of isotonic volume was 0.24, the 
area per : d  cell was 88 • 10 - s  cm 2, and the isotonic cell 

vo lume was 4 8 . 1 0  -12 cm 3 [4]. Permeabili t ies were 
calculated for a reflection coefficient of  0.73 [4] and of  

1.0. 

Discussion 

Urea transport in human and bovine erythrocytes is com- 
patible with simple pore kinetics 

The form of  the I / P  versus urea concentrat ion plots  
for both human  and bovine  red cells is compat ib le  with 
s imple pore kinetics, or with a s imple carrier which has 
a very large K 4 (i.e., the lack of  earvature  in the plots  
could have been due to the l imi ta t ions  in the range of  
C).  These plots  are in contrast  to that  of  diethylene 
glycol which follows s imple d i f fus ion and glucose which 

is most  compat ib le  with s imple carrier kinetics. 
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Further discussion will be expedited by the following 
general transport expressions w_hieh are derived in detail 
in reference [81. In these equations, we use the super- 
script 'p '  to designate fluxes which apply to pores and 
superscript 'c' to refer to carriers. 

For a simple carrier, the net flux is given by: 

Po (Co_Cm) (13) 
C C J"° ~+~. + ~ +  CoC~o 

o in K3K'I  

while the unidirectional (efflux in this case) is given by: 

?o(1+ ~ ) c , °  

Jfftllu~ C C- CoCin (14) 
1 + ~o + ~,n + 

K .  K m K 3 K  4 

Corresponding expressions for the simple pore are 

P 
JP = ~ ( C o  - Cm) (15) 

and 

Poem (16) 
C C JePmu~ 1 + ~ o + ~  

(a) V.,ox for human erythrocytes agrees with literature 
values obtained from isotopic equilibrium exchange. The 
following argument shows that there are no formal 
kinetic differences between equilibrium exchange for a 
simple pore or simple carrier. For a simple pore, the 
unidirectional flux J~q at equilibrium is obtained from 
Eqn. 16 by setting Cin = C o = C. The result is 

PoC VmaxC 

J~ t + ( K ! + K ~ )  c K . . . .  C O7) 

where 1/K1/2 = ( 1 / K ~  + 1/Ko). K1/2 is the concentra- 
tion for half-maximal velocity and Vm= = K1/2Po. 

The corresponding expression for a simple carrier is 
obtained from Eqn. 14 again by setting Co = Cin = C 
and by using Eqn. 5 together with the identity 

I+(I/Ks+I/Ka)C+C2/K:~Ka=(I+C/Ks)(I+C/K4) (18) 

We arrive at 

PoC v .~c  
J)i~ I+_C_C KI/2+C (19) 

K3 

Comparison of the right hand sides of Eqns. 17 and 
19 shows no formal kinetic differences. In either case, 

Vma~ = K~/2P o, but for the carrier, K~/2 = K 3. This for- 
mal distinction, i.e. for the pore, I /K~ /2  = 1/K~.  + 1 / K o  
and for the carrier, K1/2 = K 3, loses its significance if, 
as we argue below, 1 / K  4 << I / K  3. For in this case, Eqn. 
5 shows that, for the carrier, 1 / K  3 = 1 / K  o + 1~Kin, and 
Eqns. 17 and 19 become ident,_'cal. 

For urea transport, it is apparent from either Eqn. 8 
(pore) or Eqn. 9 (carrier), that the value of the slope of 
the straight line plot of Fig. 4 gives an estimate of the 
reciprocal of the Vma x to be anticipated in equilibrium 
exchange studies, i.e. 

slope = ( l /P  o )(l/Kin + l/Ko) = 1/( PoKi/2 ) = 1/Vma ~ (20) 

Accordingly, the slopes calculated from the linear least- 
squares fits (correlation coefficients ranged from 0.97 to 
1.0) of the urea data at pH 7.8 obtained from four 
different blood donors give an average Vm~ of 3.1 • 10 -4 
mmol .  cm -2 .  s - j  (S.E. = 0 .5 .10-7) .  The range from 
1.8 .10 -4 mmol-  cm -z .  ¢ 1  to 4.1 • 10 -4 retool- cm -2- 
s -1 illustrates the individual variability to which Brahm 
[2] alluded. These values agree with Mayrand and 
Levitt 's value of 2.5. i 0  -4 retool, cm -2 .  s - l  obtained 
under equilibrium conditions at pH 7.28 [3], and are 
somewhat higher than Brahm's value of 8 .2 .10 -3 mmoi 
• c m -  2. s -  1, also obtained under equilibrium exchange 
conditions at pH 7.2 [2]. Data  obtained at pH 7.0 from 
two other donors gave one V~a~= 3.7" 10 -4 mmol .  
cm -2 .  s-1 (correlation coefficient of 1.00) and another 
Vm~ = 3.2" 10 -4 mmol .  cm -2 .  s -1 (correlation coeffi- 
cient of 0.99) which corroborated Brahm's [2] finding 
that urea transport is relatively independent of pH in 
this range• 

(b) Graphical estimates of  K j / :  are sensitive to small 
errors. Calculation of the half-saturation constant from 
the intercepts gives a higher value than expected, i.e., 
685 mM (S.E. = 41 mM, n = 4) at pH 7.8, and 866 mM 
and 773 mM for two different blood batches at pH 7.0. 
Brahm [2] measured 334 mM (pH = 7.2) and Mayrand 
and Levitt [3] obtained 218 mM (pH = 7.28) with iso- 
tope equilibrium exchange. This difference cannot be 
attributed to refractive index artifacts during urea per- 
meation [12] since the change in refractive index is 
negligible when internal urea concentration changes are 
as small as those used here. The high value may be due 
tO the insensitivity of the method when permeability 
coefficients are large; for example, if time constants 
decrease 3% at the lowest urea concentration used, the 
calculated permeability coefficient changes 2-fold. In 
fact, time constants calculated from Vmax of 3.3" 10 -4 
mmol-  cm -2- s -1 and K~/2 of 370 mM are within 10~ 
of those measured. Also literature values for Po [2,3], 
give intercepts which are from 0.086 to 0.407. Our 
values ranged from 0.17 to 0.33. 

(c) The urea transport data are difficult to interpret 
with a simple carrier; lack of  curvature in the 1 / P  plots 



implies K 4 > 1000 mM for human erythrocytes, if urea is 
transported by a simple carrier, then the lack of curva- 
ture found in Fig. 4 could only come about  if the 
quadrat ic  term in Eqn. 9 is negligible, i.e. 

C 1 l l l 

Substituting KI/2 = K3, and solving for K 4 

K 4 ~" C --  K I / 2  (22) 

Using values of K1/2 ranging from 200 mM to 400 mM, 
together with the highest urea concentrat ion used in 
these studies (i.e. 1853 mM), it is apparent  that  K4 >> 
1000 mM. 

This result appears to be inconsistent with the 
"qualitative estimates' of  t ransport  parameters  calcu- 
lated by Levitt and  Mlekoday [12] assuming simple 
ca rder  kinetics: i.e., Kin = 117 mM, K o = 5 0 8  raM, 
K3 = 218 mM and /(4 = 169 raM. Using these values 
and  Po = 1 .16 .10  -3  c m / s  [3], we calculated the per- 
~n~ability coefficients and  time constants we would 
expect at the urea concentrat ions we used; the 1 / P  
versus urea concentrat ion would have been highly 
non-l inear and the time constants  at the higher urea 
concentrat ions would have been much longer than those 
we measured. Fo r  example, at  1400 mM urea, the 
longest time constant  we measured was 2.0 s, and the 
predicted time constant  is 11.9 s. Clearly, our  da ta  are 
not  consistent with the transport  parameters  of Levitt 
and  Mlekoday. It must  be concluded that K 4 is much 
larger than 169 mM as indicated in Eqn. 22. 

(d) Urea efflux shows trans inhibition in human 
erythrocytes. Trans  inhibition of urea efflux has been 
directly demonstra ted by Frohlich and  Trammel  [15]. 
Inspection of Eqn. 16 shows that  efflux h a n s  inhibition 
will occur in a simple pore whenever 1/Ko ~ O. For  a 
carrier,  either t rans acceleration or  t rans inhibition is 
possible. A criterion for t rans inhibition is that  Kin > K 3 
[7]. To our knowledge, trans inhibition has never been 
found for other carrier systems in human  erythrocytes. 
(The carrier systems most studied, i.e. glucose, leucine, 
uridine and  chofine, all show trans acceleration [7].) The 
glucose transport  system in rabbit  erythrocytes is an  
exception and  shows neither inhibition nor  acceleration 
due to its symmetrical  nature [5]. 

The zame conclusions are apparent  in results of 
Brahrn [2] who measured urea efflux for equilibrium 
exchange and  for zero-trans efflux at  three urea con- 
centrations, i.e., 1 raM, 100 mM and 500 raM. The 
equilibrium eff lux/zero- t rans  efflux ratio for urea 
calculated from these da ta  ranges from 0.99 at  1 mM to 
0.33 or 0.39 at 500 raM. Using Eqn. 19 for Joa and  
setting C o = 0 in Eqn. 13 to calculate the zero-trans flux 
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J,,, we see that this ratio for the simple carrier is given 
by: 

1 + ~  C 
J~ K,, 

C (23) 

The corresponding equation for the simple pore is: 

l + ~ _  C 
J,~P = K,. 

(24) 
1+ - - + - -  c 

Km Ko 

Thus, Brahm's  data  are compatible with a pore, which 
must have a ratio less than one, but do not rule out a 
carrier, the ratio of which can be less than, equal to, or 
greater than one. 

Methylurea transport data follow pore kinetics in human 
erythrocytes 

No published detailed studies have been done on 
methyhirea. Using swelling data, Naccache and Sha'afi 
[13] found that the methylurea permeability coefficient 
was 1.83 • 10 - s  c m / s  at pH 7.2 and 277 mM penetrant.  
This value was 8% of their urea permeab!!ity. At the 
same concentration,  our methylurea permeability coeffi- 
cient was 3 .23-10  - s  c m / s  calculated from ~hrinking 
da ta  and is 9% of the urea permeability we measured, 
The 1 / P  versus penetrant  concentration plot (Fig. 5) 
fits simple pore kinetics better than simple carrier kinet- 
ics. 

N,N-Dimethyluma data follow simple diffusion in human 
erythrocytes 

N,N-Dimethylurea permeability shows little or no 
dependence on penetrant  concentrat ion (Fig. 5). Thus, 
dimethyhirea could be penetrating primarily through 
the lipid bilayer. Mayrand and  Levitt [3] measured an 
inhibition constant  for N,N-dimethyhirea on urea 
transport  of 0.3 raM, while the inhibition constant  for 
methylurea was 100 mM. Thus, the second methyl 
group greatly increases the binding affinity, perhaps to 
such an extent that  little of the N,N-dimethylurea is 
actually t ransported by the transport  system. This idea 
is consistent with phloretin's inabifity to inhibit this 
penetrant  [17]. 

Can water use the urea channel? 
The existence of a pore which binds and transports 

urea raises the possibility that water is also transported 
through this channel. This is a difficult issue to resolve 
by solute drag  measurements, because conclusions based 
on solute drag  are very sensitive to smail errors in 
assignment of solvent flow. Resolution by osmotic flow 
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measurements  of  reflection coeff icients  are also equiv-  
ocal. If, for  example,  there are two sets o f  channels  - (1) 
an  exclusive water  pore, present  in large numbers ,  and  
(2) a sparse  n u m b e r  of  urea  channels  that  also t ranspor t  
water  - then the osmot ic  effects  of  u rea  channels  would  
be s w a m p e d  by the  water  channels .  

Conclusion 
Urea  and  methylurea  da ta  presented  here  are easi ly 

explained in te rms  of  a s imple pore  (channel) .  It  is the  
s implest  explanat ion and  there is no  necessi ty to pro-  
pose  a cartier.  The  not ion of  a s imple  channel  for  u rea  
t ranspor t  is also suppor ted  by recent  d a t a  of  Frohl ich  et 
al. which es t imates  a tu rnover  of  the  order  of  107 / s  
(personal  communica t ion) .  
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