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Permeability coefficients (P) d at various (C) by the bati

plotted to distinguish simple diffusion, simple pore kinetics and simple carrier Kinetics as follows:

for simple diffusion, 1 /P = constant;

for a simple pore, 1/P=1/P,+1/F,[1/K,,+1/K, ]C;

for a simple carrier, 1,/P=1/P,+ 1/P|1 /K, + 1 /K |C+1/P,|1 /(KK )IC?

where P, is the imal bility at zero and the K’s are bii of kinetic

dellnmg each of the transport steps. (K;, and K, are the half-saturation constant for zero-trans efflux and influx,
ively; K, is the half- for equilibrium exchange, and K is related to the mobility of the free

camer.) In human erythrocytes, permeability coelhclems for dlelhylene glyml were constant suggesting simple

diffusion. For glucose, a plot of 1/P versus was ing carvier kinetics. Plots of 1/P

versus penetrant concentrations gave straight lines with positive slopes for urea in human and bovine erythrocytes and

for methylurea in human red cells, indicating these penetrants follow simple pore kinetics or simple carrier kinetics in

method can be

which K, is very large.

Introduction

Although urea moves across the human red blood

the simple carrier. althcugh more complex kinetic mod-
els cannot be ruled out.

cell membrane by some type of di

and Mett

system [1-3], very little is known of the actual mecha-
nism. Measurements useful for distinguishing between
the ‘simple pore (channel)’ and slmple carrier’ models,
as trans leration and port, 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 concentrations
change rapidly during 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
penetrant concentrations with the perturbation method
[4]. A linear dependence of the inverse of permeability
coefficients on penetrant concentration signifies a sim-
ple pore and a non-linear dependence a simple carrsier.
For urea, a simple pore fits the data much better than
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Distinguishing among simple diffusion, the simple pire
and the simple carrier

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

_ J
T o

In general, P is a function of C;, and C,. 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 = P,=constant
P
C,

(diffusion) [e3)

P= (pore) )

50

> Ao

& C. ocn (carrier) @

0005-2736,/89,/503.50 © 1989 Elsevier Science Publishers B.V. (Biomedical Division)



282

where P, is the limiting permeability as C;, and C,
approach zero, and the K 's are combinations of kinetic
constants defining each of the transport steps [5~8]. (K,
and K,, are the half-saturation constants for zero-trans
influx and efflux, respectively; K is the half: ation
constant for equilibrium exchange, and K, is related to
the mobility of the free camer) In addluon to the
above, the principle of mi P bility i

)

Eqns. 2, 3, and 4 show that distinctions among the

V, is the isotonic volume (79-10"'> cm® at pH of 7.8
and 300 mosM, and 89:107'2 cm® at pH 7.0 and 300
mosM for human erythrocytes [2]); 4 is the cell area
(1.42-107° 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/cm’; C,, is the external salt
concentration in osmol /cm’, and 7, 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

three different modes of transport can be 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 C;C,/K;3K,. 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=C(=Ca 6)

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

1 1 I

N E = constant (diffusion) (U]
1 1 1 1 1

7:E+F{K.n+7nl (pore) ®)
1_1 . 1[1 1 1 1 2 .

FUERTE|R TR, *z[m]f (carrier) ®

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 and/or penetrant concentration
around cells is rapidly altered in a specific way. These
transport parameters are: P, the osmotic (filtration)
water permeability coefficient, o, the reflection coeffi-
cient, and P, the solute permeability coefficient.

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

A-B (G
L oy (c) a0

of lhe time can be
made more by i l condi-
tions which favor one or the olher 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 7', and 7_ could be
determmed were relatively easy to obtain for slow

H for rapid p like urea, T_
was too rapid lo measure, but T, was very easy to
A g both the water coefficient

and the reflection coefficient were constant, we calcu-
lated the permeability coefticient at each penetrant con-

from the foll
T, T,
P,E“.cm(T—W)[l - +azyC£)
P= s - z L 1)
1- ="y
T,
where
h-a)G, 17"
- [‘*W] o

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 1o be directly
related 1o changes in cell volume; refractive index cor-
rections due to changes in internal




tion over the time course of the volume change [12] are
very unlikely to be necessary since the changes in
penetrant concentration within the whole cell volume,
or the scatter surface, were usually very small. For
example, the internal urea concentration within the
scatter surface changed 25 mM or less over the course
of the volume changes for experiments done on five
different batches of blood (a total of 33 data points).
Results on another blood batch obtained from per-
turbations in which urea concentration within the scatter
surface changed 17 mM at the lowest urea concentra-
tion to 66 mM at the highest concentration were not
different from those in which internal urea concentra-
tions changed less. And, all these concentration changes
are maximal since at least the first 250 ms were not used
in the time constant calculations.

The first apparatus was descnbed previously [9]. In
this app the cell susp n (k it = 1.4%)
in the appropriate incubation solution was placed in a
cuvette on a magnetic stirrer. Turbidity changes were
recorded when the desired injection solution was intro-
duced through a shower-head nozzle. In the second
apparatus, mixing was accomplished by aspiration. A
vacuum pump pulled equal volumes of cell suspension
(hematocrit = 3.0%) in incubation solution and of injec-
tion solution through a Tee nuxer into an observation
tube placed b a red i ph be and a
white light source. The turbidity changes were observed
after the flow was stopped with a toggle valve.

(¢) Determination of time constants from turbidity data.
For each penetrant concentration, 10 to 15 perturba-
tions were ded and
fit the data to an exponential by a non-| l.mear least-
squares iterative process. Goodness of fit was checked
by comparing the curve generated from the fit parame-
ters with the actual data. Fig. 1 shows typical data
obtained from the two apparatuses with the smooth
curve generated from the fit parameters. The T,/T,
data were used to calculate P according to Eqns. 11 and
12.

(d) Comp, of the ph ic app . Table
1 illustrates that the two apparatus were essentially
equivalent; agreement was within 10%

(e) Experimental procedures. Human blood was ob-
tained by venipuncture, with heparin as anticoagulant.
The blood was stored at 4°C and used for experiments
within five days, and usually three days, after being
collected. The isotonic concentration was measured on a
sample of plasma from each blood batch with a freezing
point depressnon osmometer. Whole blood was added to
the appropnale t lution. Both the inj
and luti ined NaCl-phosph
buffer (3.7 mM KH,PO, and 9.6 mM Na,HPO,, then
adjusted to give pH of 7.0 to 7.8) and the desired
concentration of penetrant. For all experiments, the
temperature was about 25°C and the final
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Rapid-Mixing Apparatus

Stop-Flow Apparatus

Magaitude of Volume Change

04 08 1.2 14 16
Time {Sec)
Fig. 1. C d fits of data d on digitized volume
change data. The ircles are data summed from 15 osmotic swelling
i from the rapid: aratus (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 NaCl-phosphate buffer (pH 7.0), were mixed
with sol s which brought the tonicity to 268 mosM. The upper
curve obtained from the rapid-mixing apparatus gives a time constant
of 0.47 s (P =0.017 cm/s) and the lower one obtained from the
stop-flow apparatus gives a time constant of 0.43 s (P, = 0.019 cm/s).
Computer fits of data in the presence of penetrants were comparable
to these fits.

value of C,/C; varied from experiment to experiment.
but was always within a range of 0.90 to 0.96. The
incubation and final salt tonicities caused a maximal
volume change of 10% or less.

Bovine blood, ob d from a local house,
was defibrinated by slow stirring, Perturbation experi-
ments were done with the cells in LeFevre’s solution
which contained 5.4 mM KCl. 2.6 mM CaCl., 1.8 mM
MgCl,, and 32 mM Tris (pH 7.4) and NaCl to give the
desired tonicity.

TABLE [
Comparison between capid-mixing and stop-flow apparatuses

Time constant measurements were made on both apparatus on the
same day with the same blood (C, = 288 mosM). For both, cells were
incubated in 235 mosM NaCl (pH 7.0) plus urea and were mixed with
a solution which resulted in 268 mosM NaCl-phosphate buffer and a
final urea concentration from 4 to 10 mM less than was in the
incubation solution. 7. measurcd in the absence of penetrant on the
rapid-mixing apparatus, was 0.53 s (£; = 0.015 cm/s) and T,,, mea-
sured on the slop~ﬂow appartus, was 0.60 s (Py=0014 cm/s).

i were from Eqns. 11 and 12 with
the reﬂecnon coefficient assumed to be 0.95 and constant.

Final urea Rapid-mixing Stop-flow t
conen. T, P(x10%) T, P(x10%)
(mM) ( (em/s) () (em/s)
134 0.58 427 0.65 441

268 0.66 337 0.73 349

402 075 298 082 310
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Results
P bilities of model p
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 permeability coefficients
for diethylene glycol were essentially independent of
penetrant cincentration both for swelling and shrinking
within the range of concentrations used (0.2 10 1.8 M).
The average P(swelling) was 8.2-10"°cm/s (S.E. =0.3
-107%, n = 8) over 2 concentration range of 130 mM to
1810 mM, and the average P(shrinking) was 7.1-107°
cm/s (S.E.=02-107% n=8) over a concentration
range of 134 mM to 1780 mM. (The reflection coeffi-
cient was assumed to be 1.0.) These values are not far
from the P(swelling) of 6.3-107¢ cm/s obtained by
Naccache and Sha’afi [13}. This permeability is some
50-times lower than the maximum permeability observed
for ethylene glycol which is p bly ported by

glycol and
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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-mixing apparatus with a solution which resulted in an external
salt osmolarity of 267 mosM and external glucose of 16 mM to 30
mM more than was in the incubation solution. External glucose
after mixing are plotted. The solid line was drawn

1{PX10%) (secicm)

a facilitated system [3]. The small difference between
P(swelling) and P(shrinking) does not seem to be due
to water rectification, since, in these cells, none was
observed. A P(swelling) greater than P(shrinking) was
also observed for urea.

Fig. 3 shows that a plot of the inverse of glucose
permeability coefficients in 1-day-old human red cells
versus concentration is nonlinear as expected. Permea-
bilities 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 concentrations which were near
the K values, the ct ing glucose ion which
occurred during the perturbation results in a range of
permeabilities. This range was estimated as follows.

02,
E . " .
%0-1 uﬂ O 9 o o =
)
=
=3
g
0 500 1000 1500 2000

DIETHYLENE GLYCOL (mM)
Fig. 2. Inverse versus glyco
Cells incubated in 247 mosM NaCl-phosphate buffer (pH 7.8) and
diethylene glycol shrunk (M) after being mixed in the rapid ing
apparatus with a solution which resulted in an external salt tonicity of
268 mosM and external diethylene glycol concentration which was 14
mM to 20 mM less concentrated than in the incubation solution.
External dicthylene glycol concentrations after mixing are plotted.
Swelling (0) resulted when cells incubated in 295 mosM NaCl-phos-
phate buffer (pH 7.8) and diethylene 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 ili

using transpost parameters of Brahm [14].

Volume versus time data were generated from a fourth-
order Runge-Kutta integration of the Kedem-Katchal-
sky equations with the permeability coefficient from
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Fig. 4. Inverse versus urea in human
erythrocytes. O designates data collected from cell shrinkage at pH of
7.8 on the rapid the (2) desi two identical
data points. Cells mcubaleﬂ in 245 mosM 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 coefficient =1.0) gives Vi = 4.0-10™% mmol-em 25! and
K3 =769 mM. B designates Jata obtained from cell shrinkage on the
slop-flow apparatus with cells in pH 7.0 solution. Cells, incubated in
236 mosM NaCl-phosphate buffer (pH = 7.0) plus urea, were mixed
with another solution to give an cxternal salt tonicity of 265 mosM
and external urea which was 6 to 34 mM less concentrated than was
in the mcnbauon solution. A linear least-squares (it of the data

icient = 0.99) gave Vi, =3.7:107* mmol-cm™*

ties for shrinking and swelling.

s~Vand K, = 866 mM.



Eqn. 4. All K values were assumed to be 8 mM [14] and
the P, was adjusted until the time constant from the
generated data hed the d time

The range of permeabilities which occurred during the
course of the perturbation were then calculated from
Eqn. 4.

The glucose per ility coefficients are
quite ible with t determined
by Brahm [14] as shown by the solid line in Fig. 3
(calculated with P, of 2.75-10~°cm/s and all K values
of 8 mM). Assuming the K values are all 8 mM, we
calculated a range of P, values from 1.4-10"° cm/s to
2.7-107% cm/s from the measured permeability coeffi-
cients.

Thus, the perturb. method can distinguish be-
tween simple diffusion and simple carrier kinetics. Un-
fortunately, no model non-¢lectrolyte 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 permeability plot for
human red cells in solutions of pH 7.8 and 7.0 with an

0. M
> -
o M
E 0.6}
g s
Iy
04
£
=
02
] 500 000 500
PENETRANT (mM)

Fig. 5. Inverse permeability of human red cells versus methylurea at
pH 7.0 (0) and dimethylurea at pH 7.4 () and at pH 7.0 (@). For
methylurea, cells incubated in 240 mosM NaCl-phosphate buffer (pH
7.0) were mixed in the slop-flow apparatus with a solution which gave
a final 270 mosM tonicity. The methylurea gradient across the red cell
membranes varied from 27 to 35 mM, being more concentrated inside
the cells at time zero. With a reflection coefficient of 1, a linear
least-squares fit (correlation coefficient = 0.98) gave a ¥, 0f 5.2-107°
mmol-cm™2-s™" and a K, of 1110 mM. 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~% cm/s (S.E. = 0.1- 1075, 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
coefficient was 1.4:107°cm/s (S.E. = 0.1:107°, n = 4),
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Fig. 6. lnverse bility versus urea ion for bovine red
cells, reflection coefficient of 1.0 (®) and 0.73 (Q). Bovine cells
incubated in LeFevee's solution (pH = 7.4, tonicity from 307 to 287
mosM) 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]. a least-squares fit
of the data gives V, -s7! and Ky of 676

man OF 7.2:10”* mmol-cm
mM. A reflection coefficient of 1.0 results in a ¥, =14-107*
mmol-cm~3-57') and K, =1090 mM. For both fits. the correlation
coefficients were 0.99.

assumed reflection coefficient of 0.95 [12]. Fig. & si=ws
data for methylurea (with human red cells in solutions
of pH 7.0) and for dimethylurea (with human cells in
solutions 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 permeability plot for bovine
red cells in solutions 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™% cm?, and the isotonic cell
volume was 48-10"" cm® [4]. Permeabilities were
calculated for a reflection coefficient of 0.73 [4] and of
1

Discussion

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

The form of the 1/P versus urea concentration plots
for both human and bovine red cells is compatible with
simple pore kinetics. or with a simple carrier which has
a very large K, (i.e.. the lack of curvature in the plots
could have been due to the limitations in the range of
C). These plots are in contrast to that of diethylene
glycol which follows simple diffusion and glucose which
is most compatible with simple carrier kinetics.
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Further d will be expedited by the foll
general transport expressions which are derived in detail
in refercnce [8]. In these equations, we use the super-
script ‘p’ to designai¢ fluxes which apply to pores and
superscript ‘c’ to refer to carriers.

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

P

Jo= (G~ Cin) a3

1 Soy
*®

* KK,

while the unidirectional (efflux in this case) is given by:
11‘(1 + g)ci,,

- _ﬁ_,

CCan
Y KoKa

a4

(15)
and
Pl
S = ﬂ (16)
T R

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

JP = AC = an
&
”(Tl +—,: )c Kip*C

where 1/K, ,=(1/K;; +1/K,). K, , is the concentra-
tion for half-maximal velocity and V.. = K, ,» P,

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

1+(1/K3+1/K,)C+ CY/K Ky = (1+ C/K )1+ C/K,) (18)

We arrive at
oa B VauC ”
C "Kip+C a)
1+
ks

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

Viaax = K, 2 P, but for the carrier, K, ,, = K. This for-
mal distinction, i.e. for the pore, I/K.,2 =1/K,+1/K,
and for the carrier, K;,, = K3, loses its significance if,
as we argue below, 1 /K, < 1/Kj;. For in this case, Eqn.
5 shows that, for the carrier, 1 /K; = 1/K,+1/K;,, and
Eqgus. 17 and 19 becer al.

For urea transport, it is apparent fromi cither 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 V,, to be anticipated in equilibrium
exchange studies, i.e.

stope = (1/P,)(1/Kin +1/Ko) =1/( PoKy 2) =1/ Vinas 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 doncrs give an average ¥, of 3.1-107*
mmol-cm™2-5" (S.E.=0.5-10"7), The range from
1.8:107* mmol-cm~2-57' to4.1-10™* mmol - cm ™2
s~ illustrates the individual variability to which Brahia
{2] alluded. These values agree with Mayrand and
Levitt's value of 2.5-107* mmol-cm™2-5~! obtained
under equilibrium conditions at pH 7.28 [3], and are
somewhat higher than Brahm’s value of 8.2 - 10~* mmol
-em™2- 571, also obtained under equilibrium exchange
conditions at pH 7.2 [2]. Data obtained at pH 7.0 from
two other donors gave one ¥, =3.7-10"* mmol -
“2.571 (oorre]ation coefficient of 1.00) and another
ax = 3.2+107% mmol-cm~2-s~" (correlation coeffi-
clent of 0.99) which corroborated Brahms [2] finding

that urea port is rel ly pendent of pH in
this range.

(b) Graphical estimates of K, ,, are sensitive to small
errors. Calculation of the half- ation 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 ¥, of 3.3-107%
mmol-cm~2-5~" and K, , of 370 mM are within 10%
of those measured. Also literature values for P, [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 ;> 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
quadratic term in Eqn. 9 is negligible, i.e.

[of 1

1
KK KK,

1 1
x5 + % @n
Substituting K, ,, = K, and solving for K,

Ky»C—Ky ), (22

Using values of K, ranging from 200 mM to 400 mM,
together with the highest urea concentration used in
these studies (i.e. 1853 mM), it is apparent that K, >
1000 mM.

This result appears to be inconsistent with the
‘qualitative estimates’ of transport parameters calcu-
lated by Levitt and Mlekoday [12] assuming simple
carrier kinetics: ie., K;,=117 mM, K,=508 mM.
K,=218 mM and K,;=169 mM. Using these values
and P,=1.16-10"> cm/s [3], we calculated the per-
eability coefficients and time constants we would
expect at the urea concentrations we used; the 1/P
versus urea concentration would have been highly
non-linear and the time constants at the higher urea
concentrations would have been much longer than those
we measured. For 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 data are
not consistent with the transport parameters of Levitt
and Mlekoday. It must be luded that K, 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 demonstrated by Frohlich and Trammel {15].
Inspection of Eqn. 16 shows that efflux i1ans inhibition
will occur in a simple pore whenever 1 /k * 0 For a
carrier, either trans ] ion or trans inhibiti is
possible. A criterion for trans inhibition is that K, > K3
{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 choline, all show trans acceleration [7}.) The
glucose transport system in rablm erythrocy(es is an
exception and shows neither inhibi nor
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Ju e see that this ratio for the simple carrier is given
by:

(23)

24)

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
methylurea. Using swelling data, Naccache and Sha’afi
[13] found that the methylurea permeability coefficient
was 1.83-107% cm/s at pH 7.2 and 277 mM penetrant.
This value was 8% of their urea permeability. At the
same concentration, our methylurea permeabil
cient was 3.23-10"° cm/s calculated from shrinking
data 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-Dimethylurea dara follow simple diffusion in human
erythrocytes
N.N-Dimethylurea permeability shows little or no
dependem.e on penetrant concemrauon (Fig. 5). Thus,
y could be p g primarily through
the hpld bilayer. Mayrand and Levm 3] measured an
for N,N-dimethyl on urea
transport of 0.3 mM, 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 transported by the lr:mspon system. This idea

due to its symmetrical nature [5].

The same conclusions are apparent in results of
Brahm [2] who measured urea efflux for equilibrium
exchange and for zero-trans efflux at three urea con-
centrations, ie., 1 mM, 100 mM and 500 mM. The
equilibrium efflux/zero-trans efflux ratio for urea
calculated from these data ranges from 0.99 at 1 mM to
033 or 0.39 at 500 mM. Using Eqn. 19 for J,, and
setting C, = 0 in Eqn. 13 to calculate the zero-trans flux

is i with p ’s inability 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 because lusions 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 coefficients are also equiv-
ocal. If, for example, there are two sets of channels - (1)
an exclusive water pore, present in large numbers, and
(2) a sparse number of urea channels that also transport
water — then the osmotic effects of urea channels would
be swamped by the water channels.

Conclusion

Urea and methylurea data presented here are easily
explained in terms of a simple pore (channel). It is the
simplest explanation and there is no necessity to pro-
pose a carrier. The notion of a simple channel for urca
transport is also supported by recent data of Frohlich et
al. which estimates a turnover of the order of 107/s
(personal communication).
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