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Summary. A new way of measuring high diffusional membrane
permeabilities of intact erythrocytes is presented using THO and
14C_glycol as test solutes. The technique combines the theoretical
approach used by Redwood, Rall and Perl (J. Gen. Physiol.
64:706-729, 1974) and an experimental procedure introduced by
Wang (J. Am. Chem. Soc. 73:510-513, 1951), which greatly sim-
plifies the performance of the experiments. Permeability coef-
ficients obtained by the new technique compare well to data
derived by the approaches hitherto available. In view of its sim-
plicity our method may be appropriate for the serial experiments
necessary to characterize the transport mechanisms of water and
other highly permeable lipophilic nonelectrolytes and for studies
on other single cell systems.
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Introduction

Membrane permeability of red blood cells has been
measured by a variety of methods. In the classical
type of flux experiments with radioactive tracer sol-
utes at equilibrium, cell or extracellular space are
loaded with radioactive solute at time t=0, and the
decrease or increase of radioactivity in one of the
two compartments is observed by collecting samples
by centrifugation after certain time intervals. This
method, though accurate and simple, fails for ex-
change times in the range of seconds or shorter,
corresponding to a diffusional permeability coef-
ficient P, larger than about 10x10~° cmsec™'. Pa-
ganelli and Solomon (1957) therefore introduced the
rapid flow technique into membrane flux measure-
ments using the same principle, tracer flow at os-
motic equilibrium. Red cell permeabilities to water
(Barton & Brown, 1964; Vieira, Sha’afi & Solomon,
1970) and several fast permeating nonelectrolytes
(Savitz & Solomon, 1971) have been determined by
this technique. Yet, complexity of both equipment

and operation make it inadequate for routine
measurements.

A method to measure the kinetics of osmotic
swelling was worked out and applied to water and
several fast permeating nonelectrolytes by Sha’afi,
Rich, Mickulecky and Solomon (1970) and Sha’afi,
Gary-Bobo and Solomon (1971). The time course of
the red cell volume change under an initial osmotic
gradient was followed by means of a rapid reaction
stop-flow apparatus. Apart from the complexity of
equipment and operation, the basic disadvantage of
this procedure is the requirement to measure solute
flow at high extracellular solute concentrations (0.2~
0.8 mol/liter), which is necessary to obtain measur-
able cell volume changes. Measurements in the low
concentration range are thus excluded.

Fast permeation measurements by means of the
NMR-technique were first reported by Conlon and
Outhred (1972) and have been further elaborated
since that time (Conlon & Outhred, 1978; Pirkle,
Ashley & Goldstein, 1979). They require high con-
centrations of a solute detectable by NMR, so far
confining the method to water as permeant.

Thus, all of the methods presented have certain
limitations, precluding measurements of high per-
meability with respect to either accuracy, simplicity,
or interesting solutes. Redwood, Rall and Perl]
(1974) presented an alternative method which was
expected to close this gap. They proposed a pro-
cedure to deduce red cell membrane permeability to
a radioactive solute from bulk diffusion measure-
ments on concentrated cell suspensions. The basic
idea is to enlarge the distance traversed and thus to
slow down the permeating process by arranging a
multitude of membranes in series. On the basis of
these considerations we worked out an improved
experimental procedure to measure high permeabil-
ities. :
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Fig. 1. Model of tightly packed red cells of length [ in a column.
The arrows symbolize the two main diffusion pathways along the
column axis. For details see text :

Table 1. Transport and geometrical parameters used in Egs. (1) to

4)

P;: Membrane diffusional permeability coefficient

D;: Tracer diffusion coefficient referring to the extracel-
lular fluid

D,: Tracer diffusion coefficient referring to the intracellular
fluid (hemoglobin solution)

D Bulk diffusion coefficient

Ay Total extracellular cross-sectional area

A, Total intracellular cross-sectional area

A Total area perpendicular to the direction of diffusion
flow

L: Average erythrocyte length in the direction of the dif-
fusional flow

S/A4,: Lateral red cell membrane area related to end-face
membrane area

Vi: Volume of the extracellular space

V: Total volume of the suspension of packed erythrocytes

L,/L,: Tortuosity factor, i.e., length of extracellular diffusion

path related to length of intracellular diffusion path

Theory

Model and Mathematics

The method reported in this work is based on the
theoretical analysis of Redwood et al. (1974), but
involves a different experimental procedure, which
greatly simplifies permeability determinations. The
theoretical analysis has been presented in detail by
Redwood et al. (1974) and will be outlined only
briefly in the following.

Tracer diffusion through a column of tightly
packed erythrocytes may be phenomenologically char-
acterized by a bulk diffusion coefficient D,,. With a
multitude of membrane barriers arranged in series
as well as in parallel in this system, there should be
a significant influence of membrane diffusional per-
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meability on D,,; vice-versa, it should be possible to
derive P, the permeability coefficient, from the mea-
sured value of D,, on the basis of an appropriate
model.

In this model, the tightly packed erythrocyte sus-
pension is assumed to resemble a well-ordered stack
of equally sized bricks. There are two parallel dif-
fusion pathways along the column axis (see Fig 1);
the extracellular pathway and the transcellular path-
way. Solute exchange through the lateral membrane
area is allowed, thus connecting the two diffusion
pathways. In addition, a local steady state is as-
sumed; ie., the local transport along the cell axis is
considered to be in a steady state, with the driving
force —the concentration gradient—and the diffusion
flux changing slowly with time.

As shown in the work of Redwood et al. (1974),
these assumptions lead to the following set of equa-
tions relating P, the membrane diffusional perme-
ability coefficient, to D, ,, the measured bulk diffusion
coefficient, taking into account several other trans-
port and geometrical parameters all specified in Ta-
ble 1.

D .A D A
ef 14341 _1
={1 1+2Z 1
DZAZ ( +D2A2)( ) ()
with
D. A D, A o} ?
z=2m 1 1) 218y th—]
[ (1+D2A2 +D2Azocco 3 (2)
where
DZAZ)]I/2
= - . 3
o [175/,42 (1+D1A1 (3)

IT is a dimensionless quantity related to P, by
II=F,L/D,. (4)

Permeability is assumed to be the same on the front
and lateral membrane area.

Equations (1) to (3) contain relative cross-sec-
tional areas A/A, and A /A,, which are conpected
by

AJA,=1+4,/4,. ®)

A/A, is inconvenient to measure. Redwood et al.
(1974) therefore proposed to derive values of 4/4,
from an easily measurable quantity, the relative ex-
tracellular volume V,/V, by an equation
AJA,=1+(Vy L)V, L))

=1+ (/W (A=V/V)-(Ly/Ly)~" (6)

where L /L, is a tortuosity factor.
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Determination of Diffusion Coefficients

Diffusion coefficients D, , as well as D, and D, were
determined alternatively by two methods both in-
volving measurements of one-dimensional diffusion
through a column of diffusion medium! under de-
fined boundary conditions. The first one, which will
be denoted the differential method, was applied in
the work of Redwood et al. (1974) and will not be
described further in this communication. A diffusion
coefficient is derived from the concentration profile
over a column of diffusion medium established at
time t after deposition of an infinitely thin layer of
solute at distance x=0 and time t=0.

The second method will be called the integral
method. It was worked out by Wang (1951} for bi-
nary solutions and is introduced into permeability
studies in this work. The basic idea is tracer dif-
fusion from a homogeneously loaded capillary of
length ! into an infinite sink of solvent. The capillary
initially contains diffusion medium equilibrated with
a known amount n, of Jabeled solute. It is placed, at
time t=0, into a large bath of diffusion medium free
of labeled solute and incubated. The residual total
amount of solute n(f) at time t>0, is measured.
Knowledge of three variables, n(t)/n,, [ and ¢, allows
calculation of D by means of an equation given by
Wang (1951):

n(t)/n, = 8/n* i 2a+1)~?

=0

cexp{—@2n+1)%-7*-Dt/41%}. (7

Geometrical Parameters

The relative extracellular volume V,/V was mea-
sured with extracellular marker (Redwood etal,
1974). In view of the random orientation of the
erythrocytes in our integral experiments, the cells
were assumed to be cube-shaped. The cube length L
was taken to be 4.5 um, calculated from the third
root of the mean volume of the human erythrocyte
{Chien, Delienback, Gregersen & Gregersen, 1965;
Rich, Sha’afi, Barton & Solomon, 1967). S/4, is 4
for a cube by definition. This value also corresponds
to a cylinder of identical length and end-face diam-
eter. According to the “brick model” for tightly
packed erythrocytes, the tortuosity factor L /L, is
close to unity. Deviations from the model arrange-
ment should increase L,/L,. Yet, for the present
experiments, the assumption L,/L,=1 led to the

' Any solution or suspension (packed erythrocytes, isotonic

saline, etc) used for diffusion measurements will be denoted a
“diffusion medium” in this work.
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most satisfactory results. Values of L, S/4,, and
L,/L, depend on the model assumed.

Materials and Methods

Human blood was collected by venipuncture, heparinized, and
used for diffusion experiments on the same or the next day after
storage at 4°C. Red cells were isolated by centrifugation (6,000
x g, 5min) and were washed 3 times in a solution composed of
95 volumes isotonic saline {154 mmol/liter NaCl) and 5 volumes
isotonic phosphate buffer, pH="7.4. For permeating test solutes
other than water this solution additionally contained the solute at
the concentration required.

Concentrated cyan-met-hemoglobin solutions were prepared
by lysing washed erythrocytes with distilled water, sedimenting
the membranes at 45,000 x g, adding K;[Fe(CN),] and KCN,
subsequent dialysis and final reconcentration by ultrafiltration
(Amicon, PM 10).

The Differential Method

We first adapted the procedure of Redwood etal. (1974) in all
details extractable from the authors’ description. However, a
number of problems arose in the course of this attempt, which we
found difficult to overcome (Osberghaus, 1980).

Firstly, the experimental starting conditions were hard to
reproduce. Unavoidable and irreproducible mixing and creeping
effects following the deposition of the diffusing labeled solute on
the column at time ¢=0 made it difficult to localize the origin x
=0 on the distance axis which is mandatory for the evaluation of
a diffusion experiment.

Secondly, solute absorption by or adsorption to the capillary
walls turned out to be another complication. We established this
effect nsing a 16 mm solution of **C-hexanol in isotonic saline
which we injected info the polyethylene tubing. We found *C-
hexanol to leave the aqueous phase rapidly to an extent of, e.g,
75 % after a period of 1.5hr. Recently reported diffusion and
permeability coefficients for higher aliphatic alcohols may suffer
from such absorption effects (Garrick & Redwood, 1977; Garrick,
Patel & Chinard, 1980).

Thirdly, we found a nonreproducible decrease of the relative
extracellular volume along the packed cell column by 10 to 20 %,
over a distance of about 1 cm. Additionally, many solutes were
not available at sufficiently high specific radioactivities, which
further restricts the applicability of the differential method.

The Integral Method

Based on suggestions of Saraf et al. (1963) and Witherspoon and
Saraf (1965) microliter syringes were used to obtain capillaries of
variable length [. We used syringes (Unimetrics Corp., type 4025)
with glass capillaries with an internal diameter of 0.73 mm. The
capillaries had been ground flat at the mouth end normally
bearing the needle. A gas tight Teflon plunger was inserted into
the other end; the capillary length could thus be varied over one
decade from approximately 5 to 60mm, making possible
measurements of diffusion coefficients over two decades according
to Eq. (7) within the same period of time. Diffusion periods were
in the range of hours. The length of the capillary was fixed by
means of a guide rod attached to the capillary, and a stopping
device. Up to 8§ capillaries thus prepared were mounted on a rack
which could be moved in vertical direction (Fig. 2).

The capillaries were then filled with diffusion medium con-
taining a known amount of radioactive solute using a capiflary
syringe of the same type equipped with a needle. An excess
droplet of medium was left on the flat mouth end of each capil-
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Fig. 2. The device used to measure diffusion coefficients according
to the integral method described in the text. Only two syringe
supports are shown for reasons of clearness

lary, and the rack carefully immersed into a large (3 liter) ther-
mostatized (20.0040.04 °C) bath of tracer-free diffusion medium
under gentle stirring. After an appropriate period ranging from
about 1 to 20 hr the rack was carefully lifted out of the bath. The
capillary contents were pushed out by means of the Teflon
plunger.

In case of diffusion medium containing hemoglobin of packed
cells, the capillary contents were diluted into 1.4 ml distilled water
and protein precipitated by addition of 20-30ul 60 %, HCIO,.
Aliquots of the supernatant after centrifugation were counted for
radioactivity in a liquid scintillation counter (Packard Corp., I1-
linois USA, model 3385 Tri-Carb). Values of n(t)/n,, I, and ¢ were
inserted into Eq.(7) to determine the diffusion coefficient D by
iteration. The terms up to n=6 out of the infinite series on the
right-hand side were considered, the higher terms being negligible
for Dt/1*>0.06, the minimum value for the present experiments.

A possible systematic error in this type of diffusion measure-
ment is the so-called “4l-effect” (Wang, 1952) which means that
the actual length of the diffusion path may differ from the geo-
metric capillary length ! owing to convection currents which may
wash out (41<0) or heap up (41>>0) material near the capillary
mouth. A Al-effect will lead to a dependency of diffusion coef-
ficients on the capillary length. Table 2 presents diffusion coef-
ficients for THO as solute and capillary lengths varying from 0.48
to 4.80 cm. Diffusion coefficients are remarkably stable with re-
spect to capillary lengths down to 0.5 cm. Furthermore, our val-
ues are close to data given in the literature for tritiated water.
Wang, Robinson and Edelman (1953) and Mills (1973) deter-
mined diffusion coefficients by means of the capillary method and
the diaphragm cell method, respectively. They published values
for various temperature, from which values given in Table 2
were derived by interpolation to 20°C.

Tightly packed cells loaded with radioactive solute were pre-
pared in the following way. Precentrifuged packed cells were
thoroughly mixed with a small volume of tracer solution to reach
a specific radioactivity of the order of <1 pCi/ml of packed cells,
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Table 2. Diffusion coefficients of THO in water at 20°C as ob-
tained with different capillary lengths?®

! D
(cm) (1073 cm® sec™ 1)
4.80 2.14+0.10 (3)
240 215018 (6)
1.44 22240.10 (6)
0.96 2204008 (7)
0.72 2224022 (12)
0.48 2254016 (7)
2.14®
1.98¢

?  Errors are standard deviations (sp). Number of experiments in

parentheses.
® Wang et al. (1953).
¢ Mills (1973).

incubated for a few minutes for reasons of equilibration, and
centrifuged once for 15 min at 3,000 and 17,000 x g, respectively.
The supernatant was removed with a Pasteur pipette, the sedi-
ment thoroughly but carefully mixed and used for integral dif-
fusion experiments.

Fractional extracellular volumes of the tightly packed cells
were determined with radiolabeled sucrose or inulin to be 0.0489
+0.007 (seM, n=14; 5 different blood samples) for 3,000 x g, and
0.0279 +0.007 (sem, n=16; 7 different blood samples) for 17,000
x g. Hemoglobin solutions and water were used for diffusion
measurements without further processing except for being mixed
with a small volume of tracer solution.

Materials

Chemicals used were of analytical grade whenever available. (1,2-
14C)-glycol (1-5 mCi/mmol) and *H,0 (25 mCi/g) were obtained
from New England Nuclear, Dreieich, Germany; (U-'#C)-sucrose
(350 mCi/mmol), *H-inulin (500 mCi/mmol) from Amersham
Buchler, Braunschweig, Germany, and (1-'*C)-hexanol (5 mCi/m-
mol) from ICN Pharmaceuticals, Irvine, Calif

Results and Discussion

Application of the Integral Method

The integral method was tested on two solutes with
very different permeability coefficients. THO and
(1,2-1*C)-glycol as test solutes were diluted with iso-
tonic saline to an activity of 2.0 and 0.05 pCi/ul,
respectively. Much lower specific activities may be
used as well. Tables 2-5 compile diffusion data for
both solutes. As for 1*C-glycol, diffusion media were
pre-equilibrated with nonactive glycol at a concen-
tration of 50 mmol/liter.

Bulk diffusion coefficients for tightly packed cells
are shown in Table 3. Values for two different ex-
tracellular volumes were determined for THO to test
the internal consistency of Egs. (1) to (4). Errors are
less than +2 9% of the mean, reflecting the repro-
ducibility of the integral method. Diffusion coef-
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Table 3. Bulk diffusion coefficient D, for THO and '“C-glycol in
concentrated erythrocyte suspensions at 20°C*?

Solute Vv D,,

(1073 cm? sec™ 1)
THO 0.0279 0.177 +0003 (13)
THO 0.0489 0.218 +0.004 (20)
14C.glycol 0.0279 0.0404+0.0007 (25)

a

Mean values +sEM. Number of experiments in parentheses.
THO-values for two different relative extracellular volumes V,/V.

Table 4. Diffusion coefficients in water for THO and '*C-glycol
as solutes at 20°C*

Solute D,
(1073 cm? sec™ 1)

THO 220 +0.02 (41)
14C.glycol 1.03540.02 (12)

a

Number of experiments in parentheses.

Table 5. Diffusion coefficient D, for THO and '*C-glycol in con-
centrated hemoglobin solution at various concentrations ¢y, at
20°C*

Solute Chp D, (ey)
(g/liter) (10~° cm? sec™ 1)
THO 304 135 +001 (14)
195 158 £003  (4)
122 184 1002 (3)
14 Cglycol 304 0.680-+0.006 (14)

a

Mean values + sp. Number of experiments in parentheses.

ficients for water as solvent are presented in Table 4.
The number for THO is the average of all (n=41)
single values of the test series from Table 2. The
accuracy of this value is confirmed by its coinci-
dence with results obtained from the literature, as
pointed out above. Diffusion coefficients for '4C-
glycol were not available from standard data col-
lections. However, reference data for polar organic
solutes with similar molecular weight indicate that
the value found is realistic. For subsequent calcu-
lations, diffusion coefficients were assumed to be
identical for water and isotonic saline as solvents
within error limits.

The intracellular fluid of the erythrocyte contains
hemoglobin at a concentration of 330 g/liter cells.
Diffusion coefficients for the intracellular fluid were
measured in reconcentrated hemolysates of lower
concentrations (Table 5). Including the mean value
for pure water as solvent from Table 4, we obtain
four pairs of data for THO as diffusing solute which
were well fitted by linear regression and extrapo-
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Fig. 3. Diffusion coefficient (D,) for THO in hemoglobin solutions
as a function of hemoglobin concentration. Regression line ob-
tained for the data points according to the equation D,=D9
—a-cy, (em?-sec™!), where D2=2169-10"%cm? -sec™! and a
=2781-10"%cm?.1-sec™.g~!

lated over a narrow range to the desired intracel-
lular hemoglobin concentration (Fig. 3). The D, val-
ue thus obtained is clearly higher than that found by
Redwood et al. (1974) by means of the differential
method. The integral method may yield erroneous
values when diffusion in hemoglobin solutions is
measured due to the fact that the 3-liter bath of
solvent was free of hemoglobin. A net hemoglobin
diffusion flux out of the capillary thus arises, in-
terfering with the diffusion flux of THO by either
dilution of hemoglobin in the capillary medium or
flux coupling. However, as will be demonstrated in a
brief error analysis below, even substantial errors in
D, contribute very little to the error in the resulting
permeability coefficient.

The diffusion coefficient of '*C-glycol was as-
sumed to depend linearly on the hemoglobin con-
centration, as found for THO as solute. Diffusion
coefficients of '*C-glycol for water and hemoglobin
(304 g/liter) solutions as solvents were used to extrap-
olate to a hemoglobin concentration of 330 g/liter
(Table 6). No data to compare with are yet available.

Calculation of P, Values

Permeability coefficients P, were calculated from
Egs. (1) to (6) using diffusion coefficients D, D,, and
D, as determined by the integral method, and the
corresponding geometrical parameters V,/V, L, S/A,
and L,/L, as defined and specified above. The data
are compiled in Table 7, which also contains a result
from our own differential measurements.

Variation of V,/V strongly affects the measured
bulk diffusion coefficient, but will certainly not
change P,, the membrane permeability. Therefore,
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Table 6. Diffusion coefficient D, for THO and '#C-glycol in he-
moglobin solution at a hemoglobin concentration of 330 g/liter, at
20°C, as established by three approaches
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Table 7. Permeability coefficients P, at 20°C?

Solute /v D, D, D, P,
(1073 cm sec™ )

10-% cm?sec™!

Method D (1073 cm?sec™Y)
THO 14C-glycol
Differential, this work 1.004 +0.026*
Differential, Redwood 1.06 +0.05 (sem)
et al. (1974)
Integral, this work® 1.25 +0.01 0.650° £ 0.006

a

Obtained by extrapolation from measurements of D, at lower
hemoglobin concentrations. Standard error of the estimate ob-
tained from the regression function.

b Errors taken as those given in Table 5 for ¢y, =304 g/liter.

¢ Obtained by linear extrapolation of the data from Tables 4
and 5.

one should obtain the same permeability coefficient
for each pair of data (V,/V; D,,) provided the other
geometrical parameters are invariant. Table 7 shows
a remarkable agreement of P, values for two dif-
ferent relative extracellular volumes and correspond-
ing D, ;’s, measured for THO as test solute.

Error Analysis

The statistical errors in the measured values of
D{,D,,D,;, and V,/V (see Tables 3 to 5) propagate
to a statistical error in P, according to the Gaussian
law of error propagation. Calculated errors in P, are
shown in Table 7. They amount to less than 4 9 of
the mean for THO, and about 10 % of the mean for
14C-glycol as solute.

P, is affected by different errors to a varying
extent. It is strongly affected by the errors in D,,
and V,/V, much less by error in D, and even less by
the error in D,.

As stated above, the D, values obtained by the
integral method may well be too high by about 25 9,

Table 8. Comparison of permeability coefficients P, as obtained by

THO 0.0279 220 125 0177 372 +0.14
0.0489 0.218 354 +0.14
14C-glycol  0.0279 1.035 0.650 0.0404 0.326+£0.034

® Errors as given in the text (V;/V) and in Tables 4 to 6
(diffusion coefficients). The error in P; (sEM) was calculated as
described in the text.

(Table 6). It can be shown, however, that this possi-
ble systematic error enlarges P, by no more than
2.7% for THO, and 0.5 9 for '*C-glycol which is
clearly smaller than the errors in P, from Table 7.
Therefore, a rough estimate of D,, assuming values
in the range of, say, 0.40 to 0.60 times that of D,
(see also Redwood etal, 1974), will generally be
sufficient.

It may be shown in a similar way, that uncorrect
assumptions about the intracellular hemoglobin con-
centration of a blood sample under investigation
—330 g/liter instead of an unrecognized correct val-
ue of, say, 250 g/liter —will affect P, by 2 9, at most,
mainly depending on the measured value of D, .

The values of the geometrical parameters L,
S/A,, and L,/L, are estimates based on plausibility
assumptions. Further justification of these values
emerges from the following comparison with data
available in the literature.

Comparative Evaluation and Conclusions

Diffusional permeability coefficients for the solutes
used in our study, as obtained by several authors
and different methods, have been compiled in Ta-
ble 8. Permeability coefficients for water given in the
literature vary by a factor of about 2 (Table 8 and

different methods?

Solute This work Rapid flow method NMR method
THO 3.72 +0.14 (sem)® 331 +£0.37 (sem)® 42740.35 (sp)*
(20°C) (22°C) (20°C)
530 +1.27 (sp)° 2.48+0.07 (sem)’
(23°C) (23°C)
L14C glycol 0.326+0.034 (SEM) 0.14740.071 (SD)*
(20°C) (21°C)
* Values of P, in units of 107* cmsec™" for slightly different temperatures as indicated in
the Table.
®  Value obtained for V,/¥=0.0279. ¢ Vieira, Sha’afi and Solomon (1970).
¢ Conlon and Quthred (1978). ¢ Paganelli and Solomon (1957).

f Pirkle, Ashley and Goldstein (1979). g

Savitz and Solomon (1971).
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Conlon & Outhred, 1978, Table I1I). The values ob-
tained for THO by our procedure fit well into that
range. On the other hand, the only value for '*C-
glycol previously reported (Savitz & Solomon, 1971)
is about half that obtained by our method. Such
differences are most likely mainly caused by differ-
ences in the techniques of transport measurements
and in the assumptions underlying the evaluation.

The method presented here proved to be simple
and reliable and therefore may be well-suited for
serial measurements dealing with the molecular ba-
sis of the diffusional permeability of highly perme-
able nonelectrolytes. Studies on this subject have
hitherto been hampered considerably by the lack of
such simple methods. For this reason not much is
known about transport of water through the human
erythrocyte membrane except that two parallel path-
ways contribute, one of which is related to proteins
while the other seems to involve the membrane lipid
phase (see Deuticke, 1977 for a review, and Kutchai,
Cooper & Forster, 1980, for recent studies).

Even less is known about the pathways of trans-
fer of other small hydrophilic or larger lipophilic
nonelectrolytes, such as glycol, amides or aliphatic
alcohols. Patterns of inhibition or enhancement by
alcohols and phloretin also suggest the involvement
of two pathways (Deuticke, 1977) but the problem
needs more experimental work.

In addition, the integral technique of diffusion
measurements presented here may also be of poten-
tial value for permeability studies on other single
cells, cell organelles or membrane vesicle suspen-
sions as long as they can be tightly packed and
modelled, for evaluation, as a two-compartment sys-
tem.

This work was supported by the Deutsche Forschungs-
gemeinschaft (Sonderforschungsbereich 160, A2 and C3). The
authors are indebted to Mrs. H. Thomas for secretarial help.
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