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Summary

Ion tracer flows and flux ratios at various electrical potentials were studied
in heterogeneous membranes comprising parallel pathways of different
intrinsic resistance. The total resistance to net flow exceeded the tracer
exchange resistance, and the flux ratio was abnormal, as in exchange diffu-
sion commonly attributed to a mobile carrier.

In the study of membrane transport processes it is common to observe
discrepancies between resistance coefficients determined from tracer ex-
change and net flow, as well as “abnormality’’ of the flux ratio [1]. These
effects are commonly attributed either to ‘‘single file diffusion’’ through a
narrow channel [2], or “exchange diffusion’’ by way of a mobile carrier [3].
From the point of view of non-equilibrium thermodynamics these are mani-
festations of isotope interaction (coupling of flows of abundant and tracer
isotopic species). However, this is merely a phenomenological characteriza-
tion, and in principle various mechanisms are possible [1,4]. We have recent-
ly demonstrated that for non-electrolyte flow in the absence of net volume
flow, heterogeneity of parallel pathways can account for either positive or
negative isotope interaction [5]. We show here that in the case of electrolyte
flow, heterogeneity can result in negative isotope interaction, just as could be
seen with a membrane carrier.

In the absence of net flow of the test substance and other species the tracer
exchange resistance is given by [4]

R*=(=RTAp/JI*) - (1)

where J* and J are the tracer flow and net flow, respectively, Ap is the dif-
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ference in specific activity across the membrane, and R and T are the gas
constant and absolute temperature. The phenomenological resistance coeffi-
cient for net flow is given by

R = X/|J (2)

where X is the negative electrochemical potential difference of the test sub-
stance. In the absence of isotope interaction R * = R, and in homogeneous
membranes the ratio of unidirectional fluxes is given by

f = JIJ = exp[JR/RT] = exp[ X/RT] 3)

whereas in the presence of isotope interaction R* # R, and the flux ratio is
“abnormal’’, being given by

f = exp[JR*/RT] = exp[(R*/R)(X/RT)] (4)

For membranes with significantly different resistances of parallel pathways,
the use of conventional techniques to produce a transmembrane electrical
potential difference Ay will not always create an equipotential surface at the
membrane. In the presence of a net flow, as is necessary to determine R, the
potential differences across different pathways will in general vary. Since R *
is determined in the absence of potential difference, the effects of membrane
heterogeneity on R* and R may well differ, resulting in abnormality of the
flux ratio.

In order to investigate the importance of such effects highly permselective
heterogeneous membranes of low electroosmotic permeability were prepared
from collodion membranes activated with quaternary ammonium poly-
electrolyte (polyvinyl-benzyl-trimethyl ammonium chloride (PVBT, Dow
Chemical)) [6—8] by two means: (a) pairs of PVBT membrane elements
were assembled in series, employing elements with equivalent values of R *
and R (within 10%); the two elements differed markedly in resistance. (The
perforation of the element of higher resistance then resulted in parallel chan-
nels of significantly different resistance.) (b) Collodion membranes were
activated with PVBT for different periods peripherally and centrally, again
resulting in parallel channels differing markedly in resistance. Both types of
membranes showed a high degree of permselectivity for anions: membrane
(al) showed R§ /R, to be <0.001; membrane (bl) developed nearly ideal
Nernst potentials of 54 and 556 mV in a 0.10 M:0.01 M KCI concentration
cell. Hence it was possible to identify net anion flow with the electrical cur-
rent.

With 0.10 M KCl solutions at each surface R * and R for Cl~ were evaluated
according to Eqns. 1 and 2. In 3 membranes of type (a) values of R */R were
0.09, 0.11, and 0.60. In 2 membranes of type (b) values were 0.61 and 0.18.
Lowering the KCI concentration to 0.01 M lowered R */R in membrane (b1)
from 0.61 to 0.23, as was consistent with earlier findings [8]. Thus R * was
consistently appreciably less than R. (It should be recalled that in the two
components of each type (a) membrane, R* = R.)

The inequality of R * and R allowed us to test the compatibility of uni-
directional fluxes and flux ratios with Eqns. 3 and 4. Unidirectional fluxes
were determined from tracer fluxes at different values of Ay . As is seen in
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Table I, the flux ra_t>10 f, abnormal according to Eqn. 3, was consistent with
Eqgn. 4. Similarly, J /Jo, the ratio of influx at values of applied electrical
potential difference A ¢ and zero, was adequately predicted only by the
expression incorporating the inﬂuence of isotope interaction.

Without knowing the exact geometrical and electrical properties of a mem-
brane it is not possible to derive its transport properties precisely. However,
it may be possible to explain the effects of membrane heterogeneity on R *,
R, and the flux ratio in qualitative terms. In the determination of R * from
exchange diffusion in the absence of electrical forces, various pathways will
contribute to tracer flow in inverse proportion to their intrinsic resistance,
and low resistance pathways will be predominant. In the determination of R
with electrical forces the transmembrane potential difference will be lower
across pathways of low resistance than across pathways of high resistance.
Hence the relative contribution to net flow of the low resistance channels
may be less than in the case of exchange diffusion, and thus we might expect
that the introduction of channels of low resistance would decrease R less
than R *. Again, in the measurement of the flux ratio we would expect the
flows in the low resistance channels to be of major significance, and f to
reflect a value of transmembrane electrical potential close to those across the
low resistance channels.

Although the effects described in the table are thus explicable qualitatively,
the quantitative agreement with formulations developed for homogeneous
membranes is perhaps surprising. These results are possibly attributable to
the marked differences in resistance of the two types of patl_x)ways in our
membranes, such that within experimental accuracy J, R*, J and f were all
determined essentially by the channels of low resistance. Whether Eqn. 4
remains valid in membranes with less marked heterogeneity remains to be
tested both theoretically and experimentally.

Admittedly the membranes examined here are of unusual structure. Never-
theless, our results seem relevant to the study of transport processes in both
synthetic and biological systems. In the latter, both intrinsic heterogeneity
and artifactual edge damage could contribute to variability of the resistance
of different pathways. Parallel active and passive pathways also could induce
variation of the transmembrane electrical potential along the membrane
surface. Whatever the specific mechanism, it is noteworthy that membrane
heterogeneity can result in behavior characteristic of exchange diffusion in
the absence of mobile membrane carriers.
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