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SUMMARY 

The ov(;rall permeability of epithelial tissues to solutes is generally detern~ined 
by analyzing net or unidirectional tr~m~pithelial fluxes in :response to transepitbelial 
differences of concentration and/or electrical potential using relations that describe 
diffusional movements across a single membrane, i f  the solu)~ is uncharged and 
diffusional movements are transcellul;w, the overall transepithelial permeability 
coefficient is determined by the permeabilities of the two limiting cell membranes com- 
bined in series. However, if the solute i,,~ charged and the pathway for traasepithelial 
movement involves diffusional flows across at lea~t two membranes :irranged in 
series (i.e. trans~llular transport), the wdue of the overall transeldthelial permeability 
coefficient deterrained using relations that describe ionic diffudon across a s~ngle 
membrane is not an accurate measure c,f the permeabilities of the two lindting mem- 
branes combined in series. Further, if ionic diffusion is transc~llular, permeability 
coefficients deter:mined from studies of transepithelial fluxes are not only quantitative- 
ly incorrect Out can also result in grossly erroneous interpre~tions of changes in 
transepithelial pvrmeabilities and faulty inferences regarding the route of transeldthe- 
lial ionic diffusion. 

INTRODUCTION 

An impol~tant characteristic of epithelia is the resistance offered to transepithe- 
lial diffusion of ions or, conversely, tht: passive ionic permeability of the tissue. Two 
approaches ihav,.- been employed to de~'ermine, directly, the ionic permeability coeffo 
cients of epithelia. The first involves studies of net transepithelial movements in 
response to tran~sepithelial concentration and/or electrical potential diffe~.-nces [1, 2]. 
The second~, more frequent apprc~ch) involves examining the effect of an applied 
transepitheL~al electrical potential d~ffet~vnce on the uni-directional (trace~) flux of an 
ion when both external bathing solmions have identical compositions [3-9]. Both 
approaches assume that chemical and electrical driving forces are equivalent. More 
important, both approaches infer tha~ physically meaningful information abotlt the 
p~:rmeabilifies of the two limiting cell membranes can bv de r iv~  directly from studies 
of passive tmus-epithelial movements. 
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, The purpos~ of this communication is to demonstrate that these approaches 
are ai,plicable only if diffusional ionic movements are, largely if not entirely, restricted 
to extracellular pathways and thus closely conform to transport across a single barrier. 
If the i~athway for transepitheliai ionic diffusion is transcellular, involving movements 
acros~ at least two membranes arranged in series, the overall permeability coe~cient 
derive] from such studies is not an accurate measure of the combined permeability 
coefficients of the two limiting membranes. We will also show that a uni-dire~io,~al 
transe pithelial flux may conform with equations describing flow across a single barrier, 
within experiment.,d error, in spite of the fact that two membranes are involved; under 
these circumstances the investigator(s) may be misled into assigning ~n incorrect 
route for ionic diffusion and incorrect physical significance to the derived permeabil- 
ity coefficient. 

DEFINITIONS 

The symbols we will employ are illustrated in Fig. 1. m, c, and s designate the 
mucosal, intracellular and seros~ti compartments respectively. ~k designates the 
unidirectional (trace~) flux from j to k. ~mc ~is the electrical potential difference across 
the mucosal membrane with reference to the mucosal so'ution; ~c, is the potential 
difference across the serosal membra~e witi~ reference to the cell interior; ~#,~ is the 
potential difference across the tissue with reference to the mucosal solution; hence, 
Ore, ---- ~'mc-l-~c,'P,~ and P, are the permeability coefficients of the mucosal and serosal 
raembranes, respectively, to an ion which, for the sake of simplicity, we will assume to 
be a monovalent cation. P is the "'overa~r' permeability coefficient of the epithelium 
for that ion; c~ is the concentration ofthe ion in compartment j;  and R, Tand Fhave 
their usual meanings. 

The permeability coe~cient of a monovalent cation across a homogeneous 
barrier may be defined in several equivalent ways [4, 10]. Thus, if diffusion is driven 
only by a concentration difference (i.e. when the potential difference is ~ ro )  

P = ~ / ~ c  ( l )  

where o r is the net flux and Ac is the concentration difference across the barrier. For 
diffusion c fa  monovalent cation driven only by an electr~,:al potential diflbrence, 

m C '~; 
I 

Jmc " Jcs .... " - ~  
/ 

Cm Pm Cc Ps Cs 

-,. "~-- Jsm 

Fjiz. I, An illustration of  the notations that are emp|oy¢(~ in th|s communication, 
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e = RzJIcra~ (2) 

where c :is tke concentration in the two surrounding solutions and ~ i.; the PD across 
the barriler. The signs of Ac and A~ in Eqns. 1 and 2 are chosen so that a positive net 
flux takes place from higher to ~ower concentration or from a higher to lower el~ctrical 
potential. 

When unidirectional trecer fluxes are determined, 

P = J~,,Icj (3) 

where o,rjk is the ~,.nidirectional flux fromj to k when ~j= = 0. As discussed in detail by 
Essig and Li [10], Eqn. 3 assumes the absence of isotope, interactions or coupling 
between the flow of the species under study and the flows of other solutes or solvent. 

Referring ~.o Fig. I, when at, uncharged solute diffuses from s to m, 

& = e,(e,--co) 
J.  = P. (co-c . )  and (4) 
. ,  = P ( e , - ~ , )  

where J, is the net flux across the serosal membrane; J~= is the net flux across the 
mucosal membrane; J is the net flux across the epithelium, and all fluxes are positive 
in the s.-to-= direction. From Eqns. 4 it is a trivial exercise to show that when a 
steady-state is achieved, so that 

y = J~ =J,, 

P = PmP=/(Pm-t-Ps) ,~5) 

Thus, under these circumstances, P is a valid measure of the permeabilities of the two 
limiting membranes combined in series. That is, i fP is determined from measurements 
of the net flux of an uncharged solute across the tissue driven by a transepithelial 
difference in concentration, the result is a physically meaningful measure of the 
permeabilities of the two limiting membranes to that solute combined in series. 
Stated othe~avise, if we could determine Pm and P, independently, P would be given by 
Eqn. 5. 

We rtow enquire whether the same is true for charged solutes whose movements 
are entirely diffusional, and three approaches will be explored (as mentioned above, 
for simplicity we will use the e.~amp!e of a monovalent cation). 

Determir~alion o f  net f luxes  
One approach to the evaluation of P from the measurement of net transepithe- 

lial! movements of an ion in response to differences in concentration and/or electrical 
po~tentiai is based on Eqn. 6 that can readily be derived from the theory of non- 
equilibrium or irreversible thermodynamics [11] 

P == J / ( A c + ~ F ~ j J R T )  (6) 

where Ae == e~--cj,  ~ ----- (cj~.ek)/2, and ~bjk = ~ - - ~ j ;  J is r,~sitive in the clirection 
k-to-j. It should be noted that the derivation of Eqn. 6 assumes that Ae is sm~ II so that 
~, the "average" concentration in the membrane, can be approximated by the arithme- 



tic mean of the two surrounding concentrations [11 ]. If Eqn. 6 is written for J,., Jr. and 
J (using the present notation) when Cm = c,,~t can be readily shown that 

P,. = Jml[(c~--c.,)+(C~ +cm)F(~bm--'p~)12RT] 

and 

e ,  = J , I  [(c~ -c,)+(c~ +c,~)F(~,°--~,)/2RTI 
T h  refore, wben J ,  = .& = J (i.e. the steady-state) (Recall that J is defined as positive 
in the s-to-m direction; i.e. J = J,m--Y,,,) 

e = (RTJIFcm$,,) 

but 

PmPJ(Pm+P,) = RTJ/[F~m,(Cm+Co)/2] 

Thus, P will equal P.,P,/(P~+P~) only when c¢ = Cm; this in general is not true 
for ions whose movements across epithelial tissues are entirely diffasional. 

A second approach is to evaluate net fluxes assuming that movements across 
the entire tissue and each of the two limiting membr~.nes conform to the Goldman 
"constant field" equation [12], viz. 

RT "[ l--exp (-F~jk/RT) J 

When Cm = c, ,  Eqn. 7 indicates that 

e = (RTJIFcm#/ms)  

(7) 

(8) 

However when Eqn. 7 is written for Jm and J,  and the.,e equations are solved for pm 
and Ps we find that 

P,,PJ(Pm+e,) = [__~RT.rlF ] 
L$~,,x4-~,,YJ 

where 

x = r c o - c -  exp (-F,°,/Rr!I 
L ! -  exp (--F~/mJRT) .J 

and 

F.,-~o exp (--F~o,,'RT)] 

It follows that, P = PmPs/(Pm+Ps) only when c~ = cm; this condition is 
identical to that derived above. Thus, in general, the value of P determined from an 
analysis of net fluxes across an epithelium in response to an imposed potential differ- 
ence using the ,constant field" flux equation does not accurately reflect the combined 
Pm and P,. 
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O,;terminmion o f  unidire:tionai fluxes 
In the absence of isotope +ntcractions, or co,,~pling to flov,+ of oth~:r solutes or 

solvent, the un:,directional ([iffusionaI flux o f a  monovalent catioa from k-to-j is given 
by [3, 4, 10, 13, 14] 

• ~ F+++/J~T / 
s,:j = o~+ t ~ ~ - - i J  (9) 

where, according to eql:h 3, oJkj/c k ---- P. #++s shown by Schultz +~.nd Zalusky [3], for 
small values of~jk Eqn. (9) can be approxi:nated by 

J~+ = j ~ j  exp (F, jj2P.r) (1o) 

{when +jk = -t-50mV, tl~s approximation results in an error of less than 15~0, 
which is reasonably ++cceptable given the usual experimental etTors ~nvolved in 
unidtirectional flux determinations). 

Thus, for a monowdent cation when c= --- e+ we may write (see Fig. 1) 

+r,c = -P=Cs exp (--F~bmJ,!F~T) 
J+m -~ PmC¢ exp (F~ ,J2RT)  

J~s ='= Psc~ exp ( - -F~J2RT)  (1 ~) 
Jse = Psc, exp (F*~s/2RT') 

ancL 

J+., = Pc, exp (F~,.,J2R: O (i2) 

Under steady-state conditions [ 1 5 ]  

Jsm = J~J+J(J~m-t'J~,) (13) 

se that, from Eqn. 1 ! 

---- F P, exp (F~c.J2RT) • Pm exp (F~=J2RT) 1 

or, since ~m, = ~mc+~c,, 

F P, em exp (r~.j2e~) l 
J+m/c, = LP, exp (---~;©s/2RT;).-I-fm exp (F~m'J2~)J (14) 

Thus when ~ s  : 0 (see Eqn. 3), oJsm/es (or P), in general, will not equal P~P,,J 
(P,"FPm) unless ~m+ --- ~cs =: 0". For those epithelial[ tissues studied to date, when 
~m, ----- 0 (i.e., short-cir,-uit condition) ~mc = -Oct ~ 0 (cf. ref. 16). It follows that 
the value of P detem~ned from unidirectionaJ flux measurements across epithelial 
tissues is not an accttrx:e measure of the "luml:ed" ,.cries array of P~ and P,. 

* I t  should  be not.~d that i f  Ymc ~ vp, s = 0 ~ c n  V~ ,  = O, then cm = cc = cs which  is the 
condi t ion  for P to be  equal  to PmP,/(Pm÷P,) w h e n  .P is determined from studies o f  net  transep- 
ithelial transport (Eqns.  6 a~d  '1). 
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Implications 
We now examine the consequences if (all J,m is transcellular and is given by 

Eqn. 14 but, (b) the relation I~etween ]sm and ~bm, is incolTectly described by Eqns. 3 
and 10, i.e. 

m == Pc. exp (F~.J2RT) (15) 

1 quating Eqns. 14 and 15 we see that 

P ----- PmPJ{Pm exp (FOmc/2RT)'~-P, exp (--F~J2RT)) (16) 

It follows that the P determined from the relation between Jm and ~bms (Eqns. 3, 10 
and 15) will overestimate the lumped permeability given by PmPs/(PM-t-Ps) (Eqn. 5) 
whenever ~mc < 0 and ~'cs > 0. In epithelia such as mammalian small intestine [17], 
rabbit gallbladder [4], and renal proximal and distal tubule [18], ~m:iS negative with 
respect to the mucosal or luminal solution; in all epithelia studied to date ~c, is 
positive (as defined) (c.f. ref. 16). 

Further, since P is a function of ~bmo and ~bcs it could be affected by experimen- 
tal conditions that do not affect Pm or P~. For example, a given agent may alter the 
perraeability of the mnco~al membrane to ion i, thereby changing the electrical 
resistance of that membrane and. thus the values of ~mc and ~c, at any (imposed) ~bms. 
This would result [n a change in P for ion j, determined using Eqn. 15, in spite of the 
fact that Pm and P, ~or ion j were not affected. Thus: the determination of P using Eqn. 
15 will not only result in a quantitatively erroneous estimate of PmPJ(Pm+Ps) but 
could also lead to qualitatively erroneous conclusions ~f diffusion is primarily trans- 
cellular.* 

In adt~ition, we see (Eqn. 14) that i fP  m and Ps .'Lre constant, a plot Of Jsm vs. 
exp (F~mJ2RT) will, in general, not be linear if the route of passive ionic diffusion is 
transcellular (i.e. the slope, which is determined by P, is a function of ~ms~. A non- 
linear plot might le~d one to conclude, incorrectly, that Pm Or P, are functions of O~s. 

Thus, the next questions are, how nonlinear would the relation between Js~ 
and exp (FrPmJ2RT) be if the diffusional flows are transcellular? Could nonlinearity vs. 
iinearity serve to distinguish between transcellular vs. paracellular diffusion? And, 
what errors would be introduced by incorrectly deducing a paracellular route if one 
cannot distinguish between traascellular and paracellular diffusion? 

These questions cannot be answered generally since the answers depend upon 
the relation between the electrical resistance of the mucosal membrane (Rm) and that 
of the serosal membrane (R,) as well as the relation between Pm and P r  Nevertheles~ 
we can illustrate the answers to these questions by using two examples. 

Assume that under shert-cireuit conditions, ~bmc ---- --45 mV and that R m = 
Rs; these assumptions are not unreasonable for leaky epithelia [17]. Then, if P= = 
P~, the true P given by P=PJ(P=+P,) should I~; Pro~2. However, i fP  is obtained from 
a plot of Jm vs. e~p (F~mJ2RT) we see from Table I (example a) thatP=/P is less than 
2 over the range 4-50 mV so that the value of,a determined from such a plot would 
overestimate the true permeability by more them a factor of 2. At the same time we 

* The same conclusion holds when P is determine[ from net transepithcl!al fluxes using Equs. 6 
or 7. Thus, any perturbation that affects Co will affect P in spite of th.~ fact that P~, and/or P. n=~! not 
I~ affected. 



187 

TABLE 1 

RELATIONS BETWEEN OVERALL AND ELEMENTAL PEKMEAJ~ILITIES 
Win,, Ym and ~cs are in mV. Pm/P is siren by Eqn 16. Plop is the calculated value of P~P norraalized 
to the value ,.rhea V,,, = 0 (i.e. the short-circuit condilion). As discussed in tl~ text, in both ex- 
amples we assume that Rm = R.. Example (It) is for the case when Pm= P. and example (b) is for 
the case when Pm= ~0 P.. 

V'm, 9'~¢ ~c~ Example (a) Example. (b) 

P~/P PloP PmJP PloP 

50 --20 70 0.96 1.12 7.2 1.53 
40 --25 65 0.93 1.08 6.6 ! .40 
30 -30 60 0.90 1.05 6.0 1.28 
20 --35 5~ 0.~8 1.02 5.5 1.17 
10 --40 50 0.86 1.00 5.1 1.09 

0 --45 45 0.86 1.00 4.7 ~.00 

--10 --50 40 0.86 1.00 4.4 0.94 
--20 --55 3~ 0.88 1.02 4.1 0.87 
--30 --60 3t ~ 0.90 1.05 3.9 0.83 
--40 --65 2~ 0.93 !.08 3.6 0.77 
--50 --70 20 0.96 !.12 3.4 0.72 

see that  the values of P norm.'dized to that observed when ~m~ =: O, (PloP), differ by 
less than 12 ~o over the range =kS0 inV. Thus, given a reasonable experimental error 
of =k.10 % in the determination of Jsm, a plot of  Jsm vs. exp (F~O~J2RT) would not 
deviate significantly from linea~rity. Hence, under these conditions one might conclude 
that  the route fer transepitheilial diffusion is extracellular and overestimate the true 
lumped transcellalar permeability by more than a factor of  2. 

If  Rm --=- it,  and P m =  10 P, (example b), PmP,/(Pm'kP,) = Pm/ll. The data 
given in Table I indicate that  a plot of J m  vs. exp (F~bm[2RT) should he discernably 
nonlinear when kbms] > 20 inV. However, if experiments are carried out within the 
range of =t=20 mV, nonlinearity may not  be apparent and the value of Pm/P of 4.1-5.5 
is considerably lower than " t rue"  value of 11. Ob'dously, if J~,, is determined at only 
two values o f ~ m  [8, 9] so that  nonlinearity cannot be detected, the use of  Eqn. 16 
(or Eqn. 9) would result in a significant overestimate of PmPJ(.P,,,q-Ps). 

CONCLUSIONS 

In summary, the diffusion of  solutes acros:g any epithelial tissue may involve 
transcellular movements and/or paraccllular movements; the former implies strictly 
diffusional mow,'ments across at  least two membzanes arranged in series. A funda- 
mental question is: can studies of  transepithelial movements in response to transepi- 
thellal conjugatt,' driving forces (i.e. electrical and/or  chemical potential differences) 
[11] provide direct information regarding the properties of  either or both routes? 
More specifically, if diffusion is transcellular and if Pm and P, are determined indepen- 
dently using Eqns. 6, 7 or 9 would the value of  P determined from studies of  transepi- 
the!;al diffusion be equal to PmP,/(Pm-kP.)? We ha~,e shown that:  
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(a) for uncharged solutes, if Pm and Ps are inde]~endent of concentration, the 
value of  P determined from studies of  t ransepithelia~ diffusion is given by PaPs/ 
(Pm'~P,). However, 

(b) permeability coefficients of  ions determined J~rom net transepithelial fluxes 
or unidirectional transepithelial tracer fluxes using Eqns. 6, 7 or 9, in general, are 
physically meaningful only if the movements are restricted to paracellular pathways 
and thus approximate flows across a single barrier. Thus, these approaches are, in 
general, likely to be most valid when applied to "leaky epithelia". 

(c) If  diffusional flows are trans~llular, permeability coefficients derived from 
equations that treat the epithelium as a single bar~ier raay sign:.ficantly overestimate 
the "overall" permeability of the transcellular rout,,: given by PmPJ(Pm+Ps). Further, 
the permeability coefficient determined using Eqn. 6, 7 or 15 may be influenced by 
conditions that do not affect Pm or Ps. The use of these equations to determine the 
permeability of the tissue to an ion may thus lead to grossly erroneous quantitative 
and qualitative conclusions. 

(d) Under some circumstances the relation between a untdirectional tracer 
flux (i.e. Jsm) and the transepithelial potential differen,:e (Ores) may appear to con- 
form with Eqns. 9 and 14, within experimental error, in spite of the fact that J.m is 
transcellul~r. This apparent coniormity can lead to an erroneous assignment of  the 
route for diffusion and an incorrect assessment of  the ~Iissue permeability. 

Finally, it should be apparent that: 
(a) tlle relation between a unidirectional transepithelial flux and the potential 

difference must be explored over a wide range of  potential differences; clearly, deter- 
minations of  J~m at only two potential differences cannot disclose a possible non- 
linear relation. 

(b) A non-linear relation between J,m and {(F~ms/RT)/[exp(F~ms/RT ) -  1 ]} or 
exp (F~/mJ2RT) need not imply interactions among tracer flow and the flow of the 
abundant species, other solutes or solvent; nonlinearities can result simply from the 
fact that passive transepithelial diffusion involves diffusional movements across two 
membranes arranged in series. 
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