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ABSTRACT The unidirectional influxes of Na, K, and C1 into isolated strips of

rabbit ileum are comprised of movements across the mucosal membrane of the

epithelial cells and ionic diffusion into an extracellular shunt pathway. A large

fraction of the Na influx across the mucosal membrane alone is inhibited by Li,

suggesting the participation of a carrier mechanism in the influx process. The

partial ionic shunt conductances of Na, K, and C1 account for at least 82 % of

the total tissue conductance. The calculated shunt permeabilities (P) are (in

centimeters per hour) P = 0.040, PN = 0.035, and Pcl = 0.019, so that

Px:PN:PclI = 1.14:1.00:0.55. Diffusion potentials across the tissue resulting

from isotonic replacement of NaCl in the mucosal solution with mannitol or

KC1 are described by the Goldman constant-field equation together with the

above permeabilities of the shunt pathway. These observations are not con-

sistent with permeation through a fixed-charge pore but can be explained by a

model featuring constant ionic partition into a neutral-polar pore that tra-

verses the tight junction. Such a pore may be lined with either fixed dipoles or

fixed dipolar ions oriented such that electronegative groups influence the

permselective properties of the diffusion pathway. The essential feature of both

models is that electroneutrality is maintained by means of fixed membrane com-

ponents and does not depend upon the presence of mobile counterions.

In recent years, increasing attention has been focused on the role of trans-

mural, extracellular pathways in the transport of solutes and water by a

variety of epithelial tissues. However, the conductance properties of these

pathways have not been defined directly because studies of transmural ionic

fluxes, diffusion potentials, or streaming potentials do not clearly distinguish

between the properties of extracellular and transcellular routes for ion flow.
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As a result of recent studies of the electrical potential profile across rabbit

ileum, Rose and Schultz (1) have suggested an equivalent electrical circuit

model for this tissue that features a low-resistance, transepithelial, extracellu-

lar shunt. The relative resistive properties of the shunt and of the mucosal

and serosal cell membranes suggested the present investigation which is con-

cerned with a direct evaluation of the partial ionic conductances of the extra-

cellular pathway. Evidence is presented that at least 85% of the transmural

conductance can be attributed to this extracellular pathway, and the implica-

tions of these findings with respect to the interpretation of transmural elec-

trical potential differences are discussed.

THEORETICAL CONSIDERATIONS

The essential resistive elements of the model proposed by Rose and Schultz

(1) are illustrated in Fig. 1. R' is the resistance of the mucosal membrane,

MUCOSAL SEROSA L SEROSAL
SOLUTION EPITHELIAL CELL TISSUES SOLUTION

J, -R, C R;

I l

R', is the combined resistance of the serosal membrane and the underlying

serosal tissues, and R'L is the resistance of the parallel, transmural shunt. The

electrical potential difference () across the mucosal membrane, '.mc , aver-

ages 36 my, cell interior negative (1).' Studies of the relative resistances of

R', and R', performed by passing a 200 Aa pulse of direct current across the

tissue during a successful cell impalement, indicate that the change in 4mc in

response to an external current in the unstripped preparation is less than 10%

of the change in total transmural potential difference, " ma; the average A'I,/

Am, in eight determinations was 0.07 ± 0.01. Thus, the effect of an external

transmural current on 'Pm is very small compared to its effect on Ak..

The underlying assumption of our approach is that the unidirectional influx

of a charged species from the mucosal solution into the epithelium is com-

posed of at least two parallel components (Fig. 1). One component, J 

represents the unidirectional influx across the mucosal membrane. This

1 All electrical potential differences are given with reference to the mucosal solution (zero electrical

potential). Thus, Ima = TI - Tm and --' = ic - T
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component, which itself may be comprised of carrier-mediated as well as

diffusional flows, is assumed to a first approximation to be unaffected by

small changes in I',mc. The second component, Jd, represents the unidirec-

tional influx into the transmural shunt pathway. This component is assumed

to be due to ionic diffusion and, therefore, to be directly affected by ,..

Schultz and Zalusky (2) have demonstrated that the unidirectional diffusional

flow of a charged species is closely approximated by

Jd = oJd [exp (zSI,,m/RT)]- 1/2 (1)

where Jd is the unidirectional flux at any I,,m and Jd is the unidirectional

flux under short-circuit conditions. 5, R, T, and z have their conventional

meanings. The error of this approximation is less than 6% over the range

m,, = 425 mv and is 13% when TI, = ±-50 mv. This approximation is

adequate for the present purposes (because the underlying assumptions have

important bearing on the subsequent discussion, this derivation is given in

the Appendix).

If these assumptions are correct, the unidirectional influx (J) of a charged

species, i, should be given by

= J + oJi' (2)

where E = exp (zi\mEf/RT). Thus, J should be a linear function of -1/2

with an intercept on the ordinate that corresponds to J, and a slope that

corresponds to oJd. As discussed previously, for a univalent ion, oJd in micro-

moles per hour per square centimeter is numerically equal to the partial

ionic conductance of the charged species expressed in millimhos per square

centimeter (3).

METHODS

Male white rabbits were sacrificed with intravenous pentobarbital and a section of

terminal ileum was excised, opened along the mesenteric border, and rinsed free of

intestinal contents. The segment was mounted as a flat sheet, mucosal surface up, in

the apparatus shown schematically in Fig. 2. This apparatus permits exposure of

defined areas (1.13 cm2 ) of the mucosal surface to solutions of desired composition;

the serosal surface rested on nylon mesh and was in direct contact with a serosal
solution whose composition was identical to that of the mucosal solution. The nylon
mesh supported the tissue and permitted its prompt removal from the chamber at

the completion of the experiment. The serosal solution was continuously stirred with
a magnetic stirring bar, and the mucosal solution was bubbled vigorously with a fine
stream of humidified 95% 02-5% CO 2. All experiments were performed at 370C;
the buffered electrolyte solution contained 140 mM NaC1, 10 mM KHCOa, 1.2 mM

K 2HPO 4, 0.2 mM KH2PO 4, 1.2 mM CaCl 2, and 1.2 mM MgCl2 and had a pH of 7.4.
In several experiments, NaCl was partially replaced with an isosmotic equivalent of
choline chloride, LiCI, or Na 2SO 4 plus mannitol.
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FIGURE 2. Schematic diagram of a portion of the apparatus used for measuring unidi-

rectional ion influxes under voltage-clamp conditions. A single port is shown; the com-

plete apparatus consisted of four ports in a row. Using two chambers of this type per-

mitted eight influx determinations on tissue from the same animal.

Electrical Measurements

The tips of Ringer-agar bridges (1.6 mm I.D.) were placed adjacent to each surface

of the tissue as indicated in Fig. 2, and the potential difference (PD) between these

bridges was measured by a pair of matched calomel electrodes leading to a high-

impedance electrometer (Kiethley Instruments, Inc., Cleveland, Ohio, model 692A).

External current was applied via agar bridges inserted into the cap of the mucosal

chamber and the base of the serosal reservoir. Each current bridge was connected

via an Ag-AgC1 electrode to a variable electromotive force. The magnitude of the

applied current was determined using a Weston DC microammeter (Weston Instru-

ments, Newark, N.J.). In this manner, sufficient external current could be applied

to voltage clamp the tissue over a wide range of transmural PDs (50 my). Since

rabbit ileum is a low resistance tissue (1, 2), the resistance of the bathing solution be-

tween the PD recording bridges and the tissue surfaces is significant. Therefore, the

resistance of the fluid gap was evaluated in the absence of tissue and all values of 'm

were corrected for the potential drop across this fluid resistance.

Voltage-Clamp Influx

The technique used to measure the unidirectional influx of solute from the mucosal

solution into the epithelium has been described (4). Tissues were preincubated for ap-

proximately 15 min using mucosal and serosal solutions having the same composition

as that used for the influx determination. During this time, the DC resistance of the

system was determined, and immediately before the influx measurement the trans-

mural PD was clamped at a constant value. The mucosal preincubation solution was

then withdrawn and replaced by a test solution containing inulin-3 H and either
22Na, 

36Cl, or 42K via a fluid inlet adjacent to the mucosal recording electrode. As the

test solution was injected into the mucosal chamber, the transmural PD rose rapidly
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to the value at which the tissue was previously clamped and remained constant during

the 50 sec exposure to the mucosal solution. The mucosal solution was then withdrawn,

the chamber was flushed with ice-cold, isotonic mannitol solution, and the exposed

area of tissue was cut out, washed briefly in 0.3 M ice-cold mannitol solution, and

extracted for at least 2 hr in 0.1 N HNOa. The unidirectional ion influx was calculated

from the tracer content of the tissue after correction for the volume of adherent test

medium as given by the inulin-3 H "space" (4, 5). In several experiments the serosal

solution was withdrawn before removal of the tissue and assayed for tracer activity.

The absence of serosal radioactivity indicated that all of the tracer that entered the

tissue from the mucosal solution was retained within the tissue during the brief test

period.

It should be noted that the O-ring illustrated in Fig. 2 prevents crushing of the

tissue between the Lucite half chambers. Thus, measurements of tissue resistance and

influx are not complicated by "edge" effects. The average tissue conductance in these

experiments (10 mmho/cm2 ) is only 60% of that reported by Schultz and Zalusky

(2) and edge effects may have contributed to the higher conductance observed in

these earlier studies.

Diffusion Potentials

Flat sheets of ileum were clamped between the halves of the chamber illustrated in

Fig. 2. The tissue was bathed on both sides by the standard electrolyte solution con-

taining 10- 3 M ouabain, and ltme was recorded as described above using 3 % agar

bridges containing the standard electrolyte solution. After approximately 45 min, the

spontaneous *m,, had declined to zero, and the composition of the mucosal solution

was then serially diluted with electrolyte solutions in which either 300 mM mannitol

or 150 mM KC1 replaced 150 mM NaCl. The absence of an initial transmural PD

was taken to indicate that active ion transport by the tissue had ceased (2) so that

the transmural PDs resulting from changing the composition of the mucosal solution

reflected only diffusion potentials across the tissue. The values reported are steady-

state values that were achieved within 1 min after changing the composition of the

mucosal solution; these values remained constant for the 5 min interval between

serial dilutions.

The experimental data are complicated by asymmetric junction potentials, arising

at the tips of the potential-measuring electrodes, which can neither be measured

directly nor calculated satisfactorily. This asymmetry could have been minimized

through the use of saturated KCl-agar electrodes; however, because of the small

volumes of the mucosal and serosal solutions, leakage of KC1 from these electrodes

would have significantly altered the composition of the bathing solutions and this

approach was precluded. The following procedure was employed in order to circum-

vent this problem. A sheet of Parafilm (American Can Co., Neenah, Wis.) was

mounted between the half chambers and the mucosal and serosal compartments

were filled with the standard electrolyte solution. The two compartments were con-

nected by means of a saturated KCl-agar (salt) bridge and the PDs were determined

during serial dilution of the mucosal solution using agar electrodes containing the

standard electrolyte (Ringer) solution. These PDs include (a) the asymmetry at the
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Ringer-agar junctions plus (b) the difference between the junction PDs at the two ends

of the saturated KCl-agar bridges. Subtraction of these data from the observed

transmural PDs eliminates the large asymmetry arising from the Ringer-agar elec-

trodes and substitutes, in its place, the much smaller asymmetry arising from the

saturated KCl-agar bridge (i.e., the results are formally identical with what would

have been observed had saturated KCl-agar electrodes been employed in the deter-

mination of transmural PDs). As discussed by Caldwell (6) and demonstrated by

Picknett (7), these corrected PDs are not likely to be in error by more than 1-2 my.

RESULTS

Voltage-Clamp Ion Influxes

SODIUM The relation between the unidirectional influx of Na, from a

mucosal solution containing 140 mM Na, and 'm, (expressed as -/2) is

illustrated in Fig. 3. The data are described by a regression line having a

slope (J]) of 4.9 - 0.9 (SE of the mean) Aumole/cm 2 per hr and an intercept

(J:a) of 16.2 mole/cm 2 per hr. All regression lines reported are significant

at the P < 0.01 level. Although there is considerable scatter of these data,

further inspection indicated that the points from single experiments tended

to fall into populations having similar slopes but different intercepts. For

example, the data from a single experiment on eight adjacent segments of

32
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FIGURE 3. Effect of 'm, on sodium influx. [Na], = 140 m.
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tissue from the same animal are plotted in Fig. 4; the slope of the line is

identical with that of the line shown in Fig. 3. However, the standard error of

the intercept in Fig. 3 is three times that of Fig. 4, suggesting that the scatter

in Fig. 3 results from animal-to-animal variation in J:'; that is, in the frac-

24

22

20

N- 18

e 16
0

E

t 14

z 12

10

[No] = 140 mM

.

0.5 1.0 1.5 2.0
-1/2

FIGURE 4. Effect of Tm,, on sodium influx. The data are from a single experiment on

tissue from the same animal.
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FIGURE 5. Effect of J,'m on sodium influx. NaCI was partially replaced with choline

chloride. [Na]m = 28 mm.

tion of Na influx that crosses the mucosal membrane. The values for J7'

obtained in these studies are in excellent agreement with those obtained using

the influx apparatus that does not feature a serosal chamber (4).

The effect of 'm, on Na influx at an Na concentration, [Na]m, of 28 mM is

illustrated in Fig. 5. NaCI in both mucosal and serosal solutions was partially

replaced with choline chloride. The linear regression analysis gave values

for oJN' and J:N of 1.0 and 3.1 /umole/cm
2 per hr, respectively. These values

are approximately one-fifth those observed in the presence of 140 mM Na,
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indicating that both components of Na influx are linear functions of the Na

concentration in the mucosal solution over the concentration range em-

ployed. These findings are consistent with previous observations that J,

under open circuit conditions, is a linear function of mucosal Na concentra-

tion (8).

Although JNa is directly proportional to the Na concentration in the mu-

cosal solution, Schultz et al. (4) have suggested that the entry of Na into the

mucosal cell across the brush border may not be entirely attributable to

simple diffusion since a substantial fraction of Na influx can be inhibited by

Li or K in the mucosal solution. They suggested that these observations could

be explained by a carrier-mediated entry step with affinity for Na, K, and Li

which cannot be saturated at prevailing mucosal Na concentrations. If this

[No] = 28 mM
5- [Li]= 112 mM

E
3

E 2

i I I I I l

0.5 1.0 1.5 2.0 2.5 3.0

FIGURE 6. Effect of t,,. on sodium influx. NaCI was partially replaced with LiC.

[Na], = 28 m.

is correct, Li would be expected to inhibit J:' without affecting Na influx

into the extracellular pathway. Fig. 6 shows the results of experiments

identical to those of Fig. 5, except that 112 mM LiCl was used as the partial

replacement for NaC1. These results show that replacement of choline with Li

has no significant effect on oJ~, whereas J:' was inhibited by 27% in the

presence of 112 mM Li (P < 0.01).

To evaluate the fraction of J:' that is subject to inhibition by Li, J" was

determined from isosmotic mucosal solutions containing 28 m Na and vary-

ing concentrations (0-112 mM) of Li; the Li concentration was varied by

replacing choline with Li.2 The relative Na influx is plotted as a function of

1/[Li]m in Fig. 7. Clearly, relative Na influx decreases with increasing [Li]

and extrapolation of the line to the ordinate suggests that 37% of Na influx

is not subject to inhibition by Li (e.g. this is the residual influx in the presence

2 Influxes in the presence and in the absence of Li were determined on adjacent segments of tissue

from the same animals. These internally controlled experiments provide a more reliable quantitation

of the inhibitory effect of Li than does comparison of the intercepts of Figs. 5 and 6.
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FIGURE 7. Effect of lithium on sodium influx. Each point is the average of four determi-

nations of Na influx under open-circuit conditions.

of infinite [Li]m). The data in Figs. 5 and 6 suggest that if JN' were subject to,

complete inhibition by high concentrations of Li, only that portion of the total

influx equal to Jd' would remain unaffected. When [Na], = 28 mM, ,m is

close to zero (2) so that -11/2 _ 1. From Fig. 5, when 5-1/2 1, Jd = 1.0

/mole/cm 2 per hr and J." = 3.1 #jmole/cm2 per hr. Thus, if Ja = when

[Li], = , the residual Na influx would be 25% of the influx in the absence

of Li. This does not differ markedly from the value of 37% deduced from the

extrapolation in Fig. 7 and is consistent with the conclusion that 85% (2.6

#smole/cm2 per hr out of 3.1 /umole/cm 2 per hr) of J:' is subject to inhibition

by Li. In view of the fact that Na influx is not a saturable function of [Na]m,

there is no formal kinetic treatment that describes competitive interactions.

Thus, the plot shown in Fig. 7 is entirely empirical and there is no rigorous

justification for the linear extrapolation. However, it should be noted that

50% inhibition of Na influx was observed in the presence of 112 mM Li, so

that even if no greater inhibition could be produced by higher Li concentra-

tions, at least 66% of J: ' would be subject to inhibition by Li.

CHLORIDE The effect of *I,' on Cl influx from a mucosal solution con-

taining 145 mM Cl is illustrated in Fig. 8. The linear regression analysis of

these data gives values for oJC' and Jcl of 2.8 and 10.3 /mole/cm 5 per hr,

respectively.

Measurements of Jc' vs. E,, were also obtained following reduction of

mucosal chloride concentration to 50 mM by isosmotic replacement with
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Na2SO 4 and mannitol; the results of these experiments are shown in Fig. 9.

There is a proportional decline in oJd'L to a value of 1.0 Amole/cm' per hr, a

result consistent with a diffusional process. In contrast, J"L does not undergo

a proportional decrease at the reduced chloride concentration; a 65% reduc-
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FIGURE 8. Effect of,, on chloride influx. [Cl],, = 145 mM.
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FIGURE 9. Effect of m,, on chloride influx. [Cl], = 50 mM.

tion in [C1], results in only a 37% decrease in Jl', which suggests that the

influx of chloride across the mucosal border is a nonlinear function of [Cl]m.

These observations are consistent with other data obtained in this laboratory

which indicate that C1 influx across the mucosal membrane is a saturable

function of [Cl], that conforms to Michaelis-Menten kinetics (Frizzell,

Markscheid-Kaspi, and Schultz, unpublished observations).
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smaller ordinate. All data are corrected for junction potentials as described in Methods.

The solid curves are obtained using equation 6 and the data given in Table I.
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POTASSIUM Potassium influx as a function of T,/, is shown in Fig. 10.

These experiments were carried out using the standard electrolyte solution

with a K concentration of 12 m. The regression line describing these data

indicates that Js = 2.5 mole/cm2 per hr and oJK = 0.48 limole/cm2 per

hr.

Diffusion Potentials

The effects on T,,8 of replacing NaC1 in the mucosal solution either with

mannitol (so that both [Na], and [C1], are reduced), or with KCI are illus-

trated in Fig. 11. In these experiments, 10-3 M ouabain was included in the

perfusion solutions and replacements commenced after the spontaneous I',,

(3-5 my) had declined to zero. This procedure assures that the effects of Na

(or NaCi) replacement can be attributed entirely to diffusion potentials un-

complicated by the effects of a reduced [Na] on the spontaneous t, (2).

Qualitatively similar results have been observed in a few experiments in which

the spontaneous ,ms was low (about 1-2 my) and treatment with ouabain was

omitted. When NaCl in the mucosal solution was replaced isosmotically with

mannitol, the mucosal solution became electrically positive with respect to

the serosal solution. In contrast, replacement of Na in the mucosal solution

with K had a smaller effect on ,.ms and the mucosal solution became electri-

cally negative with respect to the serosal solution. The significance of the

curves will be discussed later. Qualitatively similar effects have been observed

using rat (9) and tortoise (10) small intestine and rabbit ( 11) and fish (12) gall

bladder.

CONCLUSIONS

Justification of the Model

As discussed above, this approach is based on the assumption that the total

unidirectional influx from the mucosal solution into the epithelium across

the luminal surface may be subdivided into two parallel components: (a) a

component, Jm, that represents movement across the mucosal membrane of

the epithelial cells and is not significantly affected by small changes in c,,
and (b) a diffusional component, Jd, that enters a transepithelial, extracellu-

lar pathway and is directly influenced by an imposed, transepithelial electri-

cal field. Several experimental observations support this assumption:

(a) Simultaneous measurements of 4 ,mc and Tm during passage of a direct

current across the tissue indicate that Ai'mc/A{ms = 0.07. Thus, voltage

clamping the tissue over the range 50 my affects the spontaneous T,c by

only 43.5 my. The average c,, in the absence of an external current is 36 4-

7 (SD) my (1). Thus, the largest currents employed in these studies did not

alter T., by more than 10%, an effect that is within one standard deviation

from the average spontaneous ,me and is not expected to significantly in-
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fluence the unidirectional influxes of monovalent ions (see equation 1). It

should be stressed that this assumption does not imply that J is unaffected

by electrical fields across the mucosal membrane, but rather that the external

currents employed in these studies are insufficient to produce large changes

in T.mc.
(b) Na influx from a solution containing 28 mM Na is significantly lower

when Li is used to replace Na than when choline is employed as the substitute

cation (4). This inhibitory effect of Li is restricted to JN'. In contrast, 0oJ is

unaffected by the nature of the substitute cation and is proportional to the

Na concentration in the mucosal solution as would be expected for ionic

diffusion.

(c) Cl influx across the luminal surface of rabbit ileum is a nonlinear func-

tion of the Cl concentration in the mucosal solution and may be described by

a saturable component plus a linear component (Frizzell, Markscheid-Kaspi,

TABLE I

ION FLUXES ACROSS MUCOSAL MEMBRANE AND INTO SHUNT PATHWAY

Ion, [ Jm old Pi

tpmole/cnm per hr mol/rm2 pei hr cm/h

Na, 140 mu 16.243.7 4.940.9 0.035

Na, 28 mm 3.140.1 1.040.1 0.036

Cl, 145 mm 10.3-0.8 2.8-0.1 0.019

C1, 50 m 6.540.1 1.040.1 0.020

K, 12 mm 2.5+0.1 0.4840.01 0.040

and Schultz, unpublished observations). The present studies indicate that

JO1~ is not linearly related to the Cl concentration in the mucosal solution but

that oJ is. These findings are consistent with the conclusion that the non-

linear component is restricted to influx across the cell membrane whereas in-

flux into the extracellular shunt pathway is attributable to ionic diffusion.

Thus, it is reasonable to conclude that the underlying assumptions of this

approach are valid and that the slopes of the lines shown in Figs. 3-6 and 8-10,

and summarized in Table I, provide direct measurements of the partial ionic

conductances of the transepithelial shunt pathway to Na, C1, and K. Addi-

tional evidence in support of this conclusion is presented later.

Shunt Conductance

When ,,m, = 0, Jd (expressed in micromoles per hour per square centimeter)

is numerically equal to the partial ionic conductance (G) expressed in milli-

mhos per square centrimeter (3). Thus, for the shunt pathway (in the pres-

ence of the standard electrolyte solution), GNa = 4.9 mmho/cm2 , Gel = 2.8

mmho/cm2 , and G. = 0.48 mmho/cm2 . The total tissue conductance in these
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experiments averaged 10 mmho/cm 2 so that at least 82% of the total tissue con-

ductance can be attributed to the combined movements of Na, Cl, and K

through the transepithelial shunt pathway.a Assuming that an additional

0.3-0.5 mmho/cm2 can be attributed to the combined movements of HCOs,
HPO4, H2PO4 , Ca, and Mg, the total conductance of the shunt pathway

would account for at least 85% of the total tissue conductance. Thus, the re-
sistance to transcellular ionic movements is at least six times the resistance

of the extracellular pathway. Since the resistance of the shunt is at most 120
ohm-cm 2 , the resistance of the transcellular pathway is at least 720 ohm-cm2 .

The permeability coefficient of the shunt pathway to an ion, i, may be de-

fined by

Pi = OJd/[i]m. (3)

This definition has the advantages that Pi : (a) is an unambiguous, pheno-

menologic coefficient (a unidirectional rate constant) that is readily deter-
mined experimentally, (b) is not influenced by electrical asymmetries across

the barrier, and (c) is therefore closely analogous to permeability coefficients

of nonelectrolytes determined from tracer studies. Thus, PK = 0.040 cm/hr,

PNa = 0.035 cm/hr, and Pci = 0.019 cm/hr, and P:PN:PCI = 1.14: 1.00:
0.55. Further, as shown in Table I, PN and Pc] appear to be independent of

the concentrations of these ions in the mucosal solution and Pcl appears, in
addition, to be independent of ionic strength.

The observations that P, _ PNa and that the total tissue conductance is

almost entirely attributable to the conductance of the shunt pathway are
consistent with the observations that (a) replacement of Na in the mucosal

solution with K does not result in a large transmural diffusion potential, and

(b) replacement of Na in both bathing solutions with K does not significantly
affect total tissue conductance (13).

The limiting equivalent ionic conductances (X) of K, Na, and Cl in free
solution at 250C are related as follows:

XE:XNa:XCI = 1.4: 1.0: 1.4.

Thus, for the shunt pathway, PK/PN, is only 20% smaller than K/XN., in-

dicating that this pathway does not discriminate markedly between these two

cations. This observation suggests that the shunt pathway affords a watery

environment for ionic diffusion and that Na and K traverse this pathway in

s The two principle methodologic errors that may influence these measurements are (a) small devia-
tions from linearity in the relation between tracer uptake and time, and (b) tracer loss from the shunt
pathway during the brief (3 sec) wash with ice-cold mannitol solution. Both of these errors would re-
duce our estimates of oJd so that these values must be considered minimal estimates. These errors
cannot be very large because the combined partial ionic conductances cannot exceed 10 mmho/cm 2

and some contribution must derive from the transcellular route. Further, these errors are not likely
to affect our estimates of relative permeabilities.
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their hydrated forms. In contrast, Pcl/PNa is 2.5 times lower than the ratio

that would be predicted on the basis of free solution mobilities. A possible ex-

planation for this relative restriction on Cl permeability will be discussed be-

low.

In summary: as suggested previously (1), the low transmural resistance of

rabbit ileum does not appear to be a consequence of low resistance cell mem-

branes, but instead results from the presence of extracellular shunt pathways.

Only a small fraction of the total tissue conductance can be attributed to ion

flows across the mucosal and serosal membranes; the remainder (at least 85%)

is a consequence of ion movements through high conductance extracellular

pathways. The remainder of this paper is largely concerned with an analysis

of the manner in which these high conductance pathways influence the in-

terpretation of transmural ionic fluxes and electrical potential differences.

Transcellular and Extracellular Routes of Sodium Transport

Previous studies have shown that the volume-average intracellular Na con-

centration is 40-50 mM (14) and that the cell interior is approximately 36 mv

negative with respect to the mucosal solution (1). Thus, entry of Na into the

cell from the lumen appears to take place down an electrochemical potential

gradient. Nevertheless, the present results add to the evidence that this entry

process cannot be attributed to simple ionic diffusion. Previous observations

indicated that Na influx is inhibited by high concentrations of Li or K in the

mucosal solution and suggested the participation of a carrier mechanism in the

influx process (4). The present results permit the distinction between Na in-

flux across the cell membrane and diffusion of Na into an extracellular shunt.

The latter is unaffected by Li whereas the former behaves as if it is largely

subject to inhibition by Li. If the extrapolation in Fig. 7 is valid, 85% of Na

influx across the brush border (J:S) is subject to inhibition by Li. Preliminary

observations in this laboratory indicate that this effect cannot be attributed

to an effect of Li on the transmucosal PD. Thus, these data strongly suggest

that a large fraction of the Na influx across the brush border is mediated by a

carrier mechanism in spite of the observations that influx is (a) a linear func-

tion of the Na concentration in the mucosal solution up to 140 mM and (b) di-

rected down an electrochemical potential difference. Recently, Rotunno et al.

(15) and Biber and Curran (16) have directly examined the unidirectional Na

influx across the outer surface of isolated frog skin and have obtained evidence

that this process is also mediated by a carrier mechanism that is subject to in-

hibition by K and Li.

Schultz and Zalusky (2) demonstrated that the unidirectional transmural

flux of Na from the serosal solution to the mucosal solution, JN., conformed

to equation 1, was unaffected by ouabain, and, thus, appeared to be entirely

attributable to simple ionic diffusion. This, alone, suggested (4) that most if

not all of J~ takes place through a shunt pathway; any major transcellular
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contribution to J would be influenced by intracellular Na (which is affected

by ouabain) and by at least four unidirectional Na fluxes (4) so that close con-

formity with equation 1 would be unlikely. Under short-circuit conditions,
JNa varied from 5 to 7 /umole/cm2 per hr and averaged 6.1 tumole/cm2 per hr.

This value does not differ significantly from the value for Jd' of 4.9 4- 0.9

/Amole/cm2 per hr. This agreement corroborates the view that most if not all

of the Na flux from serosa to mucosa takes place through the extracellular

pathway and that there is little or no transcellular contribution to this "back-

flux." Since the unidirectional flux of Na from the cell interior to the mu-

cosal solution across the brush border is quite large (e.g. JNC - J = 13-2 =

11 Iumoles/cm2 per hr) (see Fig. 7 of reference 4), this must mean that there is

little or no entry of Na from the serosal solution into the cell across the serosal

or lateral membranes. This implies complete, or near-complete, rectification

of Na transport across the membrane that appears to be responsible for active

Na transport from mucosa to serosa and is consistent with the model pre-

sented by Clarkson (17) and the more recent conclusions of Civan (18) for the

case of isolated toad urinary bladder.

Indeed, the picture that emerges from these studies closely resembles the

dual-pathway model for rat ileum proposed by Clarkson (17). According to

that model, the epithelium can be described in terms of two parallel path-

ways: one that permits only passive transport of ions and another that permits

only active ion transport. The passive pathway behaves as if it consists of water-

filled channels lined with negative fixed charges and was assigned an extra-

cellular location. The transference numbers of Na and Cl across the entire tissue

in Clarkson's studies were 0.51 and 0.44, respectively; these values are in good

agreement with the transference numbers of Na and Cl in the shunt pathway
alone, derived from the present studies, of 0.60 and 0.34, respectively. The

principle difference between the present model and that suggested by Clark-

son is that we propose that the two parallel transepithelial pathways consist of

a transcellular pathway and an extracellular pathway. The latter is restricted

to ionic diffusion (and convection), whereas the former may feature diffusional

as well as nondiffusional (e.g. carrier-mediated, active transport, etc.) trans-

port processes. However, because of the relatively high conductance of the

extracellular pathway, transepithelial ionic diffusion will be dominated by

movements through this channel and will overshadow diffusion through the

transcellular pathway. In the limiting case when the resistance to ion diffusion

across either the mucosal or the serosal membrane is infinite, the present model

is identical with that proposed by Clarkson. As discussed above, this, to a first

approximation, appears to be the case for transmural Na transport.

Transepithelial Electrical Potential Differences

With few possible exceptions (19), all epithelial tissues that are involved in the
net transport of ions and water are characterized by "spontaneous" trans-
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epithelial electrical potential differences even when both surfaces of the tissue

are bathed with solutions having identical compositions. There is abundant

evidence that these PDs are somehow related to the processes responsible for

transmural ion and water transport, and inhibition of these processes by means

of ion replacements, metabolic inhibitors, or ouabain abolishes the PD. How-

ever, the precise origins of these PDs have proved to be elusive and represent

one of the more perplexing problems in membrane physiology. Unfortu-

nately, the results of this and of previous studies do not permit a clear resolu-

tion of this problem for the case of rabbit ileum but instead provide some in-

sight into the complexities that confound this issue.

RI E, E S R

m s s

EL

FIGURE 12. Equivalent electrical circuit for rabbit ileum proposed by Rose and Schultz

(1). Em , E,, and EL designate electromotive forces operating across the mucosal mem-

brane, serosal membrane, and shunt pathway, respectively; R1, Rs, and R5 are the in-

ternal resistances of these batteries, and R2 , R4, and Re are the shunt resistances across

the mucosal membrane, serosal membrane, and the extracellular pathway; m, c, and s

designate the mucosal, intracellular, and serosal compartments, respectively.

The influence of high conductance shunt pathways on transepithelial PDs

can be readily analyzed in terms of the equivalent electrical circuit model for

rabbit ileum, recently proposed by Rose and Schultz (1), that is illustrated in

Fig. 12. This model differs from that described by Boulpaep (20) for renal

tubular epithelium only in that provision is made for the generation of diffu-

sion potentials in the shunt pathway through the inclusion of EL (the electro-

motive force operating across the shunt pathway). According to this model

,, = [(ER, - EmRm)RRL/RI + ELRL(RIRm + R3aR.)/R] (4)

where
R. = R2 /(R1 + R2)

R. = R4 /(R3 + R4)

RL = Re,(Rs + R6)
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and

R = R1Rm + RR,. + RsRL.

According to equation 4, a transmural PD can arise from a difference be-

tween EmRm and E.R, (note that both Rm and R. are unitless and must have

values between zero and unity) and/or from EL . In the presence of a low re-

sistance extracellular shunt RRL << (RRm + R3R), so that (EmRm - ER,)

is markedly attenuated and ELRr. is only slightly affected. Clearly, when

RsRL << (RIRm + RaR,), Em,, will be dominated by ELRL . As RRL/(RlRm +

R$R,) approaches zero, I, approaches ELRL , and when R6 approaches zero,

EI,, will approach zero regardless of the magnitudes of the electromotive

forces in the system. Clearly, the finding of a low or "negligible" spontaneous

EIm across an epithelial tissue sheds no light on the magnitudes of, or difference

between, Em and E,. Further, small changes in , can be the result of pro-

found changes in Em and/or E, and cannot be safely ignored. For rabbit

ileum, the present data indicate that

I m.a-- 0.15 (EmRm - ER.) + 0.85 ELRL. (5)

If the above considerations and the interpretation of the present data are cor-

rect, diffusion potentials across the tissue should closely correspond to diffusion

potentials generated in the shunt pathway, ELRL, whereas the contributions

of changes in Em (or E.) to the transmural PD should be sharply attenuated.

Diffusion potentials across biological membranes that are permeable to Na,

K, and C1 are most frequently described by the Goldman-Hodgkin-Katz (21,

22) equation. The applicability of this equation to the present data will be

discussed further below. Thus, for the shunt pathway, we may write

RT PK[K], + PN,[Na]m + Pcl[C1],
EJRL= -. (6)

5 Pt[K], + PN,[Na], + Pcl[Cl],

This equation was originally derived assuming that (a) the ion concentrations

within the membrane at both interfaces are directly proportional to those in

the adjacent solutions (i.e. constant partition coefficients), (b) ionic mobilities

remain constant within the membrane, and (c) electrical field is constant

throughout the membrane. Under these conditions, the ionic permeabilities

are constant, independent of external solution conditions, and are related to

the product of the partition coefficient and the ionic mobility. Patlak (23)

has derived equation 6 more generally from the Ussing flux-ratio equation,

4 Generally, equation 6 is expressed in terms of ionic activities rather than concentrations. However'

in view of the fact that the Pi's are defined by equation 3 in terms of ion concentrations, these coeffi-

cients include the effects of nonideal behavior. The dependence of activity coefficients on concentra-

tion over the range 10-150 nu is not sufficient to result in a statistically significant dependence of Pi

on [i].
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without the above assumptions, where the Pi's are the unidirectional rate

constants at given external concentrations and transmural potential difference.

However, the conditions under which these rate constants are independent of

external concentration and electrical potential were not defined. As shown by

Sandblom and Eisenman (24), with one exception (see below) constancy of

the ionic permeability ratios (e.g. PK/PNa and Pcu/PNa), when ions of both

signs are permeable, depends upon the mechanism of ion permeation. Thus,

conditions for constancy cannot be deduced from the Ussing equation, which

does not specify permeation mechanism or membrane structure (see Ap-

pendix). As shown in Fig. 11, the theoretical curves calculated from equation

6 using the permeabilities given in Table I (solid lines in Fig. 11) provide an

adequate description of transepithelial diffusion potentials under conditions

in which (a) Na was replaced by K with total ion concentration in the mucosal

solution maintained constant and equal to that in the serosal solution, and

(b) NaCl was replaced by mannitol with a decrease in total ion concentration

in the mucosal solution. The dashed lines in Fig. 1 1 were calculated using a PNa

of 0.034 cm/hr and provide a somewhat better fit to the data; this value

does not differ significantly from that given in Table I (0.035 cm/hr).

The implications of these observations with regard to the mechanism of ion

permeation through the shunt pathway will be discussed below. At this point,

it is important to note that the agreement illustrated in Fig. 11 provides

strong, independent support for (a) the validity of our approach to the de-

termination of the partial ionic conductances of the shunt pathway and (b)

the adequacy of the equivalent electrical circuit model. That is, the shunt con-

ductances determined from the effect of an imposed electric field on the uni-

directional influxes in the absence of concentration differences adequately pre-

dict transepithelial diffusion potentials in the absence of an external current;

it would be difficult to attribute this internal consistency to happenstance.

Further, the observation that transepithelial diffusion potentials can be at-

tributed largely to the properties of the shunt pathway provides an explana-

tion for the empirical observations that diffusion potentials across several other

epithelial tissues (1 1, 12, 25) are independent of the direction of the concentra-

tion gradients (i.e., diffusion potentials resulting from changes in the composi-

tion of the mucosal solution are equal and opposite to those resulting from

identical changes in the serosal solution). This, in general, would not be ex-

pected if diffusion potentials generated across the mucosal and serosal mem-

branes, separated by an intracellular compartment, contributed signifi-

cantly to transepithelial diffusion potentials (24). Recently, Barry and Dia-

mond (26) have noted that the gall bladder behaves as if it were a "single

membrane," with respect to diffusion potentials, rather than as two mem-

branes arranged in series. These authors raised the possibility that high-con-

ductance tight junctions might constitute the principle diffusion pathway.
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The present results provide direct evidence for this view. (See Adden-

dum.)

In summary: these data strongly suggest that diffusion potentials across low

resistance epithelial tissues characterized by high-conductance, extracellular,

transepithelial pathways are attributable predominantly to the conductance
properties of the shunt pathway and are only minimally influenced by elec-

tromotive forces generated across the mucosal and serosal membranes of the
epithelial cell. Therefore, the results of such studies do not reflect ionic flows

across cell membranes but, rather, may be largely attributed to ionic flows
through extracellular pathways; these results provide little insight into the
properties of cell membranes as they pertain to transmembrane ionic move-

ments. Speculations regarding the ionic permeability properties of cell mem-

branes based on diffusion potentials should be reevaluated in the light of
these considerations. Further, it is quite likely that the same reservations com-

plicate the interpretation of electrical potentials that accompany transmural
volume flow (e.g., streaming potentials) (11, 27).

Finally, the finding that transmural ionic concentration differences gen-
erate an electromotive force in the shunt pathway complicates the interpre-

tation of microelectrode studies of transmembrane electrical potential differ-
ences. For example, according to the model illustrated in Fig. 12,

· mc = [-(RR + R5RL)EmRm - (ER, - ELRL)RIRI/R,.

Thus, a change in Tmc brought about by a change in the ionic composition of

the mucosal solution alone will, in general, reflect changes in Em and EL,,. The
interpretation of changes in i,n in terms of ionic permeabilities of the mucosal

membrane requires independent knowledge of (a) the ionic conductances of

the shunt pathway and (b) the relative resistances of the circuit. Otherwise,
effects of EL, on J!mc cannot be distinguished from the effects of ion substitu-

tion on Em.

The Anatomic Counterpart of the Shunt Conductance and the

Mechanism of Ion Permeation

Extracellular transepithelial pathways in small intestine could be attributed

to areas of denudation resulting from spontaneous exfoliation of cells, as has
been suggested by Clarkson (17). However, the properties of rabbit ileum

closely resemble those of other epithelial tissues that are not uniformly char-

acterized by spontaneous exfoliation of cells, such as fish (12) and rabbit (11)

s Previous studies of diffusion potentials across gall bladder (11, 12) and small intestine (9, 10) have

shown that the data can befit to equation 6, yielding a set of constant coefficients; these coefficients are

then identified with the ionic permeability ratios. In the present study, individual ion permeabilities

were determined independently without assumptions regarding concentration or electrical profiles

within the barrier; these absolute permeabilities, together with equation 6, describe transepithelial

diffusion potentials.



338 THE JOURNAL OF GENERAL PHYSIOLOGY · VOLUME 59 1972

gall bladder, and the proximal renal tubule of Necturus (28), rat (19, 29),

rabbit (30), and newt (31). All of these tissues are characterized by: (a) a

single layer of columnar epithelial cells joined at the apical surface by tight

junctions; (b) conspicuous lateral intercellular spaces; (c) low, and often

negligible (11, 12, 19), transmural PDs; (d) low transmural resistances; and,

(e) in each instance, direct or indirect evidence strongly suggests the presence

of low resistance transepithelial shunt pathways. Although shunt pathways

have also been implicated in isolated frog skin (32) and toad urinary bladder

(33), these tissues have more complex cellular geometries and relatively large

transepithelial PDs and resistances.

Thus, although areas of denudation could contribute to shunt pathways in

small intestine, they need not be invoked to explain our findings. Instead, the

extracellular complex formed by the tight junction and the lateral intercellular

space appears to be the most reasonable candidate for the shunt pathways in

rabbit ileum and the other epithelial tissues mentioned above. Indeed, several

considerations permit a more specific localization of the principle resistive

component of this pathway to the tight junctions themselves. First, micro-

scopic studies using visible tracer substances (e.g. hemoglobin [34] and horse-

radish peroxidase [35]) indicate that the tight junction comprises the func-

tional "seal" that separates the mucosal solution from the lateral intercellular

spaces. It is difficult to imagine that the lateral spaces, which are 200-400 A

wide and readily penetrated by macromolecules, could offer significant re-

sistance to the movement of small ions and impose a relative restriction on the

permeability to C1. Second, Tormey et al. (36) have reported that increasing

the width of the lateral spaces in rabbit gall bladder above normal does not

significantly increase tissue conductance or permeability to small water-

soluble molecules; in contrast, obliteration of these spaces decreases conduc-

tance. Thus, under normal conditions, the lateral spaces do not appear to

constitute the rate-limiting barrier for transepithelial flows.

Although it seems reasonable to conclude that the tight junctions are perme-

able to small ions (see also reference 28) and water (37), and appear to pro-

vide the principle resistive barrier to transmural movement through the ex-

tracellular pathway, the mechanism of ion permeation is as yet unsettled. The

present results indicate that this pathway is cation selective and imposes a

2.5-fold restriction on C1 permeability compared to that of Na with respect to

their mobilities in free solution. Studies on diffusion potentials across other

epithelia suggest that the shunt pathways in these tissues are, similarly, more

permeable to cations than to anions. This finding is usually attributed to ionic

diffusion through water-filled channels lined with fixed negative charges

(9-12, 17). However, as discussed by Teorell (38), and more recently by

Sandblom and Eisenman (24), the fixed-charge pore model would not, in

general, generate diffusion potentials that conform to equation 6. Using a

thermodynamic treatment without assumptions regarding concentration and
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electrical potential profiles, Sandblom and Eisenman (24) have demon-

strated that constancy of ionic permeability ratios requires that the product of

the partition coefficient ratios and the mobility ratios be constant. This will be

true, in general, only when there is complete co-ion exclusion (e.g. Pc, = 0)

or when total ionic concentrations on both sides of the membrane are equal.

For the case of a thick fixed-charge model, partition into the membrane is

generally assumed to be governed by the Donnan ratio (38) and thus would

be a function of the total ion concentration in the adjacent solution. Partition

into the membrane will be constant only when the total ion concentrations on

both sides of the membrane remain constant and equal during replacement of

ions (24, 38). However, in the experiments illustrated in Fig. 11, in which

NaGC was replaced by mannitol, the partition coefficients would not remain

constant and conformity with equation 6 would not be expected unless the

ionic mobilities changed in a fortuitous manner so as to maintain constancy

of the partition-mobility product.

Thus, the fixed-charge pore model does not appear to satisfy the present

data or the results of studies on other epithelial tissues in which conformity

with equation 6 was observed. Instead, the observations on rabbit ileum that

(a) the permeabilities defined by equation 3 are independent of external con-

centration, electrical potential, and total ion concentration; (b) these permea-

bilities together with equation 6 provide an adequate description of trans-

mural diffusion PDs in the face of a significant anion permeability and vary-

ing total ionic concentrations; (c) the tissue behaves as an ohmic resistor over

the range :t50 my (2) and this must reflect the current-voltage properties of

the shunt; and (d) the previous observations of Schultz et al. (13) that total

tissue conductance varies proportionally with the concentration of permeable

ions in the surrounding solutions, are readily accommodated by the model

originally envisaged by Goldman (21), and Hodgkin and Katz (22).6 Two other

permeation mechanisms discussed recently by Eisenman and his coworkers

(39, 40) can also be excluded: namely, (a) the ion-exchange membrane which

is ruled out by observation (d) above, and (b) ion permeation by means of

association with mobile carriers which is ruled out by the conformity with the

Ussing flux-ratio equation (see Appendix).

6 According to this analysis, the permeability coefficients determined from the "zero-potential" uni-

directional fluxes are given by (22)

P i = uifiRT/d?

where ui = the ionic mobility, Oi = the partition coefficient, and d = thickness of the barrier. As

shown by Hodgkin and Katz (22), these permeability coefficients also satisfy the relation

J,t = P([tim - [i].)

when Tl.. = 0. Thus, Pi defined by equation 3 is consistent with the more usual definition that re-

lates a net flux to a concentration difference.
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The picture of ion permeation through the tight junctions that emerges

from these considerations involves (a) boundary conditions that are charac-

terized by constant partition coefficients (e.g. partition into a neutral, water-

filled pore), (b) constant ionic mobilities, and (c) a constant or near-constant

electric field across the diffusion pathway. Cation selectivity of this pathway

is not the result of net, negative fixed charges but could be attributed to the pres-

ence of electronegative groups of fixed dipoles which restrict the partition

coefficient and/or mobility of anions. The neutral macrocyclic antibiotics that

act as mobile ions carriers (ionophores), with a high selectivity for cations due

to the cyclic polyether structure, are excellent examples of biological mole-

cules that exert permselective influences in spite of the fact that they bear no

net charge. A neutral polar pore of the type suggested by Mueller and Rudin (4 1)

and discussed more recently by Eisenman (40), lined by electronegative

groups, could accommodate all of our findings.

Alternatively, the pathway could be lined with dissociated, oppositely

charged groups in approximately equal numbers, e.g., carboxylate and amino

groups forming the equivalent of a complex of dipolar ions (zwitterions) with

no net charge. Alignment of these dipoles so that the negatively charged groups

influence the permselective properties of the pathway to a greater extent than

do the positively charged groups would satisfy our observations. A neutral

pore comprised of dipolar ions would also satisfy the observations that gall

bladder (42) and small intestine (27) appear to become anion selective at

low pH (about pH 2-3). Indeed, as postulated by Goldman (21), the presence

of dipolar ions near their isoelectric point would serve to preserve constancy

of the electric field throughout the diffusion pathway. Although the "dipolar

ion" model appears to be more consistent with the results of other investiga-

tions than the "fixed dipole" model, further study is necessary to distinguish

between these alternatives. Suffice it to say that the essential characteristic is

that electroneutrality is maintained by fixed, structural components of the pathway and

is not dependent upon the presence of mobile counterions.

In electron micrographs of epithelial tissues comprised of a single layer of

columnar absorptive cells, tight junctions appear as close appositions of the

apical portions of the lateral cell membranes with complete obliteration of

the intercellular spaces. The length of these junctions in rabbit ileum is ap-

proximately 0.5 /u. The over-all width of the junction is less than twice that of

the lateral membranes so that the outer portions of these membranes appear

to be fused. However, under high magnification the dense central fusion line

discloses focal splittings, suggesting regions of defusion and refusion (see Fig.

5 of reference 34). It is intriguing to speculate that these areas of defusion may

represent cross-sections of water-filled channels that communciate between

the mucosal solution and the lateral spaces. In this respect, it is of interest that

the sialic acid containing "glycocalyx" that appears to be largely responsible
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for the negative surface charge of cell membranes disclosed by electrophoretic

studies (43-45) does not appear to be present in some tight junctions (46-48).

Thus, the surface properties of channels through tight junctions need not

resemble those of the remainder of the cell membrane.

Spontaneous Transmural PDs

In the absence of actively transported sugars or amino acids, Em, across

rabbit ileum, bathed on both surfaces by a standard electrolyte solution,

ranges between 2 and 5 my, serosa positive. There is abundant evidence that

this is somehow related to the rate of active Na transport across the tissue from

mucosa to serosa. Although we have no definitive information regarding the

origins or magnitudes of EmRm or E,R,, recent studies by Diamond and his

coworkers permit some speculation regarding the magnitude and, more

important, the orientation of diffusion potentials in the shunt pathway. The

standing osmotic gradient hypothesis has gained wide acceptance as the

mechanism responsible for isotonic fluid transport by several epithelial tissues

including gall bladder, small intestine, and renal proximal tubule (49).

According to this model, solute is transported into the apical portions of the

lateral intercellular spaces, creating a local region of hypertonicity that pro-

vides the driving force for water flow. When the transported solute consists

primarily of NaCL, a salt gradient will be established between the lateral

spaces and the mucosal solution across the intervening tight junctions. If the

permselective properties of the shunt pathway reside in the tight junctions, a

diffusion potential should result. The magnitude of this PD for the case of

rabbit ileum is uncertain; however, for the present purposes the important

point is that the orientation of this PD would be opposite to the orientation of the

spontaneous ms ,. Indeed, Machen and Diamond (50) have demonstrated that

in rabbit gall bladder, where transmural NaCl transport appears to be the

result of a neutral, coupled transport mechanism, the spontaneous 4,m is

oriented so that the mucosal solution is positive with respect to the serosal

solution. These authors concluded that this was due to a diffusion potential

between the lateral spaces and the mucosal solution and suggested that the

tight junctions might be the permselective pathway. If these speculations are

correct, the spontaneous s,, across rabbit ileum must result from a difference

between EmRm and E,R,, and this difference must be of sufficient magnitude

to overcome the oppositely oriented electromotive force generated in the

shunt pathway. If the NaCl concentration difference across the tight junc-

tions is 20-40 mM, ELRL would be 1-2 mv (Fig. 11), mucosa positive, and

according to equation 5 (EmRm - E.R) would have to be 26-40 mv.

These speculations assume concrete importance when we consider the in-

crease in *,I, in the presence of actively transported sugars and amino acids.

Rose and Schultz (1) have demonstrated that the addition of sugars or amino
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acids to the mucosal solution results in a depolarization of t.c that is much

greater than the simultaneously recorded increase in [t9m. According to the

model shown in Fig. 12, the relation between A ,m8 and A,mc resulting from a

change in Em alone is given by

A*m./A'T.c = 1/(1 + RsR/IR5RL).

Thus, AI,ms < Atc whenever 0 < RRL < oo. In nonpoisoned tissues,

AT,,m/A,mc averaged 0.3 so that R3R. would have to be twice RrRL to ac-

count for these observations on the basis of a change in Em alone. The present

data indicate that R3 R, is at least five times RsRL. Thus, if the effects of

sugars or amino acids were restricted to a change in Em alone, Alt'm/A\A,

should average only 0.16. Stated in another way, because of the low resistance

shunt, the change in Em resulting from the presence of sugars or amino acids

is markedly attenuated and does not appear to be of sufficient magnitude to

account for the over-all change in ims,. These considerations, which are

based on direct measurements of the resistance of the shunt pathway, support

the previous, tentative conclusion based on studies with poisoned tissues (1).

In the light of these data, we are forced to conclude that the total effect of

sugars or amino acids on T"m is the combined result of (a) a depolarization of

Em due to electrogenic influx of Na coupled to the influxes of sugars or amino

acids, and (b) an increase in E. that is related to an increased rate of active

Na transport into the serosal solution and could be attributed to the operation

of an electrogenic pump mechanism at the serosal membranes. The over-all

(AERm - AE,R.) must be of sufficient magnitude to overcome any change in

ELRL which, according to the above considerations, would be oriented in a

direction opposite to the change in in..

ADDENDUM

After the completion of this manuscript, a series of papers by Barry, Diamond, and

Wright (51-53) appeared containing a detailed theoretical treatment of ion permea-

tion through neutral pores and an extensive analysis of conductances and diffusion

potentials across rabbit gall bladder. These authors conclude that: (a) the principle

route for ion permeation across gall bladder bypasses the cells and probably resides

in the tight junctions, (b) transmural diffusion potentials reflect the permselective

properties of this extracellular route, and (c) ion permeation takes place through

neutral water-filled pores lined with fixed dipoles oriented such that the electronega-

tive groups determine cation selectivity. Because of time-dependent changes in rela-

tive permeabilities, these authors assume that the polar pore is impermeable to anions

and that an additional shunt pathway is responsible for the anion conductance. All

of the measurements in the present study were performed between 30 and 90 min after

dissection, and there is no apparent systematic dependence of Pi on time. Thus, a

common route for anions and cations satisfies our observations. With this single
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exception, our conclusions are in complete agreement with those arrived at by

Barry, Diamond, and Wright.

Unpublished observations by Wright, included in one of these papers (51), indicate

that PK/PNR for rabbit small intestine, determined from diffusion potentials, is ap-

proximately unity. This is in agreement with the present data.

APPENDIX

The flux ratio equation states that

12/J'21 = (al/a2) exp [iS(k - 2)/RT]

where the Js are the unidirectional fluxes of i, a designates ionic activity, and the sub-

scripts I and 2 designate the two solutions bathing the surfaces of the membrane.

The assumptions underlying the derivation of this equation are that: (a) i crosses the

membrane by simple ionic diffusion and is unaffected by the flows of other solutes or

solvent (this includes interactions between the flows of tracer and the abundant

species), (b) diffusion through the membrane is rate limiting so that the distribution

across the membrane-solution interfaces may be considered at equilibrium (regard-

less of the mechanism of partition), (c) the chemical state of i within the membrane

is the same as that in the surrounding solutions, (d) the bidirectional fluxes traverse

pathways having identical properties, and (e) the steady state is maintained. No

further assumptions need be made regarding specific mechanisms of permeation or

partition into the membrane.

Thus, when al = a2,

net = 2, - rJ = JIl{exp [ziSf:(I - 2)/RT] - 1}.

Previous studies have shown that the total tissue conductance is independent of the

transmural PD over the range 4-50 my (2):- Therefore, it is reasonable to assume that

the individual ionic conductances are similarly unaffected by the PD over this range.

Thus,

Gi = fJ21iexp [zJ(Fl - 2)/RT]- 1}/(* 1 - 2),

and when (l - *2) = 0

oGi = oJ2(452I/RT),

and, equating Gi with oGi, we obtain

Js/ oJo = iS(l - *2)/RT/lexp [zjf(F, - T 2)/RT] - I}.

The right side of the above equation has the form x/(eZ - I), which may be ap-

proximated by e z12 so that

JI, = J2 exp [zi(TI - * 2)/RT]- .
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A similar expression has been derived by Kimizuka and Koketsu (54).
Thus, the only assumptions underlying the application of equation 1 are those

basic to the applicability of the Ussing flux-ratio equation and the assumption of
constancy of ionic conductances over the range of PDs studied. The latter is supported by
these and previous studies (2) on rabbit ileum. Further, the results of Clarkson's
studies (17) on rat ileum suggest that interactions between the flow of i and the flows
of other ions and water (e.g. electro-osmotic phenomena) are sufficiently weak so that
errors introduced by ignoring these interactions are second order.
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