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Summary. Electrophysiological experiments were performed on Necturus gallbladder 
to determine whether the main route of passive ion flow was via the cells or via a para- 
cellular shunt path. In the first approach the following values were determined: the 
transepithelial resistance, the ratio of the voltage deflections across the luminal and basal 
cell membrane during transepithelial current flow, and the voltage spread within the 
epithelial cell layer during intracellular application of current pulses. From these data 
the luminal and basal cell membrane resistances were calculated to be 4,500 and 
2,900f~cm 2, respectively, whereas the transepithelial resistance was only 310 ~q cm 2, 
indicating that approximately 96% of the transepithelial current bypassed the cells. 
This result was confirmed in a second approach, in which the intracellular voltage de- 
flections were found to remain approximately constant, when the current pulses were 
passed from a cell into the interstitial compartment with the luminal compartment 
being empty or when they were passed from the cell into both external compartments 
simultaneously. In the third approach current was passed through the epithelium and a 
voltage-scanning microelectrode was moved across the surface of the epithelium to 
explore the induced electrical field. Significant distortions of the field were observed in 
the immediate vicinity of the cell borders. This result indicated that the paracellular 
shunt, which carries the main part of the transepithelial current, leads through the ter- 
minal bars and that the terminal bars or "t ight" junctions are not tight for transepi- 
thelial movement of small ions in gallbladder epithelium. 

Epi thel ia  are sheets of cuboida l  cells which are held together  by  small  

junc t iona l  complexes ,  n a m e d  "Schlul31eisten" or  te rminal  bars.  Since the 

discovery of the te rminal  bars  at  the end of the last  century,  there has  been  

m u c h  specula t ion as to whether  they are t ight  or  whether  they pe rmi t  

exchange of m a t t e r  be tween the two c o m p a r t m e n t s  which the epi thel ium 

separates.  As evidenced by  the c o m m o n l y  used t e r m  " t i g h t  j u n c t i o n " ,  

the m o s t  widely accepted  view was tha t  the te rmina l  bars  were tight. This  

view was suppor ted ,  for  example ,  by  e lec t ron-microscopic  studies which 
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demonstrated that the junctions were impermeable to large molecules like 
hemoglobin [17], ferritin [29, 38] and colloidal lanthanum [22]. Recently, 
however, a number of interesting observations has been made which 
suggest that in some epithelia the terminal bars might be permeable to 
small ions. 

The first tentative evidence was obtained by Lundberg [27] in cat sub- 
lingual gland and by Ussing and Windhager [41] in frog skin. Later, Wind- 
hager, Boulpaep and Giebisch [44], Hoshi and Sakai [23] and Boulpaep [8] 
showed that in Necturus and Newt kidney the conductance of the proximal 
tubular epithelium was higher than the conductance of the peritubular 
cell wall alone. This and other observations pointed to the existence of a 
high conductance paracellular shunt path. The same conclusion was reached 
for the proximal tubular epithelium of the rat kidney by Fr6mter, Miiller 
and Wick [20] from a comparison of the overall permeability properties 
of the epithelium with the permeability properties of the peritubular cell 
membrane. Similarly, Barry, Diamond and Wright [5] found that the perme- 
ability and conductance properties of the gallbladder epithelium were 
largely different from the properties of cell membranes in general and con- 
eluded from these and other observations that the passive ion permeation 
through the gallbladder occurred predominantly via high conductance 
shunts. Further evidence for the existence of a paracellular shunt was 
presented by Clarkson [10] in rat intestine, and by Blum, Hirschowitz, 
Helander and Sachs [7] in Necturus gastric mucosa, and Bentzel, Parsa 
and Hare [6] discussed that a significant amount of the transepithelial 
water flux in Necturus proximal tubules might bypass the cells. 

Despite this mostly indirect evidence for the existence of a shunt path 
it still remained a matter of speculation, whether the shunt could be identified 
with the terminal bars or whether it was located elsewhere. As alternative 
possibilities, physiological or traumatic cell desquamations had been 
discussed, and in epithelia which consist of different cell types, such as 
Necturus kidney tubules, gastric mucosa and intestine, a particular cell 
type could have been involved. Another point which remained uncertain 
was the exact magnitude of the shunt conductance compared to the cellular 
conductance. The only tissues in which calculations have been attempted 
until now are the renal tubules [8, 44] and the gastric mucosa [7] of Necturus. 

These tissues have complicated geometric structures and different cell 
types which make an exact evaluation of the data difficult. The uncertainty 
arises mostly from the fact that the individual cell membrane resistances 
have to be worked out from an analysis of current spread within the epithelial 
cell layer, since epithelial cells are electrically coupled [24], and that an 
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exact mathematical solution of this problem for the tubular geometry 
is not available. Application of the so-called two-dimensional cable theory 
to the data may lead to qualitatively correct results but the error involved 
is difficult to assess. 

In view of these difficulties with experiments on kidney tubules we have 
tried to investigate the problem of the shunt path on the gallbladder which 
has a much simpler structure. The gallbladder of Necturus was chosen. 
It has a typical, single-layered, flat sheet epithelium without villi, folds or 
crypts. As verified by light microscopy, the epithelium consists only of one 
type of uniform cells. The cell diameter is approximately four times larger 
than that of rabbit gallbladder epithelium. Hence single cells can be viewed 
through the stereomicroscope and can be impaled with microelectrodes 
easily. 

In the experiments, three different approaches were used to determine 
the magnitude of the paracellular shunt conductance and to specify its 
location. They consisted essentially of microelectrode experiments in which 
potential profiles in response to applied currents were measured within 
the cell layer or within the immediate vicinity of the luminal epithelial 
surface of the cells. The technical and theoretical principles of these ap- 
proaches are described on pages 261 through 268 and in the Appendix. 
The experiments showed that in Necturus gallbladder the conductance 
of the paracellular shunt path is approximately 24 times higher than the 
conductance via the cells and that the high conductance shunt is located 
in the terminal bars. 

Theoretical Considerations 

The aim of the present study was: 1) to determine whether current 
flow through the gallbladder epithelium is uniform or whether there are 
discrete high conductance pathways by which ions can bypass the cells; 
2) to determine the conductance of these pathways quantitatively and to 
estimate which part of the total transepithelial current flows through 
the shunt path and which part flows through the cells; and 3) to determine 
the location of the shunt paths. 

Appropriate electrophysiological measurements to investigate these 
problems can be derived from a consideration of the histological structure 
of the epithelium (Fig. 1). It consists of one layer of uniform cells, which 
are held together at their luminal ends through the terminal bars E. Each 
cell has one membrane D facing the luminal or mucosal fluid compartment 
and one membrane facing the interstitial or serosal fluid compartment. 
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Fig. 1. Schematic representation of a cross section through gallbladder epithelium. 
A, luminal fluid compartment; B, interstitial fluid compartment; C, cell; D, luminal cell 
membrane with microvilli; E, terminal bar; F, nucleus; G and H, basal and lateral part 
of the basal cell membrane;/, lateral intercellular space; K, basement membrane. The 
numbers 1 a and b, 2a and b and 3 indicate three hypothetical routes for current flow 

from lumen to interstitium. (For details s e e  text) 

The latter membrane can be subdivided into two parts: the lateral part, 
which lines the lateral intercellular space H and the basal part which touches 
the basement membrane G. In such an epithelium the following possible 
routes  can be considered for current flow from lumen to interstitium: 
1) via the  luminal membrane into the cell and from the cell either across 
the basal part of the cell membrane into the interstitium (1 a) or across 
the lateral membrane and the lateral intercellular space into the interstitium 
(1 b); 2) through the terminal bars and either along the lateral intercellular 
space into the interstitium (2a) or across the lateral membrane into the cell 
compar tment  and across the basal part of the cell membrane into the inter- 
stitium (2b); 3) along other unspecified paracellular routes (for example, 
gaps of desquamated cells). 

Taking all three possible routes for current flow together, the histological 
structure of the epithelium can be translated into an electrical equivalent 
circuit as shown in Fig. 2a. Although this circuit may be a fairly accurate 
representation of the epithelium, it cannot be analyzed directly since only 
the points A, B and C are accessible to voltage and current electrodes. 
Measurements between these three points can only yield three lumped 
resistances as depicted in the equivalent circuit of Fig. 2b. To determine 
the magnitude of the individual resistors of Fig. 2a additional information 
will be required. 

The resistors of Fig. 2b have been named Rm, Rb and Rs. Rm represents 
the resistance of the luminal cell membrane.  Its meaning is identical in 
Fig. 2a and b. Rb can be  interpreted as the lumped resistance of the lateral 
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Fig. 2a and b. Equivalent circuit of an epithelial cell and its share of the paracellular 
shunt path. A :  distributed form, comprising the essential elements of Fig. 1 ; B: lumped 
form, representing the lumped resistors which can be determined in the experiment. 
Rm and R b b denote the resistances of the luminal cell membrane and of the basal part 
of the basal cell membrane, respectively. Rj and R u are the resistances of the junctional 
complex and of an unspecified shunt path. The resistances of the lateral intercellular 
space r i and of the lateral part of the basal cell membrane r I b form a cable-like element 
which is thought to consist of n subunits. A, B and C are the luminal, interstitial and 
cellular fluid compartment, respectively, into which electrodes may be placed. The re- 
sistivity of the intracellular fluid and of the luminal and interstitial fluid has been neglec- 
ted. The experiments revealed that R u was infinite in Necturus gallbladder epithelium 
(see below). The meaning of the resistors of Fig. 2b is discussed in the text. Both circuits 
represent a single Cell and can only be used to describe measurements on the gallbladder 
if the voltage response of all neighboring cells is identical. This requirement is fullfilled 
in the measurements with transepithelial current flow and it is also partially fulfilled 
in experiments with current injection into single ceils because the current spreads hori- 
zontally within the cell layer (for a detailed discussion of the problem see Appendix, 
pp. 294 through 296). In the absence of current spread, determination of R= would 
require the consideration of an additional resistor parallel to Rs in Fig. 2b to account 

for the shunting effect of the other cells and their shunt paths 

and  basal  pa r t  of  the basal  cell m e m b r a n e .  Since the resistivity of biological  

m e m b r a n e  mate r ia l  is a lways several orders  of  magn i tude  higher  than  the 

resistivity of biological  fluids and  since the space width  in gal lbladder  

epi thel ium is in the order  of 1 gm under  cont ro l  condi t ions  [39] we can  

assume as a first  a p p r o x i m a t i o n  tha t  r, is negligible c o m p a r e d  to rib and  tha t  
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n �9 ri is also negligible compared to Rb b. This assumption leads to 

1 1 n 
+ - -  ( 1 )  

Rb "" Rb b rtb" 

R,, finally, is the lumped resistance for the transepithelial current which 
may bypass the cells. It may either flow across Rj and along the chain 
of resistor r, or along an unspecified path Ru. 

To determine the values of R=, R~ and R,, three independent measure- 
ments are required. From a variety of different possibilities the following two 
combinations of each three measurements were chosen, which will be named 
Method I and Method II. 

Method I 

Experiment 1: Determination of the Specific Transepithelial Resistance 
Rt. In the first experiment of this method, current is passed from the 
luminal A to the interstitial fluid compartment B and the transepithelial 
voltage drop is recorded between A and B with a separate pair of electrodes. 
From these data the specific resistance of the epithelium for transepithelial 
current can be calculated. It is conveniently expressed per cm 2 of epithelial 
surface. From Kirchhoff's law: 

1 1 1 (2) 
R t R,  R= + Rb 

Experiment 2: Determination of the Voltage Divider Ratio A Vm/AVb. 
In this experiment current is passed from lumen A to interstitium B and, 
by means of an intracellular microelectrode, the voltage drop A Vm is meas- 
ured across the luminal membrane (between C and A) and the voltage 
drop A Vb is measured across the basal membrane (between C and B). 
The ratio of both voltages is equal to the ratio of the resistances Rm to Rb. 

A ~  R,, 
- ~ a .  ( 3 )  

A ~  Rb 

Experiment 3: Determination of the Specific Resistance Rz for current 
Flow from the Cellular Compartment into the External Fluid Compartments. 
In this experiment, current is passed from the cellular compartment C 
into both 1 external fluid compartments A and B and ideally the voltage drop 

1 Experimentally it was found that the results did not differ when the indifferent current 
electrode was placed into either one external fluid compartment or into both external 
fluid compartments simultaneously (see p. 284 and for explanation see Appendix, 
pp. 295-296). 
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between C and A or B is measured. Since current can flow via Rm into A 
and via Rb into B, we obtain 

1 1 1 
- -  + ( 4 )  

Rz Rm R b " 

In reality, however, the determination of R= is more complicated. From 
the work of Loewenstein and co-workers [24-26], it can be predicted that 
the cells of gallbladder epithelium like those of other epithelia are electrically 
coupled by low resistance cell-to-cell junctions. Consequently we expect 
that current, which is injected into one cell by means of a microelectrode, 
does not leave the cell via the luminal and basal membrane alone but flows 
also into neighboring cells. In this case it is no longer possible to derive 
Rz from the current-induced voltage drop A V,, across the luminal membrane 
of the current cell. Instead, the voltage spread in the epithelial cell layer 
has to be investigated and A Vm has to be determined as a function of radial 
distance x from the current cell. A mathematical analysis of this problem 
and an appropriate way to derive Rz from such data is given in the Appendix. 
Rz as well as R, can be expressed per cm 2 of epithelial surface. In both cases 
the latter possibility was chosen. 

When Rt, A VmlA Vb and R= are known, the resistances of the luminal 
cell membrane Rm, of the basal cell membrane Rb, and of the shunt path 
Rs can be calculated. Combining Eqs. (2) through (4), leads to: 

R m = (1 + a) R~, (5) 

Rb_ (1 + a)  R~, (6) 
a 

(1 + a) 2 Rt Rz 
Rs-  ( l+a)2R_aRt  (7) 

and the ratio of the shunt conductance to the cellular conductance is 

Rm+Rb ( l + a ) 2 R ~ - a R t  
R, aR t (8) 

Since R, and R~ will be expressed in relation to 1 cm 2 of epithelial surface 
the dimensions of Rm, Rb and Rs will also be f2 cm 2. 

Method H 

Another possible choice of measurements is: 

Experiment 1: Determination of the voltage divider ratio A Vm/AVb, as 
described under Method I. 
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Experiment 2: Determination of the specific resistance R~ for current 
flow from the cellular compartment into the external fluid compartments 
as described under Method L 

Experiment 3: Determination of the specific resistance R for current 
flow from the cellular compartment C into the interstitial compartment B 
with the luminal compartment A being empty. This resistance will be named 
R~. Fig. 2 b yields: 

1 1 1 
+ (9) 

R'~ Rb Rm + R~' 

Strictly speaking, this equation would require that current is passed into 
all cells simultaneously. Since we are dealing with an electrically coupled 
epithelium however, Eq. (9) can still be used if the shunting effect of the 
epithelium surrounding the current cell is reduced. This can be achieved 
by emptying the luminal fluid compartment as discussed in the Appendix, 
p. 296. 

From these three measurements, R,, and Rb can be calculated according 
to Eqs. (5) and (6), and R~ according to 

(1 +a) 2 Rz(R'~-R~) 
R s-  (10) 

Rz+a(Rz-R'z) 

However, since determination of Rs is essentially based on the difference 
between Rz and R~, and since both values, R~ and R" must be determined 
by curve-fitting procedures, we can anticipate that the result will be less 
conclusive quantitatively than the result of Method I. Hence, instead of 
calculating Rs it would seem more appropriate to use these measurements 
only as a qualitative test for the existence of a paracellular shunt. This 
can be done as follows. By dividing Eqs. (4) through (9) the following 
simple relation is obtained: 

R'~ RbR s 
R~-1-+ R~+R,,,R~+RmRb (11) 

which can be further simplified by use of Eq. (3) to 

R'~ = i q- Rs (12) 
R~ a (Rm + Rb + Rs)" 

This equation allows the following conclusions to be drawn from the ex- 
periments: 

1) If R~ ~Rm and Rb the ratio R'/R~ should approach unity. Hence, this result 
would indicate the presence of a highly conducting paracellular shunt. 
Furthermore, if in addition Rm~Rb, it can be seen that the ratio R;/R~ 
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immediately yields the relative magnitude of the shunt resistance vs. the 
resistance of the cellular transport route. 

R; R s 
R----~" 1 ~ Rm+Rb" (13) 

2) On the other hand, if the resistance of the paracellular shunt is com- 
parable to or greater than R,, and Rb, the ratio R~/Rz should be greater 
than 1. If Rs approaches infinity the second term in the right-hand side 
of Eq. (9) vanishes and we obtain 

R b 1 R'z 1+ =1+- - .  (14) R-Z  = a 

The application of Methods I and II to the gallbladder epithelium 
should allow us to prove or disprove the existence of a paracellular shunt 
path and to calculate the magnitude of the resistors Rm, Rb and Rs (compare 
Fig. 2b). In case of a significant shunt conductance the next step of the ana- 
lysis will be to interpret the lumped resistors Rb and Rs in terms of the 
histological structure of the epithelium, that is, in terms of the individual 
resistors of the equivalent circuit depicted in Fig. 2a. 

To distinguish whether the shunt current flows through the terminal 
bars (via Rj in Fig. 2a) or through other unspecified channels (via R, 
in Fig. 2a), advantage can be taken of the fact that the solutions in compart- 
ment A (and B ) a c t  as volume conductors of finite conductivity. If the 
major part of the transepithelial current is funneled through discrete areas 
of high conductance the current lines should concentrate in the immediately 
adjacent region of the volume conductor, as illustrated in Fig. 3 a, and the 
equipotential planes should become distorted. If we now move a voltage- 
scanning electrode through this region at a fixed distance from and parallel 
to the epithelial surface (for example, along line H in Fig. 3 a) and record 
the potential against a second electrode of fixed position in the same fluid 
compartment, we should be able to detect inhomogeneities of the electrical 
field (provided that the current density and the resistivity of the solution 
in the fluid compartment are high enough to yield measurable differences). 
If, in addition, the movement of the electrode can be observed under 
the microscope, it should be possible to correlate the results of the voltage 
scan with the structure of the epithelium and to specify the anatomical 
location of shunts. 

To determine whether the resistance of the lateral intercellular spaces 
contributes a significant amount to Rb and R~ ideally the potential profile 
along the spaces should be measured. Since this was not feasible, however, 



268 E. Fr6mter: 

C D 

t A 

b 

Fig. 3a and b. Principle of the voltage scan experiments. A: Distribution of current 
flow in the vicinity of a shunt path. B: Experimental set up (see p. 272). A, volume con- 
ductor; B, membrane; C, region of low membrane conductance; D, region of high 
membrane conductance; E, positive current electrode; F current line; G, equipotential 
line; H, proposed path for the movement of a voltage scanning electrode; J, negative 
current electrode. During flow of inward current (volume conductor positive, membrane 
negative) the voltage scanning electrode should record a more negative potential over 
a region of high membrane conductance than over a region of low membrane conductance 

an attempt will be made to estimate the magnitude of this resistance from 

the dimensions of the spaces. This is possible since the resistivity of the fluid 

within the lateral spaces cannot be vastly different from the resistivity 

of interstitial fluid in general. 

Experimental Techniques 

Necturi were obtained from Lemberger Co., Oshkosh, Wisconsin. The 

animals were kept for up to 3 weeks at 15 ~ in aerated water tanks. They 
were fed with goldfish. To remove the gallbladder, animals were either 
anaesthetized with MS 220 (Sandoz) or decapitated. After dissection, the 
gallbladders were emptied and care was taken that no bile contaminated 
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B t E / ~  

Fig. 4. Cross section of the chamber used for mounting the gallbladders. A, upper half- 
chamber; B, luminal fluid compartment; C, gallbladder; D, supporting grid; E and F, 
Ag-AgCI electrodes for passing current transepithelially; G, interstitial fluid compart- 
ment; H, Ag-AgC1 electrode for connecting the circuit to ground; L lower half-chamber. 
The fluid in the lower half-chamber could be circulated and oxygenated by a bubble 
lift, which was operated through nozzle K, whereas the fluid in the upper compartment 
was frequently replaced. The hydrostatic pressure difference across the gallbladder was 
usually kept at zero. It could be changed by adjusting the fluid level L. Instead of the 
ring-shaped electrode E in some experiments a star-shaped electrode was used, which 
had the same overall width as the exposed surface of the gallbladder and was thought 
to distribute the current more uniformly. However, no difference in the results was 

observed 

the serosal surface. The empty bladders were opened by a longitudinal 

section and then mounted as a flat sheet in a modified Ussing chamber 

(Fig. 4) which allowed free access to the mucosal surface of the tissue. 

During mounting, moderate stretch was applied to prevent folding of the 
epithelium. The exposed surface was 0.6 cm 2. 

With very few exceptions, which are specified later, the bathing fluids 

on both sides of the gallbladder were always identical and consisted of 

Ringer's solution containing 115.4 Na  +, 3 K +, 2.7 Ca ++, 118.7 C1- and 
2.4 HCO~ (all concentrations in mEquiv/liter). The pH was ~7.4. In 

some experiments, the luminal fluid compartment was emptied by sucking 

off the fluid. Through the use of molten tip suction pipettes of 20-~tm 

outer diameter the remaining fluid film could be reduced to a thickness 

of less than approximately 5 lam as judged by immersion of fine glass rods. 
All experiments were performed at room temperature of 22 to 25 ~ 

Microelectrodes and Micropuncture Techniques 

All intracellular impalements were done with Ling-Gerard micro- 
pipettes, filled with 2.7 M KC1 solution. The pipettes were pulled from 

18 J. Membrane Biol. 8 
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A B 

Fig. 5. Experimental set up for determining the voltage spread within the epithelial cell 
layer. (For details see text) 

Pyrex glass tubing (Corning) of 1.5 mm OD and 1.0 mm ID in a vertical 
puller (Narishige). Electrodes with tip potentials > 5 mV were discarded. 
The electrode resistance was usually between 20 and 40 MY2, but sometimes, 
when measuring voltages, electrodes with resistances up to 100 Mr2 were 
used. The electrodes used in the voltage scan experiments were filled with 
Ringer's solution, and their tips were broken to reduce the electrical resistance 
to values between 10 and 20 Mr2. The outer tip diameter of the latter 
electrodes was ~ 1.4 pm. 

During the experiments, the microelectrodes were mounted in special 
Lucite holders on micromanipulators (Leitz). All measurements using 
microelectrodes were done under direct observation through a stereozoom 
microscope (Bausch and Lomb) at 150 x magnification. For measuring 
distances, an eyepiece micrometer was used. To improve the accuracy in 
determining the electrode position, small color marks were attached to the 
electrode shaft at known distances from the tips. The measurements were 
performed on a heavy table using four Airmounts no. 1 X 84D-1 (Firestone) 
as shock absorbers. 

Electrical Circuit and Instrumentation 

The basic electrical circuit, which was used to measure the intraepithelial 
current spread, is depicted schematically in Fig. 5. Two microelectrodes 
were used to impale individual epithelial cells. Electrode A served to pass 
current pulses into one cell and was left in place for up to 1 hr while various 
neighboring cells were punctured with electrode B and the current-induced 
voltage deflections were recorded as a function of interelectrode distance. 
To ascertain the proper intracellular position of the microelectrode and to 
avoid artifacts through leaky impalements, the cell potential was measured 
across the luminal cell membrane with electrometers 171 (Keithley, model 
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604) and Va (Keithley, model610B) z and continuously recorded on a 
3-channel pen recorder (Rikadenki). In contrast to rabbit and fish gall- 
bladder [5, 13, 47], the gallbladder of Necturus generates a small trans- 
epithelial potential difference, when it is exposed to Ringer's solution on 
either side. The mean value of eight observations was 2.5 +_3.1 mV, lumen 
negative. Hence, it follows that the potential difference across the basal 
cell membrane must have been slightly higher than that measured across 
the luminal cell membrane. Square wave current pulses were passed through 
electrode A from a stimulus isolation unit P (W.P. Instruments, model PC 1) 
which was driven by a modified Grass stimulator (model SD 5). The current 
source was virtually ground free (isolation resistance ~ 1012 •). To reduce 
the d-c current offset from the stimulus isolator to negligible values it had 
to be operated on the constant voltage mode. Resistor R1 ( ~ 2  x 109 ~) 
served to convert the pulses into approximately constant current pulses. 
The current could be measured as the voltage drop across Rz (104 f2) 
with the differential electrometer V3 (Transidyne model MPA 6). Small 
current changes caused by polarization of microelectrode A could also be 
detected by monitoring the potential across microelectrode A with electro- 
meter V2 during the pulse. The current drain through resistor R1 from the 
cell was negligible. It should cause a depolarization of ~ 30 gV as can be 
calculated from the input resistance of the cells. 

With microelectrodes of 30 Mr2 resistance, the rise time (0 to 100%) 
of a square wave current pulse through electrode A was of the order of 
2 msec, and the rise time of a voltage signal in circuit B was 1 msec. In 
most experiments, a pulse duration of 1.2 sec was used. To reduce disturb- 
ances to a minimum, usually only one current pulse was applied through 
electrode A for every cell punctured with microelectrode B. The voltage 
response V1 and the voltages V2 or V3 or both were displayed on an 
oscilloscope (Tektronix, model 565) and photographed. Instead of V3, 
in most cases we preferred a double tracing of Vz at high sensitivity to monitor 
the membrane potential of the current cell immediately before and after 
the current pulse, and at low sensitivity to monitor the resistance of the 
current microelectrode during the pulse. The smallest voltage deflection 
which could be measured accurately with microelectrode B was ~400 gV. 
This limit was mainly determined by fluctuations of the cell membrane 
potential. 

For determination of the transepithelial resistance and of the voltage 
divider ratio, current was passed transepithelially through electrodes E 

2 For proper determination of the membrane potential with V2, the resistor R 1 was 
disconnected. 
18" 
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and F (in Fig. 4), and the microelectrodes were used to determine the 
voltage steps across the epithelium. R1 was disconnected and microelectrode 
A was left in the upper fluid compartment immediately adjacent to the 
epithelial surface to monitor the potential difference against electrode H 
(Fig. 4) while electrode B was advanced into the epithelium and measured 
the current-induced voltage deflections in the cell interior and, after further 
advance, in the subepithelial connective tissue. Sudden appearance or dis- 
appearance of a cell potential during the advance was taken to indicate 
the proper electrode position. The current pulses were obtained from 
a separate current source (Devices stimulator Mark IV) which was also 
driven by the Grass SD 5 stimulator. Duration of the current pulse was 
usually 100 msec and current density was ~ 50 ~tamps/cm 2. Since the gall- 
bladder epithelium exhibits already marked polarization effects at these 
current densities (see below), only the instantaneous voltage deflections were 
worked out from the photographs (at 18 msec after onset of current). 

In the voltage scan experiments current pulses of up to 2.8 mamps/cm 2 
and 1.2-sec duration were passed through the epithelium as described 
above. The frequency was 0.2 sec- 1. To search for inhomogeneities of the 
electrical field in the neighborhood of the terminal bars, two identical 
microelectrodes were connected to the inputs of the differential electro- 
meter (Keithley, model 604) (compare Fig. 3 b). One microelectrode was kept 
at constant position in the fluid bath, while the other electrode was moved 
slowly in small intervals across the mucosal surface of the epithelium. 
The potential difference was recorded continuously on the pen recorder 
and whenever the electrode tip passed over a cell border, a mark was made. 
To avoid changes in tip potentials when the electrode touched the cell 
surface, the electrodes were filled with Ringer's solution. 

Analysis of Data 

In the experiments on intraepithelial current spread, electrode A was 
left in the current cell until the voltage deflections had been measured 
in at least 10 different cells with electrode B. Measurements in which 
the membrane potential of either the current cell or the voltage cell had 
dropped to values below 40 to 45 mV, or measurements in which the resistance 
of electrode A had risen to values above 70 Mr2 during the current pulse, 
were terminated and the data were discarded. 

For determination of the constants A and 2 (compare Appendix) from 
the measurements, the method of Shiba [34] was used. The data from indi- 
vidual experiments were plotted as log A V against distance on transparent 
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and compared to a set of Bessel functions Y=Ko (~-) which had paper 

been calculated for nine different values of 2 ranging from 240 to 750 gin. 
The best fitting curve was selected by simple inspection (compare Fig. 12). 
The vertical displacement of the papers required to adjust the experimental 
points to this curve yielded the value of constant A. In connection with 
mean values standard deviations (SD) are given throughout the paper. 

Results 

The Cell Membrane Potential 

Despite the fact that the cells of Necturus gallbladder are comparatively 
large, the measurements of the cell membrane potentials presented some 
unexpected problems with regular or irregular fluctuations, variations 
among individual animals and probably seasonal variations. Among a 
total of approximately 1,200 impalements, not a single puncture was 
observed in which the potential would suddenly jump to a negative value 
and then remain constant without wriggles or creeps as we have seen for 
example in frog skeletal muscle cells or sometimes even in the tiny cells 
of rat proximal tubules. Often, following the initial jump, the potential 
difference increased further for 5 to 10 sec and then declined slowly to reach 
an almost constant value after about 1 min. Occasionally, however, more 
complex time courses were observed. Spontaneous fluctuations were frequent. 
They were mostly irregular and slow and had an amplitude of a few mV 
but were occasionally greater. In two of 53 gallbladders the cells showed 
regular synchronous membrane potential oscillations of 14- to 24-mV 
amplitude. The time course was almost exactly a sine wave with a period 
of ~ 6-min duration. These gallbladders were not used for the measurements 
reported below. 

The absolute magnitude of the potential difference was comparable to, 
but in general a little smaller than, the magnitude of the cell potentials 
in proximal tubules of Necturus [21], Newt [33] and rat kidney tubules [43] 
and considerably smaller than that of frog skeletal muscle [2, 30]. Fig. 6 
shows a frequency distribution of 37 cell potentials which were measured 
in a series of pilot experiments in January, 1971. These potentials were 
stable within +2.5 mV for at least 1 min. The peak is between 60 to 65 mV 
(cell interior negative) and the arithmetic mean would be 59.1 +8.9 inV. 
Further analysis of the distribution showed that the large variation was 
predominantly a variation in the individual gallbladders, some showing 
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Fig. 6. Frequency distribution of 37 stable cell membrane potentials. Abscissa: potential 
difference in intervals of 5 mV; Ordinate: number of observations 

only values between 40 and 50 mV, and others, for example, showing only 
values between 65 and 80. In April and May (1971), when most of the experi- 
ments reported below were performed, the cell potentials tended to be 
lower (compare Table la). We are inclined to attribute this to seasonal 
variations in the conditions of the animals. In a series of pilot experiments 
we tested the effect of a variety of parameters such as cessation of O2 supply, 
increase of bicarbonate in the bathing fluids to 25 mmoles/liter, different 
mounting conditions, and different length of storage of the animals at 
4 or 15 ~ From these parameters, the only one which seemed to have an 
effect on the cell potential, was excessive stretch during mounting, which 
led to a slight diminution in potentials. 

Determination of the Paracellular Shunt Conductance 

Method I 

As described above, this method consists of the determination of the 
following three values: the transepithelial resistance R,, the voltage divider 
ratio A V,,/A Vb, and the resistance for current flow from the cellular into 
the external fluid compartments R~. From these data the shunt conductance 
1/R~ can be calculated according to Eq. (7). 

Application of this concept to a given membrane requires that the 
resistive elements of the membrane can be treated as simple ohmic resistors. 
Thus, our first task was to determine whether the resistances Rt and R~, 
and the voltage divider ratio, when measured under d-c conditions, were 
functions of the current density and of the time of current flow. After 
the time dependence and the linear range of the current-voltage curves 
had been determined in each case, proper measuring conditions were selected, 
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and in a final series of six experiments all three values were determined 
in the same individual gallbladder simultaneously. This protocol was chosen 
to eliminate variations among individual gallbladders during the calcula- 
tion of the shunt conductance and thus to improve the reliability of the 
results. 

The Transepithelial Resistance R,. Under transepithelial current flow 
the gallbladder epithelium is known to exhibit marked time-dependent 
polarization effects [42], even though the instantaneous current-voltage 
relation is linear [46]. Following a square wave current pulse the trans- 
epithelial potential difference reached an initial plateau value with a time 
constant of about 0.7 to 2.7 msec. This value was not constant, however, 
but decreased or increased slowly, depending on the direction of current 
flow. Fig. 7a shows a typical example of the slow phase potential response 
of Necturus gallbladder during a constant current pulse. The voltage response 
is asymmetric. During current from mucosa to serosa the potential differ- 
ence diminishes slowly to reach a plateau after 2 1/2 min whereas during 
current from serosa to mucosa the voltage rises with time and does not 
reach a constant level. These effects are functions of the current density. 
With increasing current densities they are greater and appear faster whereas 
with decreasing currents they become smaller and eventually disappear 
at current densities below 5 ~amps/cm 2. Although in rabbit gallbladder 
the voltage creep seems to be caused almost exclusively by the generation 
of diffusion potentials in unstirred layers [42] this is not so in Neeturus 

gallbladder. From observations of the width of the lateral spaces during the 
polarization process, one can conclude that the voltage creep in Necturus 

gallbladder is mostly caused by opening or closing of the lateral spaces 
which leads respectively to a decrease or an increase of the transepithelial 
resistance. A detailed description of these observations will be published 
separately. 

Fig. 7 b shows a current-voltage diagram which has been obtained from 
such an experiment. The initial potential readings, plotted as crosses, 
fall on a straight line, but the values obtained 4 rain after onset of current, 
which are plotted as open circles, show marked deviations. They coincide 
with the straight line only at low current densities. From this result we conclude 
that the d-c resistance of the gallbladder is constant and measurable only 
over a small range of low current densities. Furthermore we conclude that the 
resistance (A V/AI)z~ o is identical with the value of the resistance (A V/AI)t ~ o 

determined from the instantaneous voltage deflections. This finding is 
important from a technical point of view, since measurements with higher 
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Fig. 7. Current-voltage relation of Necturus gallbladder. The upper half shows the transepi- 
thelial voltage during flow of constant transepithelial current (31 pamps/cm z) as a function 
of time. Current flow was from lumen to interstitium (lumen positive) in A and in the 
opposite direction in B. The lower half shows a current-voltage diagram. Abscissa: 
transepithelial current in pamps, current from lumen to interstitium is taken as positive; 
Ordinate: transepithelial potential difference in mV. ~ . . . .  , instantaneous values, 
recorded at <0.5 sec after onset of current; o - o - o ,  values recorded after 4 rain of 
current flow. After each current pulse of 4-rain duration, the gallbladder was allowed 
to recover during 4 rain before the next current pulse of opposite polarity was passed. 
This protocol required almost 1 hr to finish the experiments. Since in the meantime the 
control resistance determined at I ~ 0 was not stable but increased steadily, probably 
as a consequence of the in vitro conditions, the data were corrected for the increase 

of the control value 
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Fig. 8. The voltage deflections across the luminal and basal cell membrane as a ftmction of 
transepithelial current. Abscissa: transepithelial current in 10-4 amps, direction of current 
as in Fig. 7; Ordinate: Instantaneous voltage deflections recorded with an intracellular 
microelectrode across the luminal cell membrane (x-~,  m) and across the basal cell 

membrane (o - o, b). All data were recorded from the same cell 

currents at t ~0  are more accurate than the measurements at low current 
densities and consequently this method was chosen for the other experiments. 
From Fig. 7b the resistance can be calculated to be 214 f2 cm 2 in this partic- 
ular gallbladder. The mean value from six other gallbladders (compare 
Table 1 a) was 307 f2 cm 2. This value is approximately one orderofmagnitude 
greater than the resistance of the rabbit gallbladder [5, 47]. The difference 
may be due in large part to the different cell dimensions in both epithelia. 
In contrast to the observations of Barry et al. [5], who report that the 
transepithelial resistance of rabbit gallbladder in vitro declined slowly 
over hours, the resistances in Necturus gallbladder usually increased during 
the experiment. 

The Voltage Divider Ratio A v~ia vb. During the measurements of the 
voltage divider ratio the same polarization effects were observed as described 
above, but the instantaneous current-voltage relation was also linear for 
both cell sides (Fig. 8). Hence A V,,/AVb was determined from the in- 
stantaneous voltage deflections. In a series of pilot experiments large 
variations of the voltage divider ratio were observed with mean values 
ranging from 0.9+0.4 to 3.1 + 1.2 in individual gallbladders. These varia- 
tions seemed to exceed the extent which could be attributed to varying 
properties of the cell membranes themselves and it was thought that the 
variations might be due to different states of expansion of the lateral spaces. 
This view was supported by a number of experiments in which the width 
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Fig. 9. Time course of the voltage deflections recorded from four different epithelial cells 
during application of square wave current pulses into a nearby cell. Abscissa: time in 
msec; Ordinate: pulse height at time t divided by the constant pulse height before the 
break of the current after 800 msec (ideally speaking at t ~ oo). This type of presentation 
of the data was chosen because A V~o varied between 12.4 mV (x--x) and 1 mV (.--o) 
as a result of the increasing cell-to-cell distance. The distance between the current cell 
and the voltage cell was 74 gm (x- • 165 g m ( . - . ) ,  400 gm (+- +), and 990 ~tm (~  ~ 

of the lateral spaces was varied by generating water fluxes across the 
epithelium through the addition of sucrose (0.5 M) to the luminal or serosal 

bathing fluid, as described by Smulders, Tormey and Wright [36]. During 
water flux from mucosa to serosa, which opens the lateral spaces and de- 

creases the transepithelial resistance, the ratio A V,,/A Vb rose from 2.3 to 3.6 

or remained constant, and during water flux in the opposite direction, 

which closes the lateral spaces and increases the transepithelial resistance, 

the ratio fell from 1.5 to 0.3. 

The Specific Resistance for Current Flow from the Cellular into the 
External Fluid Compartments R=. The resistance R~ had to be determined 

from an analysis of voltage spread in the epithelial layer. In these experi- 
ments, two microelectrodes were used, one for passing current into an 
epithelial cell and a second one for exploring the electrical field in the 
neighboring cells. Hence, in addition to time and current strength, the loca- 
tion of the electrodes in the epithelial plane had to be considered as a further 

parameter. 

Fig. 9 shows the time course of the voltage deflections which were 
observed with an intracellular microelectrode when square wave current 
pulses were passed into a nearby cell. Although the rising phase clearly 
depends on the distance between the current and the voltage cell, it can be 
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seen that the voltage in all cases eventually reaches a constant value. In 
contrast to the observations with transepithelial current flow (compare 

Fig. 7), no secondary voltage creep could be discerned in this case, even 
if the current flow was kept constant for 5 sec. The fact that the potential 
difference rises only slowly, when the distance between current and voltage 
cell is great, probably means that a greater number of ceils has to be passed 
and that each cell acts as a R-C unit. From the results of Fig. 9 we conclude 
that the voltage deflections measured after approximately 1 sec (theoretically 
speaking at t ~ ~ )  can be used to determine the d-c resistance of the epi- 
thelial cells, provided that the interelectrode distance does not vastly exceed 
~ 1 mm and that the applied currents are smaller or equal to the current 
used in this experiment (5.5 • l0 -s amps). 

As can be seen in Fig. 10, currents of this magnitude already produced 
slight deviations from linearity in the current-voltage plot. With outward 
currents of 5.5 x 10 .8 amps (current microelectrode-positive) the resistance 
calculated as A Vm/AI appears to be ~ 15 % smaller than the resistance 

measured with vanishing currents. With inward currents of the same 
magnitude the error is almost identical but in the opposite direction. The 
deviations did not show a clear dependence on the interetectrode distance. 
Despite these small deviations from linearity, the currents could not be 
reduced in the subsequent experiments in order to work in a strictly linear 
range because this would have hampered the accuracy of the voltage readings 
considerably. 

Since the current might be expected to spread into all directions of the 
plane, the study of the voltage response as a function of electrode location 
must be described by two parameters. For example, if we place the origin 
of a system of polar coordinates above the current cell, we can move the 

voltage-recording electrode around, and can record A V,, as a function of 
interelectrode distance x and angle ~0. Fig. 11 shows the results of such 

an experiment. It can be seen that the voltage attenuation was almost 
uniform in all directions. This observation is also supported by one experi- 
ment in which the voltage attenuation, measured at two different angles 
~0, was found to be almost undistinguishable (compare lines 4 and 5 in 
Table 1 a). In one further experiment of this type, however, significant differ- 
ences were noticed between the voltage attenuation at r =0  ~ and (p =90 ~ 
(compare lines 2 and 3 in Table 1 a). It is possible that this difference might 
have been caused by unequal stretch during mounting of the tissue. In 
contrast to toad urinary bladder [26] and Necturus stomach [7], where cell- 
to-cell coupling is restricted to single cell strains, no evidence for restricted 
coupling was found in gallbladder. Not a single cell out of ~200 cells 
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Fig. 10. Current-voltage diagram for intracellularly applied current. Abscissa: current 
in 10 -8 amps (outward current positive); Ordinate: cell membrane potential determined 
immediately before breaking the current pulse at 1.2 sec after onset of current. In experi- 
ment A the current and voltage electrode were situated in the same cell; in experiment B 
two immediately adjacent cells had been impaled; and in experiment C the cell-to-cell 

distance was 120 ~tm 

Fig. 11. Voltage spread within the epithelial plane. The current cell was situated in the 
center of the coordinate system. The figures indicate the magnitude of the voltage de- 
flections in mV, which were recorded from other cells situated at various distances and 
different angles from the current cells. The circles represent distances of 140, 280, and 

660 pm from the current source 

punctured in the current spread experiments failed to respond to the current 

pulse, provided that the distance between current and voltage cell was 
less than ~ 1 mm, and that the membrane potential in both cells was intact. 

Fig. 12 finally gives an example of the voltage deflection AVe, as a 
function of distance. The data were obtained by moving electrode B at 
constant angle ~0 in radial direction from cell to cell. It can be seen that the 
experimental points fit well to the Bessel function, which has been derived 
from theoretical considerations in the Appendix. This result confirms 
that this analysis can predict the current spread in a plane sheet epithelium 
with uniform cell-to-cell coupling correctly. The same observation has also 
been made on intestinal mucosa [34]. In tubular epithelia, however, the 
intraepithelial voltage attenuation appears to fo l low a different pattern 
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Fig. 12. Voltage attenuation as a function of radial distance. Abscissa: distance between 
voltage and current electrode; Ordinate: intracellular voltage deflections in mV in logarith- 
mic scale. The open circles are the results from one experiment in which the current 
electrode was left within the current cell, while the voltage electrode was moved radially 
at constant angle ~o to puncture different cells. As a result of the addition of sucrose to 
the interstitial bathing solution, the lateral spaces were dilated in this experiment and 
single cells could be clearly visualized and counted. The cell numbers are given in the 
top of the panel. No. 0 was the current cell. The sequence of impalements was: cells 
No. 6, 9, 12, 15, 18, 4, and 2. Then the three outermost points were obtained and the 
measurements were continued with cells No. 3, 2, 1, and 0. The results from individual 

cells were well reproducible. The curve depicts the Bessel function d V= 11.5 K o ~ 
(mV). It has been fitted to the results as described on pp. 272 and 273 

since the exper imental  results f r om salivary glands of Chironimous [24, 26] 

and f r om kidney tubules [23, 44] show an  exponent ia l  decay. 

The  Bessel funct ion depicted in Fig. 12 has the fol lowing values of the 

constants :  A = 11.5 mV and 2 =290  gm. F r o m  these values R.. is calculated 

for  this par t icular  gallbladder according to Eq. (A.12) to be 1,020 #2 cm 2. 

Simultaneous Determination of R,, vmlVb, and R= in Individual Gall- 
bladders: In these experiments on  six gallbladders, one or  two series of 

current-spread measurements  were made  first to determine R=. Immediate ly  

after  they had  been completed,  current  was passed transepithelially and the 

resistance R, was determined as well as the ratio A V,,/A Vb by punctur ing  

several cells. The  experimental  results are compiled in Table  1 a. Columns  2 

and 3 give the transepithelial  resistance R, which on  the average was 

307 O cm z and the voltage divider rat io A Vm/A lib for  which a mean  value 

of 1.77 was obtained.  The  resistance for  current  f low f ro m  the cellular 

into the external  fluid compar tments  R= is given in co lumn 4 and the resist- 
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Table 1 a. Experimental data for the determination of the paracellular shunt conductance 
according to Method I 

Exp. R t A V m R z R x A 2 Cellpd. Direc- No. of 
no. (f~ cm2) A V b (f~ cm 2) (K~q) (mV) ( ~ t m )  (mV) tion of cells 

current 

1 535 0.95 1,610 870 7.60 430 --44.0 out 12 
2 a 295 2.36 3,490 780 6.80 670 --43.8 out 12 
2 b 295 2.36 1,420 770 6.70 430 --48.3 out 12 
3 a* 180 1.18 1,100 1 , 3 1 0  11.50 290 --47.5 out 14 
3 b* 180 1.18 900 1,570 13.70 240 --51.6 out 11 
4 345 1.05 2,140 380 3.33 750 --49.6 out 9 
5 520 0.94 2,710 2,650 23.20 320 --41.7 in 12 
6 a 300 2.32 700 380 3.33 430 --43.9 in 11 
6 b* 115 3.62 920 500 4.36 430 --45.7 in 8 

307 1.77 1,666 1,023 8.94 443 --46.2 

* The measurements indicated by an asterisk have been performed in the presence of 
osmotically induced transepithelial water flow, after addition of 500 mmoles/liter sucrose 
to the serosal fluid. 

Table 1 b. Results of the circuit analysis according to Method I a 

Exp. R m R b R s Rm + R b 
NO. (f~ cm 2) (f~ cm 2) (~ cm 2) R s 

1 3,140 3,300 583 11.1 
2 a 11,730 4,970 300 55.6 
2 b 4,770 2,020 308 22.0 
3 a* 2,400 2,030 187 23.7 
3 b* 1,960 1,660 189 19.2 
4 4,390 4,180 359 23.8 
5 5,260 5,590 546 19.9 
6 a 2,320 1,000 329 10.1 
6 b* 4,250 1,170 117 46.2 

4,470 2,880 324 25.7 

a The values have been calculated from the data of Table 1 a. 
* See  Table 1 a. 

ance for  cur rent  f low f r o m  cell to cell R x  ( s e e  Appendix)  in co lumn  5. 

The  lat ter  two values have  been calculated f r o m  the cons tants  A and  2 

(columns 6 and  7) according  to Eqs. (A.12) and  (A.13). The  last  three 

co lumns  conta in  i n fo rma t ion  a b o u t  the exper imenta l  condi t ions :  the m e a n  

values of the cell m e m b r a n e  potentials ,  the direct ion of current  f low (out :  

current  microelec t rode  posi t ive;  in:  current  microelec t rode  negative) and  

the n u m b e r  of  measu remen t s  in the individual  experiments .  Table  l b 
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finally summarizes the results of the circuit analysis. The values have been 
calculated from the data in columns 2 through 4 of Table 1 a using Eqs. (5) 
through (8). The average resistance of the luminal cell membrane Rm 
turned out to be approximately 4,500 f2 cm z and the lumped resistance 
of the basal cell membrane was approximately 2,900 O cm 2. These values 
yield a total resistance of 7,400 O cm 2, which has to be overcome, if current 
flows through the cells. Since the overall transepithelial resistance was only 
307 ~2 cm 2, this result clearly demonstrates the existence of a highly con- 
ducting paracellular shunt path in Necturus gallbladder. For the resistance 
of the paracellular shunt path R, a mean value of 324 O cm 2 (column 4) 
was obtained. The mean ratio of the transcellular resistance vs. the para- 
cellular resistance was 25, indicating that approximately 96 % of the total 
current flows through the shunt path and only 4 % flows through the cells. 

Method II 

Application of Method II required: 1) the determination of the voltage 
divider ratio A V,,/A Vb; 2) the determination of the resistance for current 
flow from the cell compartment into both external fluid compartments 
R,; and 3) the determination of the resistance for current flow from the 
cellular into the interstitial fluid compartment with the luminal compartment 
being empty R~. 

Since the voltage divider ratio had been determined in Method I, no 
further measurements were required. With respect to R~, however, which 
had also been determined in Method I, it seemed preferable to obtain 
new measurements to minimize the influence of individual variations 
when comparing R~ to RI. Hence, an attempt was made to determine Rz 
and R" in the same gallbladders at the same place and at the same time. 
The following procedure was chosen: the current and voltage microelectrodes 
were positioned within different cells and the voltage deflections were 
recorded across the basal cell membrane while current flow was directed 
from the current cell either into the interstitial or into both external fluid 
compartments. Furthermore, the luminal fluid compartment was emptied 
and filled simultaneously as required. The data are listed in Table 2. They 
are expressed as A Vb, i-.B/A V~, ~-*A,B; that is the ratio of the voltage deflec- 
tion observed during current flow into compartment B (with compartment A 
being empty) to the voltage deflection observed when the current was 
passed into compartments A plus B simultaneously. At cell-to-cell distances 
of 40 to 60 gm, the data yielded a mean ratio of 0.98 _+0.21 ; at a distance 
of approximately 340 gm, the mean ratio was 0.90 +0.15; and at distances 
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Table 2. Ratio of the voltage deflections r = A Vb, i~B/A Vb, t-*a, B observed in the 
experiments of Method II as function of the distance x between current andvoltage celP 

Group I Group II Group III 
x(lam) r x(~tm) r x(~tm) r 

60 0.88 340 0.72 680 1.00 
40 0.86 360 1.07 600 1.07 
35 1.22 340 0.83 640 0.95 
35 0.75 340 0.97 600 1.06 
60 1.19 530 0.96 

0.90 530 0.94 
0.98 ___0.15 

___ 0.21 1.00 
__+ 0.06 

a For derivation of the mean values, the data were split into three groups of short, 
medium and long cell-to-cell distance. Experiments in which the cell potential of the vol- 
tage or current cell had changed by more than 10% during emptying or filling of the 
luminal fluid compartment were discarded. 

of 530 to 680 tlln, the mean ratio was 1.00 +_0.06. The fact that these ratios 

cannot be distinguished f rom unity, irrespective of the distance between 

the current and voltage cell, implies that Rs is also close to unity. As 

has been discussed on p. 266 this result provides further independent 

evidence for the existence of a paracellular shunt path in Necturus gall- 

bladder epithelium and indicates that the conductance of the shunt path 

(1/Rs) must be much higher than the conductance across the cell membranes 

(1/Rm+Rb). Because the data do not significantly deviate from unity 3, 

however, they do not allow a quantitative estimate of the shunt conductance 

to be obtained. Inserting the results from Method I into Eq. (12) (p. 266), 

the ratio RJR~ can be estimated to be t.024. This value is not significantly 

different from the results in Table 2. 

In the experiments of Table 2 the luminal fluid compartment was emptied 

when current was passed from the cell into the interstitium. This reduced 

the shunting effect of the surrounding epithelium for current flow from 

A to B and provided the basis for the application of Eq. (9) (p. 266). On the 
other hand, with the luminal fluid compartment remaining filled it was 

expected that the voltage attenuation would not depend on the direction 

of current flow since the shunt between A and B was now fully operative. 

This was indeed found. Under these conditions AT/,), i-~B/AV,,,~-,A,B was 

1.00_+0.05 and AVm, i-,A/AVm,f.-,A,B was 0.99_+0.04 (n=12). 

3 Even if the ratio of 0.90 from the experiments with cell-to-cell distances of 340 ~tm is 
taken as a real deviation and if a Bessel function is fitted through this point to determine 
R~, no significant difference between R z and R, is observed. 
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Fig. 13 a and b. Voltage scan experiments. Abscissa: position of the e]ectrode tip during 
its way across the luminal surface of the epithelium with respect to an arbitrary starting 
point in pm; Ordinate: current-induced potential difference in mV between the tip of 
the scanning electrode and a fixed point in the fluid bath nearby. Current density was 
1.2 mamps/cmZ; direction of current flow was from lumen to interstitium. In the upper 
half of Fig. 13a, the approximate position of the cell borders is shown as visualized 
through the microscope. The solid line A indicates the path of the electrode. At every 
mark x the electrode movement was interrupted, and the potential difference was recorded. 
In Fig. 13b the position of the cells is indicated by bars ( t- -S ) and the position of the 

cell junctions j by the arrows ($) 

Voltage Scan Experiments 

Although  the experiments  described above  provided  definite p roo f  

of the existence of a paracel lular  shunt,  they did no t  specify the anatomical  

location.  This quest ion could  be answered in fur ther  experiments  in which 

current  pulses were passed th rough  the epi thel ium and a voltage scan 

of the mucosal  surface of the gal lbladdder was obtained.  Fig. 13a and b 
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Fig. 14. Voltage scanning near a hole in the epithelial layer. Abscissa and ordinate as in 
Fig. 13. Direction of current flow was from lumen to interstitium, and current density 
was 0.18 mamp/cm 2. In this experiment a hole had been made in the epithelial layer, 
by poking a larger electrode through it. One cell was totally destroyed and immediately 
adjacent cells were injured. The path of the voltage scanning electrode led across the 

center of the hole, which is indicated by the arrow (~) 

give two examples of the results. It was observed that, whenever the tip 
of the field-exploring electrode was moved across a cell border, it indicated 

greater pulse deflections which were slightly more negative than when it 

was situated in the middle above a cell. Since the direction of current was 

lumen to interstitium (Fig. 3a and b), this result directly proves that the 

main part of the transepithelial current is funneled through the terminal 
bars into the lateral spaces and that the terminal bars are leaky and re- 

present the paracellular shunt path. 
The slight upward trend in the voltage curve of Fig. 13 is due to the 

fact that this particular experiment was made at the edge of a small blister 
which was formed by the epithelium after applying 2 to 4 cm of hydrostatic 

pressure to the serosal side. Thus, the electrode movement was not strictly 

horizontal in this measurement but  slightly upwards along the wall of the 

blister. Under  these conditions it was easier to keep the electrode tip during 
the backward movement in constantly close contact with the surface of the 
epithelium, since the epithelium could be slightly impressed with the electrode 

tip without damaging the cell membranes. The amount of hydrostatic 
pressure did not damage the tissue. It opened the lateral spaces and led 
to a decrease of the transepithelial resistance from 350 f2 cm 2 to 210 f2 cm 2, 

but  the resistance rose to control values again when the pressure had been 

released. 
The same technique of voltage scan was also used to look for other 

possible locations of a shunt and for possible edge damage effects. Since, 
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by simple inspection, no gaps could be recognized in the epithelial layer 
which might have been caused by cell desquamation during the regeneration 
process, the surface of the epithelium was explored randomly and special 
attention was paid to cells of slightly opaque appearance which were 
encountered sporadically. However, no evidence for regionally varying 
current densities was found. Furthermore, provided that the tissue was 
properly mounted and that protrusion of desquamated epithelium from 
underneath the edge of the chamber into the fluid bath was prevented, 
there was also no evidence for increased current flow through the edges. 
However, holes which had been made artificially by destroying one cell 
with a glass capillary, could be easily detected (Fig. 14). 

D i s c u s s i o n  

The present investigation has shown that a paracellular shunt path exists 
in Neeturus gallbladder on which ions can bypass the cells on their way 
across the epithelium, that the conductance of the shunt path amounts to 
about 96 % of the total conductance of the epithelium, and that the shunt 
path leads through the terminal bars or "tight junctions". These findings 
demonstrate that in gallbladder epithelium the "tight junctions" are really 
not tight for small ions in the direction of current flow from lumen to 
interstitium or back, and it would appear that the term "tight junction" 
should no longer be used in a general sense. However, before further con- 
sideration of the general implications of the present results, we want to 
discuss how the resistance of the paracellular shunt path and the coupling 
resistance between individual cells can be interpreted in terms of the histo- 
logical structure of the gallbladder epithelium. 

Does the Lateral Intercellular Space Contribute a Significant Amount to the 
Resistance of the Shunt Path across Necturus Gallbladder ? 

As shown in Fig. 1, the shunt path through the terminal bars (route 
No. 2 in Fig. 1) consists of two parts arranged in series: the terminal bar 
and the lateral intercellular space. Hence, in terms of the equivalent circuit 
of Fig. 2a, the resistance of the shunt path should be 

R s = R j  + n r i ( 15 )  

where nri is the unknown contribution of the lateral intercellular space and 
R~ the resistance of the terminal bars proper. By comparing the width of the 
lateral spaces obtained from electron-micrographs with conductance and 

19" 
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permeability data from rabbit and frog gallbladder, Smulders et aL [36] 
have recently shown that in these species the contribution of the lateral 
spaces to the gallbladder resistance is negligible under control conditions 
and becomes significant only during osmotically induced water flux from 
serosa to mucosa. This might be different in Necturus gallbladder, however. 
There are indeed three independent lines of evidence which suggest that 
the dimensions of the lateral spaces might have been of importance in our 
experiments. 

1) Whereas Smulders et al. [36] have observed that the transepithelial 
resistance remained constant during water flux from mucosa to serosa, R, 
decreased under these conditions in our experiments from control values of 
200 to 500 f2 cm 2 to values of about 110 to 180 O cm 2. A similar fall of re- 
sistance was also observed during application of hydrostatic pressure to 
the serosal side of the epithelium or during current flow from mucosa to 
serosa. Since under all three measures the lateral spaces were seen to open, 
these observations would suggest that the resistance fall might have been 
caused predominantly by the dilatation of the lateral spaces, and that their 
contribution to the transepithelial resistance was not negligible. 

2) The data of Table la suggest that there might be a negative correlation 
between Rt and A Vm/A lib. This view is also supported by the observation 
that during osmotically induced water flux from serosa to mucosathe trans- 
epithelial resistance increased whereas the voltage divider ratio fell. A con- 
sistant negative correlation between thesevalues could indicate that the lateral 
intercellular spaces play a significant role in our experiments, since Rt as 
well as Rb (and hence A Vm/A Vb) depend on r~, the electrical resistance of 
the lateral spaces to current flow (compare Fig. 2a and b). 

3) Finally, the approximate contribution of the lateral spaces to the 
transepithelial resistance can be calculated by considering the cell dimensions 
and assuming a range of space widths, according to: 

R= pt (16) 
F 

where R is the resistance in f2, p (f2 x cm) is the specific resistivity of the con- 
ducting material and t(cm) and F(cm z) are the length (in direction of cur- 
rent flow) and the area of the body of the conducting material, respectively. 
Since we consider current flow in the transepithelial direction, ? must be 
identical to the cell height of about 30 lam (obtained fromnormalhistology) 
and F can be calculated from the space width and from the total length of 
the network of lateral spaces contained in 1 cmz of epithelium. If we con- 
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sider the cells to be hexagonal and to have an average diameter of approxi- 
mately 20 ~tm (compare Fig. 12) the network of lateral spaces within 1 cm 2 
of epithelium should be 1,150 cm long. Since the specific resistivity of the 
fluid should be similar to that of Ringer's fluid ( ~ 100 f2 cm) the following 
resistances can be calculated. They are expressed per cm z of epithelial sur- 
face. At a space width of 1 ~tm the contribution of the lateral spaces to the 
total transepithelial resistance should be only 2.6 f2. At a width of 0.1 gm 
it should be 26 f2 and at 0.01 rtm, 260 ~. The latter value, however, might 
actually be considerably higher, since at small space widths the tortuosity 
of the channels should be taken into account, which is especially pronounced 
in Necturus gallbladder (H. Pockrandt-Hemstedt, personal communication). 

From these data it would appear that under conditions of maximal dila- 
tation as for example during osmotically induced water flux from mucosa 
to serosa the resistance of the lateral spaces is negligible in Necturus gall- 
bladder, and that the transepithelial resistance of 110 to 180 s2 cm 2 measured 
under these conditions is for all practical purposes identical with the re- 
sistance of the junctional complexes alone. At space widths below 0.1 gin, 
however, the resistance of the intercellular spaces can no longer be neglected. 
To explain the difference between the value of 110 to 180 ~2 cm z and the 
actual transepithelial resistances, which we have observed under control con- 
ditions, the spaces should have had a width of approximately 0.01 to 0.03 gm 
or 100 to 300 A; and if tortuosity is considered, the space width might 
have been in the range of 300 to 1,000 A. This range does not seem unlikely 
in view of the electron-microscopic observations of Tormey and Diamond 
[39] and Smulders et al. [36] in rabbit gallbladder, but a final statement 
has to wait until similar studies in Necturus gallbladder are available. 

Quantitative Aspects of Current Flow through The Terminal Bars in Relation 
to Electron-microscopic Findings 

The electron-microscopic structure of the terminal bars has already been 
described quite extensively. A terminal bar consists of two parts, a zonula 
occludens, which faces the luminal fluid compartment and a zonula adherens, 
which faces the lateral intercellular space. Both surround the edge of the 
cells completely like belts. In gallbladder epithelium of guinea pig [17], rabbit 
[39] and Necturus (J. M. Tormey, personal communications) the zonula oc- 
cludens is approximately 2,000 A deep. It consists of a very close apposition 
of the two plasma membranes of the adjacent cells. Previously, it was thought 
that the two outer leaflets of the plasma membrane were fused over the 
entire depth of the zonula occludens. However, recent observations have 
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shown that the two plasma membranes form only a number of punctate 
contacts, whereas for the major part of the zonula, the two membranes are 
clearly separated and leave spindlelike open spaces between them [22, 39]. 
In freeze-cleave studies on similar junctions in intestinal [37] and liver cells 
[22] the contact points appear to be formed of threads or chains of small 
globular particles which connect the two apposing membrane phases and 
leave a labyrinth of tortuous, probably aqueous channels between them. 

The depth of the zonula adherens is more variable in gallbladder epi- 
thelium [17] but generally in the same order of magnitude as the depth of 
the zonula occludens. In the zonula adherens, the plasma membranes are 
clearly separated over the entire length by a cleft of constant width of about 
200 ~_, which contains material of relatively low electron density. 

The electron-microscopic studies have also shown that the main re- 
sistance for the transepithelial exchange of matter is not located in the 
zonula adherens but rather in the zonula occludens. Thus, it has been ob- 
served that large protein molecules, as well as ferritin and colloidallanthanum, 
when applied from the interstitial surface of the epithelium, can easily 
penetrate into the cleft of the zonula adherens but cannot penetrate into 
the zonula occludens [17, 22, 28, 38]. The latter is also true when the sub- 
stances are applied from the luminal surface. 

Since our experiments have shown that electric current in contrast can 
pass the terminal bars easily one can envisage the function of the zonula 
occludens as follows: The threads or chains of globular particles may act 
as weirs and provide the barrier for the transepithelial movement of larger 
particles and protein molecules. Ions and smaller molecules however, may 
penetrate relatively easily through small gaps between the globular particles. 
They may then reach the network of aqueous channels which extends 
throughout the entire depths of the zonula occludens and proceed their 
path along these channels until they arrive at the next weir. Thus, the greater 
part of the transport along the zonula oceludens could be governed by 
mechanisms similar to those in simple aqueous solutions, and there would 
be only a few, possibly only two occasions (if the channels within the zonula 
were continuous from one end to the other), where the ions could interact 
stronger with the membrane, namely during the passage through the weirs. 
Although this view might seem highly speculative it appears to be compat- 
ible with the following calculations of specific resistivities which can be 
derived from the present results. 

As we have discussed above, the resistance of the network of terminal 
bars of 1 cm z of gallbladder epithelium for transepithelial current is approxi- 
mately 110 to 180 f2 cm 2. This value represents the sum of the resistances 
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of the zonula adherens and of the zonula occludens. For the resistance of 
the zonula adherens, a relatively safe estimate can be obtained under the 
assumption that the resistivity of the fluid within the cleft is approximately 
equal to that of Ringer's fluid. Since the total length of the network of ter- 
minal bars within 1 cm 2 of epithelium is about 1,150 cm (see p. 289) and since 
the cleft is about 200 ]k =2 x 10 .6 cm wide and measures about 2,000/k = 
2 x 10 .5 cm in the direction of current flow, the resistance of the zonula 
adherens should be a little less than 1 ~2 per cm 2 of epithelium, as can 
be calculated from Eq. (16) (p. 288). This result allows the conclusion that 
the resistance of the zonula adherens is negligible compared to that of the 
zonula occludens; and this conclusion would even hold if the resistivity of 
the fluid within the cleft were one order of magnitude higher than that of 
Ringer's fluid. 

If we now consider the dimensions of the zonula occludens and assume 
that the width of the aqueous channels is between 20 and 70/~, we can 
calculate from Eq. (16) that the specific resistivity of the fluid within these 
channels must range between ca. 1,700 and 6,000 f2 cm. These values are 
considerably greater than the resistivity of Ringer's fluid and thus allow 
for greater restriction of ion movement in the regions of chainlike struc- 
tures as well as for membrane ion interaction at the walls of the channels 
and for tortuosity of the channels. 

The Route of Current Flow from Cell to Cell 

Although we have seen that transepithelial current passes almost entirely 
through the terminal bars, the route of current flow from cell to cell is not 
precisely known. Among the various types of junctions between electrically 
coupled cells which have been described by electron-microscopists it is most 
likely that the so-called nexus or gap junctions are electrically conducting. 
These junctions have been observed in heart [4, 12, 29] and smooth muscle 
[12], and in several electrically coupled epithelia such as liver [22], cervix 
uteri [29] and renal proximal tubules [35]. Aside from these, a special type 
of "focal tight junctions" appears to be conducting in chicken embryo [40] 
and septate desmosomes are thought to provide electrical coupling in in- 
vertebrate tissue [9]. Since recent electron-microscopic studies on Neeturus 
gallbladder have indicated that gap junctions do also occur in gallbladder 
epithelium (H. Pockrandt-Hemstedt, personal communication), it would seem 
likely that cell-to-cell coupling is also mediated via gap junctions in Necturus 
gallbladder. 

On the other hand, however, the possibility remains that other cell 
membrane junctions contribute a significant amount to horizontal current 
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flow. Desmosomes are not likely to conduct current from cell to cell since 
they do occur between electrically uncoupled nerve cells and do not partic- 
ipate in electrical transmission in heart muscle [15]. This is in agreement 
with their electron-microscopic appearance which shows a wide cleft between 
the adjacent cell membranes. The latter is also true for the zonula adherens. 
A contribution of the zonula occludens to current flow from cell to cell, 
however, cannot be ruled out at present. If current could flow across the 
zonula occludens in the horizontal direction we would have to postulate 
that this route of current flow be highly insulated against the transepithelial 
route to explain our observation of cell-to-cell coupling in the presence of 
a low-resistance paracellular shunt through the junctions in the transepi- 
thelial direction. Evidence for a good insulation of the cell interior against 
the extracellular fluid at the junctional level has also been obtained in other 
tissues by both electrical and tracer experiments [25]. Thus, in case of a 
significant contribution of the zonula occludens to horizontal current flow, 
the following submicroscopic picture of the junctions could be envisaged: 
The globular particles which form the fusion sites between the apposing 
cell membranes might have some kind of central "bore"  through which 
ions and small molecules might pass from cell to cell without coming in 
contact with the surrounding, probably aqueous channels within the zonula 
occludens which carry out the transport in the transepithelial direction. 

Significance of the Results in View of Transport Mechanisms 

Since the occurrence of terminal bars with a distinct zonula occludens 
is a general feature of epithelia, the question arises as to what extent our 
findings in gallbladder can be generalized. Are terminal bars leaky in all 
epithelia or do some epithelia exist in which the terminal bars are tight? 
This question cannot be answered precisely at present since, aside from the 
data from renal proximal tubules and from gastric mucosa which have 
been cited in the Introduction, only indirect evidence is available. However, 
a careful evaluation of the available indirect evidence in terms of different 
criteria derived by Barry et al. [5], has led us to the conclusion that besides 
gallbladder and renal proximal tubules the small intestine and the choroid 
plexus may have very leaky junctions and that the conductance through the 
junctions may be comparable to or smaller than the conductance through 
cel ls-but  not necessarily negligible-in gastric mucosa, frog skin, toad 

urinary bladder and salivary ducts. (For details see ref. [19].)In view of this 

result it would appear that the importance of paracellular transport routes 
should no longer be neglected aprioriin any epithelium and that in describing 
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any transport parameters an attempt should be made to separate the rela- 
tive contributions of the cellular and paracellular pathways. This is especially 
important when models of the transport mechanisms are considered. 

One example which illustrates this point is the model of isotonic fluid 
transport in gallbladder as proposed by Diamond and Bossert [14]. Since per- 
tinent information was not available at that time, the authors assumed 
that the terminal bars were fight and that all water and all ions flowed 
through the cell membranes. However, there are at least two observations 
which support the view that the tight junctions may also have a significant 
permeability to water: 1) The present experiments show that the transepi- 
thelial route through the zonula occludens has a very low electrical resistiv- 
ity compared to that of other membrane material. 2) The channels for 
passive ion movement through the gallbladder epithelium (which have 
been shown in this paper to be located in the zonula occludens) lack marked 
ion selectivity [5]. Both observations point to a highly hydrated membrane, 
and a highly hydrated membrane is also likely to exhibit a high water per- 
meability. In view of this reasoning it would seem necessary to consider a 
modification of the model of isotonic water transport in which solutes and 
water would also be able to flow from the luminal fluid compartment 
through the terminal bars into the lateral space. 

Such a modified model can be conceived to work as follows: As the 
first step, sodium ions and bicarbonate or chloride are actively transported 
from the lumen through the cell into the lateral intercellular space. Thus, 
a local osmotic gradient is built up between the lateral space and the luminal 
fluid compartment. This gradient causes osmotic water flow from the lumen 
into the lateral space via two different routes: via the terminal bars and 
via the cellular compartment. The interesting property of the first route is 
that, depending on the reflection coefficient of the terminal bars for NaC1, 
besides water, salt should also be transferred from the lumen into the lateral 
space by a mechanism of solvent drag, whereas the second route may serve 
for the fine adjustment of the transported fluid to isotonicity, which seems to 
occur at the basal end of the lateral space. The fluid transport from the lateral 
spaces across the basement membrane into the intersfitium then is essen- 
tially a hydrodynamic flow governed by hydrostatic and oncofic forces. 

This model has several aspects in common with different model assump- 
tions, which have already been discussed in the literature [11, 18, 32] and 
would seem to apply not only to gallbladder but also to proximal tubules 
of mammalian kidney [3] and to human jejunum [18]. It has the following 
interesting aspects: 1) It demonstrates that the reflection coefficient for NaC1 
is a very important property of the membrane which, especially in epithelia, 
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should be determined in any case. 2) It can easily explain our observation 
that the active sodium transport through an epithelium can be "amplified" 
by a superposition of a passive sodium transport component. This situation 
occurs in proximal tubules of the rat kidney, where only approximately 
one-half of the net sodium transport appears to be active, while the other 
half has to be considered as passive [3]. 

Appendix 

Analysis of Intraepithelial Voltage Spread: Determination of R~ 

The problem of current spread around a point source in a flatconducting 
sheet has already been discussed in the literature [16, 31, 34, 45]. However, 
the two reports [16, 34] which give a complete analysis of the problem, 
regard the two fluid compartments, which the plane sheet faces on either 
side, as being always at the same potential. In the present study, in contrast, 
the two fluid compartments are considered separately. This requires a slightly 
different formulation of the problem, which will be outlined in the fol- 
lowing. 

On p. 263 we have presented a basic equivalent circuit which represents 
a single cell with a paracellular shunt path and which consists of the three 
lumped resistors R,,, R~ and Rs (Fig. 2b). This basic circuit describes the elec- 
tric response of a cell properly if the voltage response of all neighboring 
ceils is identical. This situation obtains during the determination of the 
transepithelial resistance R~ and during determination of the voltage divider 
ratio A Vm/A Vb. However, when the voltage response of individual cells 
differs, as for example when current is injected only into one cell and spreads 
horizontally within the entire cell layer, we have to consider the entire two- 
dimensional assembly of cells simultaneously. This can be done by help of 
the network depicted in Fig. 15a which is thought to consist of an infinite 
number of electrically coupled single cells. The cells are represented by the 
basic circuit diagram of Fig. 2b, consisting of the resistance of the luminal 
cell membrane rm, of the basal cell membrane rb and of a paracellular shunt 
path rs. C1, Cz and C3 are the intracellular fluid compartments of 3 neigh- 
boring cells which are connected by coupling resistors rx. A and B represent 
the luminal and interstitial fluid compartment, r l ,  and rib are the resistances 
for current flow in these compartments. Usually, they can be neglected. 

This circuit diagram can be simplified if compartments A and Bare short- 
ed. By shorting r~, lumping rm and rb into r~ and folding the circuit within 
line C1 ... C, we obtain the simple cable-like network depicted in Fig. 15b. 
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Fig. 15a, b and c. Network of electrically coupled epithelial cells. A:  Individual cells are 
represented by the basic equivalent circuit of Fig. 3. Adjacent cells are interconnected 
at their C-terminals, which represent the cellular fluid compartments, through coupling 
resistors r=. (For details see text). B and C: Reduced forms of the same network which 

have been used to describe the experiments of Methods I and II, respectively 

In this circuit, rz is given by 

t 1 1 
- ~ . (A.I) 

Pz I'm Fb 

This approach was used in the experiments of Method I. Experimentally, 

the shortcircuit between A and B can be achieved by providing two dif- 
ferent current electrodes and placing them into compartments A and B 

simultaneously. On the other hand, however, it should be noticed that the 
epithelium itself already provides a shortcircuiting element between com- 
partments A and B during the determination of R=. To explain this we will 

consider a situation in which current is passed from a cell into compartment 
A with compartment B floating, and we will assume for the sake of simplic- 
ity that R, is infinite. If only one cell is exposed between chambers A and B, 
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or if current is passed at equal densities into all exposed cells simultaneously, 
there will be no shunt. All current will pass from C to A via r~, and there 
will be no current flow via rb. However, if more cells are exposed, and if 
current isinjected onlyinto one cell C1 the situationis different. Current will now 
flow along the chain of cells C1 ... C, and cross the resistors r~ ~ ... r~, to 
reach compartment A, and, in addition, some current will also flow across 
the resistors rb into compartment B. This is possible since the remote cells 

C~ which are not reached by the intracellularly propagating current will 
now act as a shunt between A and B so that the current leaving C1 .,. C, via 
rb, ... rb,, can flow along the resistors rsb and pass through the remote 
ceils C~ from B into A. The efficiency of this shunt depends on the conduc- 
tance of the external fluid compartments for horizontal current and on the 
ratio of the space constant to the area of epithelium which is exposed between 
chambers A and B. 

Another possible choice to simplify the circuit diagram of Fig. 15a is 
to make r~., infinite; that is, to interrupt the horizontal conductance within 
the luminal fluid compartment, represented by line A in Fig. 15a. This 
operation reduces the circuit again to a cable-like network as depicted in 

Fig. 15 c. Instead of r~, however, we are now dealing with a different resistor 
r; which represents r,,, rb and r, according to 

1 1 1 
- - = - - + - - .  (A.2) 
r', rb r,,+rs 

Experimentally, the latter situation can be approached by emptying the 
luminal fluid compartment, so that a thin fluid film remains at the luminal 
surface. The current will then be able to pass from the cell across the luminal 
cell membrane into the film and it will return through the nearest shunt 
path into the interstitial fluid compartment B if the film is thin so that 
current spread in the horizontal direction (along line A in Fig. 15a) is re- 
duced. This approach was used in the experiments of Method II. 

Fig. 15a,b and c have to be considered as a planar array of resistors 
rather than as a single transmission line. To derive the voltage as a function 
of cell-to-cell distance in such a two-dimensional array we regard the homo- 
geneous model depicted in Fig. 16. In this model all resistive elements rx 
which allow current flow in the horizontal direction are distributed into a 
uniform thin plane sheet of infinite extension C. This plane sheet is thought 
to be connected on one side through a membrane M to a reservoir of in- 
finite conductivity A, assuming r,, .b and rib in Fig. 15b and c to be zero. 
Into membrane M all resistive elements rz are lumped which allow current 
flow in the perpendicular direction, from C to A in Fig. 16. If the conducting 
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Fig. 16. Diagram to illustrate the mathematical treatment of current spread within a 
plane. (For details s e e  text). 

material of the plane sheet C has a specific resistivity p and a thickness d, 

the resistance for current flow in the horizontal direction of 1 cm 2 of the 

P 
sheet will be Rx = y (~). The specific resistance of membrane M for current 

flow in the z-direction is R_,(~2 cm2). In the center B of the plane sheet 
a point source of electric current is located at x =0 and z =0. Current can 
flow radially within sheet C and cross the membrane M on its way to the 
reservoir A. The thickness d of the conducting sheet C is considered to be 

so small that current flow within the sheet is not a function of z.* 
Now let us consider an infinitesimal cylindrical element of the conducting 

sheet of inner radius x and outer radius x + dx.  The infinitesimal resistance 
dG  for current flow in the radial direction (x-direction) through this element 
is 

Rx 
dry= 2 n x  dx  (A.3a) 

and the infinitesimal conductance dax for current flow in the z-direction 
through membrane M is 

27cx 
d o x -  dx. (A.3b) 

Rz 

Furthermore, the decrement of the voltage d V across membrane M between 
a point x and a point x + d x  is given by 

dV=lx(x )  dr~. (A.4a) 

Since the decrement of the radial current dI~ within sheet C equals the in- 
finitesimal current through membrane M, we obtain 

dIx =Jz (x) 2 zr x d x = V(x) d tr~ (A.4 b 

where j~ is the current density through membrane M. 

This simplification is justified as long as we consider only regions of x > d. For  a 
complete analysis of the voltage spread in case x < d s e e  ref. [16]. 
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Inserting Eqs. (A.3a) and (A.3b) into Eqs. (A.4a) and (A.4b) leads to 

and 

dV=I~(x) Rx (A.5a) 
dx 2nx 

dI:~ = V(x) 2rex (A.5b) 
dx Rz 

After differentiation of Eq. (A.5a) and insertion of Eqs. (A.5a) and 
(A.5b) we obtain a Bessel differential equation with imaginary argument 
and n = 0. 

daV 1 dV V 
dx 2 ~ x dx 2 ~=0  (A.6) 

where 2 has been defined as 
)o=-I/RJRx. (A.7) 

The general solution of Eq. (A.6) is 

where Ko and Io are zero order modified Bessel functions. Since under our 

conditions V will become zero for x ~ 0% B must be zero. The boundary 
solution then reads 

The meaning of constant A can be understood when the current flow is 
considered through membrane M. From Eq. (A.4b) we obtain 

j z (x )2~xdx=AKo T dX. (A.10) 

After integrating from x = 0 to x = oo this equation yields 

i~ = R~ o 

with io being the total current applied. Since the value of the integral is 
equal to 1 [1] we obtain the relations 

2rcA22 
R~ = - -  (A.12) 

io 
and 

Rx P 2hA 
d i o (A.13) 
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Hence,  to de termine  the values of R ,  and  Rx, the to ta l  current  and  the 

cons tants  A and  2 have  to be  known.  The  cons tants  can be ob ta ined  by  

fit t ing the app rop r i a t e  Bessel funct ion  to the exper imenta l ly  de te rmined  

vol tage  a t t enua t ion  as a function, of radial  distance x. 
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