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Summary. Individual resistances of the apical cell membrane, R~, 
the basolateral cell membrane, Rbz , and the paracellular shunt, Rs, 
were determined in the Necturus proximal tubule using a set of 
three electrical parameters. Four electrical parameters were mea- 
sured: the transepithelial resistance, (Rte), the apical and basola- 
teral cell membrane resistance in parallel, (R z free-flow tubules), 
the basolateral cell membrane resistance in oil-filled tubules, (R z 
oil-filled), and the ratio of apical and basolateral cell membrane 
resistance (Ra/Rb~). Rte was determined from an analysis of the 
spatial decay of luminal voltage following luminal current in- 
jection. R z free-flow and R z off-filled were measured by the analy- 
sis of the spatial decay of intracellular voltage deflections follow- 
ing cellular current injection in free flow and oil-filled tubules, 
respectively. RjRbz was estimated from the ratio of voltage de- 
flections across the apical and basolateral cell membranes follow- 
ing transepitheliaI current injection. In addition, the magnitude of 
cellular and luminal cable interactions was evaluated, by compar- 
ing the spatial decay of voltage deflections in the cell and in the 
lumen following intracellular current injection. The combined cell 
membrane resistance (R~+Rb~) is between one to two orders of 
magnitude greater than the paracellular resistance. This result 
supports the view that the Necturus proximal tubule is a leaky 
epithelium. 
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Introduction 

Measurements  of  transepithelial and cell membrane  
potential  differences in leaky epithelia are used fre- 
quently to describe the nature of t ranspor t  processes. 
Each of these measured potential  differences has two 
components ,  the total electromotive force generated 
fl'om the diffusion potentials of all permeant  ions 
and the voltage resulting from current flow across 
either the part icular  cell membrane  resistance or the 
paracellular shunt resistance. 

In a leaky epithelium such as the Necturus proxi- 
mal tubule, the voltages resulting from current flow 
across the cell membrane  and shunt resistances may  
contr ibute significantly to measured potential  differ- 
ences. Consequently,  measured membrane  potential  

differences are not good  estimates of the electro- 
motive forces across either the cell membranes  or 
the paracellular shunt. Since the electromotive force 
is the parameter  which is directly related to the 
electrochemical potentials of ions, it is essential to 
the study of individual ion conductances.  Therefore 
it is impor tan t  to be able to estimate from an 
equivalent circuit the true electromotive force using 
measurements  of  individual cell membrane  and 
paracellular resistances in conjunct ion with the mea- 
sured potential  differences. 

Because of the small size and tubular  structure of  
renal tubules, the experiments which are used to mea- 
sure resistances involve passing current from intra- 
luminal or intracellular point  sources. The experiments 
thus require the use of complicated single or double 
cable analyses to describe the current decay from point 
sources. In spite of these complications,  measure- 
ments of cell membrane  and paracellular resistances 
can be performed on renal tubules with reliable re- 
sults. Windhager  et al. [22] reported the resistance 
of the apical and basolateral  membrane  and the 
shunt resistance in the Necturus proximal  tubule cell. 
They observed that the resistance of  the cell mem-  
branes is an order  of  magni tude  higher than the 
transepithelial resistance and provided the first 
direct evidence for a leaky paracellular shunt in 
the Necturus proximal  tubule. Similar conclusions 
were made by Hoshi  and Sakai [15] in the proximal 
tubule of  the newt kidney (Triturus pyrrhogaster) 
and Anagnos topoulos  and Velu [2] in proximal 
tubule of  the Necturus kidney. 

The aim of this study is: (i) to evaluate several 
techniques for measuring cellular and paracellular re- 
sistances, (ii) to provide a mathemat ica l  analysis to 
describe the current spread in the cell cable follow- 
ing intraepithelial current injection in the proximal 
tubule, (iii) to determine the magni tude  and impor-  
tance of luminal and cell cable to cable interactions, 
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and (iv) to define the ranges of apical and basola- 
teral cell membrane and paracellular resistances in 
Necturus of proximal tubule obtained by different 
experimental techniques. 

Methods and Materials 

Kidney Preparation 

Adult Necmrus macuIosus were obtained from Connecticut Valley 
Biological Co. (Southampton, Mass.) and held in an aquarium at 
10~ for a least one month prior to use. The kidneys were 
doubly perfused with control Ringer's as described previously 
[10]. The perfusion solution contained 100.5raM Na +, 2.5ram 
K +, 1.SmM Ca ++, 1.0ram Mg ~+, 98.1mM Cl , 10ram H C O j ,  
0.5mM HzPO4,  2.2ram glucose, 15g.l  1 PVP and 2000U-/-~ 
heparin. All solutions were bubbled with 99 % O z - 1 %  CO z to a 
pH of 7.6. The lumen of experimental tubules was perfused by 
means of a double barreled pipette inserted in the Bowman's 
capsule. Only early proximal tubules were chosen in this study 
[16]. 

Experimental Protocol 

In order to determine the apical (R,), basolateral (Rb~), and shunt 
(R~) resistances of the Necturus early proximal tubule, four sets of 
experiments were performed. These experiments, illustrated in 
Fig. 1, included the measurement of transepithelial resistance 
(R~), method a; apical and basolateral ceil membrane resistance 
in parallel (R z free-flow), method b; the resistance of the basola- 
teral cell membrane in oil-filled tubules (R z oil-filled), method c; 
and the ratio of apical to basolateral cell membrane voltage 
changes (c~) following luminal current injection, method d. In 
addition a fifth type of experiment was performed, method e, in 
which the magnitude of transepithelial and basolateral voltage 
changes following intracellular current injection was determined. 

M icroelectrode Preparation 

Conventional microelectrodes were drawn on micropipette puller 
(Model PD-5, Narishige Scientific Instruments, Tokyo, Japan) 
from 1.2ram O D - 0 . 6 m m  ID capillary tubing (Frederick Haer 
and Co., Brunswick, Me.), and filled with /M KC1. In order to 
minimize impalement damage, electrodes which were used for 
transepithelial impalements were beveled to a resistance of i0-  
20MQ (Model #1300 Beveler, W.P. Instruments, New Haven, 
Conn.). Electrical potential differences were measured by means 
of two electrometers (Model 725, W.P. Instruments) and current 
pulses generated by a constant current source (Model KS 700, 
W.P. Instrmnents). All microelectrode connections to the elec- 
trometer were made with Ag/AgC1 half cells. Potential differences 
were measured with respect to a 3M KCI agar bridge in the 
solution on the surface of the kidney connected to ground by a 
Ag/AgC1 half cell and recorded on a strip chart recorder 
(Brush 220, Gould Inc., Cleveland, Ohio). 

Method a) Transepithelial Resistance 

One current passing and two voltage-measuring microelectrodes 
were placed and maintained in the lumen of a straight portion of 
each early proximal tubule analyzed for transepithelial resistance. 
The distance down the lumen between each voltage measuring 
electrode and the current electrode was measured with an ocular 
micrometer. 
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Fig. 1. Five experiments were performed on the early proximal 
tubule of the Necturus kidney. Method a; Three microelectrodes 
were placed into the lumen of the tubule. One electrode was used 
to pass current (I~ and the other two were used to measure the 
change in intraepithelial voltage (zl V~) at two distances, x I, and 
x; ,  from the current electrode. Method b; The current electrode 
was placed in a cell, and voltage deflections (J Vb~ ) were measured 
at two or more distances x~, x 2, x n from the current source by 
means of a series of cell impalements with a second microelec- 
trode. Method c is similar to method b except the lumen is filled 
with oil to inhibit current leaking across the apical cell mem- 
brane. Method d; Current electrode was placed in the tubule 
lmnen and voltage deflections were measured by a second elec- 
trode in a cell and in the lumen at the same distance (Xl) from 
the current electrode. Method e; A current electrode was placed 
in the cell, and voltage deflections were measured at the same 
distance ( x j  in a cell and in the lumen by a second microelec- 
trode. 

Because of the difficulty of placing and maintaining three 
electrodes in the lumen of the proximal tubule, it was necessary 
to verify that the electrodes were indeed in the lumen. The lu- 
minal position of electrodes was verified by monitoring the trans- 
epithelial potential differences (V~e) during a rapid reduction in 
the CI-  activity of the luminal perfusion solution from 74 to 
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6 raM. C1 was replaced by gluconate [12]. Because the paracellular 
shunt has a high CI-  permeability [12], perfusion of a low C1 
solution in the lumen of the Necturus  proximal tubule resulted in 
a hyperpolarization of V~e. Resistance measurements were per- 
formed only if all three microelectrodes in the lumen of the 
tubule detected the same control Vt, , the same change in Vtr 
during luminal low CI-  perfusion, and the same Vtr when control 
solution was returned to the lumen. 

Current pulses of 2 x 10 7 A and 0.5 sec duration were passed 
through the most distally placed microelectrode. Electrotonic po- 
tential differences were recorded by the other two microelec- 
trodes. At the end of each experiment a control solution stained 
with 0 .5~  Hercules Green Shade ~ 2  (H. Kohnstamn and Co., 
New York) was perfused through the tubule lumen to outline the 
apical surface. The diameter of the lumen was then estimated by 
an ocular micrometer. In these experiments the lumen of the 
tubule was considered to be a simple cylinder without inclusion 
of the brush border membrane surface area amplification. 

Treating the renal tubule as a single unbranched infinite 
cable, the length constant (2~, gm) of the luminal cable was 
determined from the following equation [4]: 

A V~ = A V~~ ~/~" (1) 

where A Vt~ and A Vte~ are the electrotonic voltage deflections mea- 
sured in the lumen at distances x and 0 from the current elec- 
trode. 2t was calculated from the inverse of the slope of a logar- 
ithmic plot of A Vt~ versus distance from the current electrode and 
A Vte ~ from the x = 0  intercept, pz(~cm), the volume resistivity of 
the luminal fluid was obtained from conductivity measurements 
(100~)cm for control solution) and RI nput, the input resistance, 
from the ratio A Vt~ ~ where I ~ is the applied current. 

The transepithelial specific resistance, Rt~ , (f2cm 2) can be 
calculated in four different ways by using different combinations 
of the parameters, Pt, 21, RI npm, and the optical radius, a o [4]. In 
this study Rt, was estimated from the equation: 

2p~X{ 
Rt~ = (2) 

a o 

The electrical radius, a~, was calculated from the equation 

al = 1/p~2j2~cRi nput. (3) 

The electrical radius was compared to the optical radius as a 
check of the internal consistency of the cable analysis technique. 

Method b) Apical and Basolateral Ceil Membrane 
Resistances in Parallel 

The parallel resistance of the apical and basolateral cell mem- 
brane, R z free-flow, was determined in free-flow tubules from the 
electrotonic voltage spread in the cell cable resulting from in- 
tracellular current injection. Depolarizing current pulses of either 
2 .0x10 SA, 2.5 x l 0  8A or 5 x l 0 - S A w e r e i n j e c t e d t h r o u g h  an 
intracellular microelectrode. Voltage deflections were detected at 
several points along the tubule by means of sequential ceil im- 
palements with a measuring microelectrode (Fig. l b). The dis- 
tance between current and measuring electrodes was always greater 
than one tubule diameter and less than 7001xm. 

Assuming that the proximal tubule is a sheet of cells wrapped 
into an infinite tube, the voltage attenuation resulting from in- 
tracellular current injection is approximated by the following 
equation (see Appendix for a detailed mathematical treatment 
of the cable equations used in this study). 

A V~ = ~ V~ 0 e -~ /~o  (4)  

where A V,o~ is the voltage deflection at a distance, x, from the 
current source, dVb ~ is an empirical intercept for x=0 ,  and 2 c is 
the length constant of the cellular cable. 2c, was determined from 
the slope of a logarithmic plot of A V d vs. distance and A Vb ~ from 
the intercept. The input resistance R~ nput was calculated from the 
ratio d Vb~ ~ where I ~ is the input current. The cell cable specific 
resistance, Pc, (fl cm), was calculated from the following equation: 

47caodR~np ''~ 
~c - ;~c (s)  

where a o is the tubule radius and d, the thickness of the cell layer 
estimated as 20 ~tm. R z free-flow is then given by 

R z free-flow =Pd )'~. (6) 

Method c) Basolateral Cell Membrane Resistance 
Oil-Filled Tubules 

The resistance, R z oil-filled, was measured by a technique similar 
to the one described in method b. However, to minimize current 
flow across the lumen membrane and thereby obtain a direct 
estimate of basolateral cell membrane resistance, the tubule lu- 
men was filled with mineral oil dyed with Sudan Black. This 
technique is illustrated in Fig. 1 c. 

Method d) Ratio of Transepithelial to 
Basolateral Cell Membrane Voltage Deflections 
Resulting from Intra-LuminaI Current Injection 

Current pulses of 2 x l 0 - T A  and 0.5sec duration were injected 
into the lumen of the tubule with a microelectrode (Fig. ld). At 
another site along the tubule a second microelectrode was in- 
serted sequentially into a cell and then into the lumen of the 
proximal tubule. The distance between the current electrode and 
the measuring microelectrode was kept constant during the in- 
sertion of the measuring electrode first into the cell and then into 
the lumen. 

The ratio of apical to basolateral cell membrane voltage 
deflections, ct was determined from the equation: 

dr2 
= - 1 (7)  dv~ 

where A Vt~ and A Vb: ~ are electrotonic potential differences with the 
measuring microelectrode in the lumen, and in the cell, respec- 
tively. The voltage ratio c~ was used as an estimate of the ratio of 
the apical and basolateral cell membrane resistances, RjRb( .  

Method e) Ratio of Transepithelial to 
Basolateral Cell Membrane Voltage Deflections 
Resulting from IntracelluIar Current Injection 

The degree to which current injected into the cell cable enters 
into the luminal cable was estimated by the following technique 
(Fig. 1 e). A microelectrode was placed in a ceil across the basola- 
teral cell membrane through which current pulses of 5 x 10-SA 
were passed. At a different location along the tubule a second 
microelectrode was placed first into a cell and then into the 
lumen. Thus the electrotonic voltage deflections resulting from 
current pulses injected in the cell cable were recorded at the same 
point (x~) along the tubule first within the cell cable and then 
within the luminal cable. 
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Fig. 2. Three tracings showing the voltage recorded by three 
microelectrodes in the lumen of the proximal tubule. In order to 
verify the location, the activity of C1 was reduced only in the 
luminal solution from 74 to 6raN, resulting in a hyperpolari- 
zation of Vt~. Note that each electrode records the same - 3 8  mV 
hyperpolarization when CI-  was lowered, indicating that each 
electrode was in the lumen. After testing the position of the 
electrodes, current pulses were passed through the current elec- 
trode (upper tracing) and the voltage deflections detected by the 
measuring electrodes (lower traces). *Note that deflections from 
the current electrode were off the scale of the recording 
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Fig. 3. Luminal cable. Changes in transepithelial potential differ- 
ence detected by the measuring electrodes vs. distance from the 
current electrode. Each pair of points connected by a line indicates 
an experiment on an individual tubule 

Apical and BasoIateral Cell Membrane 
and Paracellular Shunt Resistances 

According to a simple equivalent model of the Necturus proximal 
tubule in which all apical cell membrane resistances are lumped 
into a single resistance, Ro, the basolateral cell membrane re- 
sistances into a single Rb~ and the paracellular shunt resistances 
into a single resistance, R~ (Ref. =# 3 and Appendix, Fig. 8), Rte , 
R z free-flow, R z oil-filled and ~ can be described by the following 
equations: 

(Ra + Rbl)R" (8) 
R~e R~ + Rbz + R s 

R," Rb~ 
R z free-flow = - -  (9) 

R a + Rb~ 

R z oil-filled = Rht (10) 

R, 
~ = - - .  (11) 

gbz 

The four values Rte , R z free-flow, R z oil-filled, and ~ were ob- 
tained from methods a, b, c and d. Equations (8) through (11) 
were used for solving for the unknows R a, Rb~, and R s. 

Results 

TransepitheliaI Resistance 

Figure 2 shows a typical recording in which three 
microelectrodes were placed in the lumen of the 
Necturus proximal tubule. The proper electrode po- 
sition was checked by reducing the C1- activity in 
the luminal perfusion, only, from 74 to 6mM and 
determining if the electrodes detected the same 
change in V~e. Because the shunt is highly selective 
to CI- [-12], lowering CI- in only the luminal per- 
fusion hyperpolarizes Vte. In the experiment shown 
in Fig. 2 reducing luminal C1- hyperpolarized V~e by 
- 3 8  mV. All three electrodes in the lumen recorded 
the same hyperpolarization during C1- reduction 
and returned to the same V~ when control solution 
is replaced. The similarity of V~e recorded by the 
microelectrodes indicates that the electrode tips were 
indeed in the same tubule lumen. 

After verifying the position of the electrode tips, 
current pulses (off scale deflections, upper tracing 
Fig. 2) were passed through the current electrode 
and the electrotonic voltage deflections recorded 
(lower tracings Fig. 2). As expected from Eq. (1), vol- 
tage deflections diminish with distance from the cur- 
rent source. The electrotonic voltages from 15 ex- 
periments are plotted in Fig. 3 as a function of dis- 
tance from the current source. Values for 2> p~, ao, 
and Rt~ from each tubule separately are summarized 
in Table 1, column 1. 

Using the average of the intercepts (AVte ~ calcu- 
lated from Eq. (1) for each tubule, the electrical ra- 
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Table 1. Lumen and cellular cable properties of the proximal tubule 

147 

Luminal cable Cellular cable Cellular cable Voltage 
(free flow) (oil filled) ratio 

Method a Method b Method c Method d 

2 (gm) 729 _+67 248 _+ 17 
Rinpu t (~) 5.3+ 0.56 x104 1.0_+ 0.09 xl06 
p (flcm) 100 7000 _+873 
a o (~tm) 57 _+ 3 63 _+ 3 
Rt~ (f~cm 2) 260 _+58 -- 
R z (~cm 2) -- 1784 _+149 
Rbl ( ~  CruZ) 
R./Rb~ - _ 

n 15 17 

304 • 9 
1.4_+ 0.1 xl06 

8227 _+883 
70 

3750 _+220 
- 2.9_+0.3 

5 10 

dius radius was calculated from Eq. (3). The calcu- 
lated radius, al, of 51_+5 ~tm (n=15) is not signifi- 
cantly different (P=0.2) from the optically measured 
inner tubule radius, ao, (Table 1, column 1). The si- 
milarity of electrical and optical radii indicates that 
different combinations of the parameters Pl, 21, el  nput 
and a 0 can be used to calculate R t e  with the same 
result and also that the main site of the transep- 
ithelial resistance is located near the inner tubule 
circumference. 

Apical and Basolateral Cell Membrane  Resistance 
in Parallel, R z Free-Flow 

The electrical properties of the cell layer were stu- 
died by analyzing the spatial decay of voltage in the 
cells along the tubule resulting from intracellular 
current injection from a point source according to 
Method b. 

As pointed out above, proper placement of the 
microelectrode is an important aspect of these ex- 
periments. In this experiment, the intracellular po- 
sition of the current electrode was verified by com- 
paring the basolateral cell membrane potentials re- 
corded by both the current and measuring mic- 
roelectrodes in the absence of current pulses. Similar 
recordings by both microelectrodes during intracel- 
lular impalements were indicative of the location of 
the microelectrode tips (see Reference [12] for an 
example of this localization technique). Figure 4 is a 
plot of electrotonic voltage deflections vs. distance 
from an intracellular current source in free flow 
tubules. Values for 2c, Pc, ao, Ric nput, and R z free-flow 
are given in Table 1, column 2. When current is 
injected into a continuous sheet of cells, it can leave 
the cells both across the apical and the basolateral 
cell membrane. Therefore the value, R z free-flow, is 
the resistance of apical and basolateral cell mem- 
branes in parallel. 
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Fig. 4. Changes in potential across the basolateral cell membrane 
resulting from current injection into the cellular cable of free-flow 
tubules. Each point is the voltage change detected by measuring 
electrode in cell at different distances along the tubules. Lines 
connect measurements made in the same tubule. The currents 
used in these experiments were either 2.0, 2.5, or 5.0 x 10-SA 

BasolateraI Cell Membrane  Resistance, R z Oil-Filled 

A technique of estimating only the resistance of the 
basolateral membrane is to analyze the spatial decay 
of voltage in the cells along the tubule with the 
lumen of tubule filled with a nonconducting oil. 
Filling the lumen with oil will considerably reduce 
current leaving across the apical cell membrane. 
Therefore R z oil-filled represents only the resistance 
of the basolateral cell membrane, assuming that the 
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Fig. 5. The same plot as in Fig. 4 except that  in these experiments 
the tubule lumen was filled with oil 

oil makes the apical cell membrane resistance in- 
finitely high. 

Figure 5 is a plot of voltage deflections versus 
distances from an intracellular current source in oil- 
filled tubules. The results of five experiments are 
summarized in Table 1, column 3. 

As expected, the 2 c of oil filled tubules is greater 
than 2c of free-flow tubules, mainly because current 
cannot leave the cells across the apical membrane. 
There is no significant difference in Pc from free flow 
to oil filled, indicating that filling the lumen with oil 
does not affect the specific resistance of the cell 
cable, e.g., by uncoupling cells. 

Resistance Ratio 

As discussed in the Methods, resistance ratio was 
estimated from the voltage ratio. The data are given 
in Table 1, column 4. 

Cable-to-Cable Interactions 

The analysis of the spatial decay of voltage in the 
cells along the tubule resulting from current injected 
intracellularly from a point source (R z free-flow) as- 
sumes that there are no cable-to-cable interactions 
or "cross talk" between luminal and cellular cables 
(see Appendix). It assumes that during intracellular 
current injection both luminal and peritubular com- 
partments along the tubule remain at ground is�9 
potential with respect to space and time. However, if 
along the tubule a significant amount of current 
enters into the finite luminal volume conductor, the 
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Fig. 6. A plot of the voltage changes in the cell (triangles) and in 
the lumen (squares) resulting from current injection into the cell 
cable. Each number represents paired measurements at the same 
distance from the current electrode. Only one pair of measure- 
ments was made on each tubule 

intraluminal potential may be raised above ground. 
The electronic voltage in the lumen would exhibit 
spatial decay with length of the tubule. If the lu- 
minal electrotonic potential is large and if the cable 
property of the lumen, 2z, is much greater than the 
length constant of the cell, 2c, the result would be 
that the lumen would act as another source of cur- 
rent for the cell cable. At sufficient distance from the 
current source, current instead of leaving the cells 
across both apical and basolateral cell membranes 
would in fact be entering the cells from the lumen 
across the apical cell membrane. Measurements of 
the electrotonic voltage deflections at distances be- 
yond such current reversal point would not be in- 
dicative of the spatial decay of current in the cell 
cable but would reflect the degree of current enter- 
ing the cell cable from the lumen. This would result 
in a significant error in the measurement of R z free- 
flow. In addition, at distances shorter than the cur- 
rent reversal point the cell cable electrotonic decay 
will be affected by the non-uniform potential in the 
lumen such that the measured 2 c would not reflect 
the cable properties of the cell layer but a complex 
combination of cellular and luminal cable proper- 
ties. 

In order to test the magnitude of cellular and 
luminal cable ~176 talk," current pulses were in- 
jected in the cell cable and electrotonic voltage de- 
flections were measured in the cell A Vb~ and in the 
lumen A V~ at the same distance from the current 
source. A logarithmic plot of A Vb~ and A Vt~ as a 
function of distance for 13 tubules is shown in 
Fig. 6. 

It is clear that between 250 and 750~tm from the 
current source the electrotonic voltage deflections in 
the luminal cable resulting from current injection in 
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Table 2. Apical and basolateral cell membrane and paracellular 
shunt resistances 

Experimental a, b, d a, b, c a, c, d 
parameters 

Ro ~ cm 2 6957 3403 10885 
R~ ~ c m  2 2399 3750 3750 
R~ ~ cm 2 267 270 265 

Method a=R,~, Method b = R  z free-flow, Method c = R  z oil-filled, 
and Method d=RjRb~. The parameters R~, Rbt, and R, were 
calculated from Eqs. (8) through (11). 

and Rs, the resistance of the shunt pathway is between 
one and two orders of magnitude less than the sum 
of the cell membrane resistances, R~+Rbz. It is this 
relative magnitude of resistances (Ra+Rb~)/R ~ which 
indicates that the Necturus prgximal tubule is a leaky 
epithelium. A leaky epithelit~m is defined as one in 
which the resistance to the flow of ions is less through 
the paracellular pathway than through the cellular 
pathway irrespective of the absolute magnitude of 
the resistance of a given pathway. 

the cell cable are only a small fraction of the voltage 
deflections in the cell cable. In fact, voltage de- 
flections in the luminal cable beyond 250gin ap- 
proach the minimum sensitivity of our measure- 
ments, 1 mV. Because the voltage deflections in the 
lumen are small compared to those along the cell 
cable, the interference of the luminal cable to the 
measurement of cell cable properties will also be 
small. This point will be discussed in more detail 
below. 

Cellular and ParacelIular Resistances 

(column 2, Table 
Eqs. (8) through 
umn 3, Table 2) 
Eqs. (8), (10) and 
Rbz and R s. 

Four measurements, methods a, b, c and d were 
made to determine the individual cell membrane 
and paracellular resistances, Ra, Rbz , and Rs. There 
are three unknown parameters, R~, Rbz, and Rs, and 
four experiments to evaluate them; however, only 
one, method a, Rt~, contains information on the 
paracellular resistance. Therefore there are three dif- 
ferent ways to calculate Ro, Rbt , R~ from Eqs. (8) 
through (11). The data and the method of analysis 
are summarized in Table 2. 

The first method (colum 1 in Table 2) uses results 
from experiments a, b, and d (Rte , R z free-flow, and 
a) and Eqs. (8), (9) and (11); the second method 

2) uses experiments a, b and c and 
(10), and the third method (col- 
uses experiments a, c and d and 
(11) to calculate the parameters Ra, 

It is clear that Ra, Rb~ and R s differ according to 
the method of analysis. There are small differences 
in Rbz and R S and large differences in R a. Some of 
the reasons for these differences will be discussed 
below. 

Discussion 

One of the main conclusions of this paper is that, 
irrespective of the method used to calculate Ra, Rb~ 

Transepithelial Resistance 

Reported values of transepithelial resistances for all 
segments of the Necturus proximal tubule vary over 
a considerable range, 43 to 641f~cm 2 [8, 22]. In 
general, the measured values in the Necturus proxi- 
mal tubule are much higher than transepithelial re- 
sistances of mammalian proximal tubules which are 
about 5ff2cm 2 [6, 13, 19]. 

A large part of the variation in reported values 
of R~e from this and other laboratories could orig- 
inate from three sources: the physiological status of 
the kidney, the segmental localization along the tu- 
bule, and the nature of the experimental technique. 

The sensitivity of Rte to changes in the physi- 
ological status of the kidney is well documented. 
For example, volume expansion in both blood per- 
fused and doubly perfused kidneys causes a reduc- 
tion in Rte [-4, 11]. In addition, experiments in the 
doubly perfused kidney have demonstrated that dif- 
ferences in the composition of the perfusion so- 
lutions affect Rte [-11]. Furthermore, values of trans- 
epithelial resistance measured in the blood perfused 
kidney are lower than those reported for the doubly 
perfused kidney [11]. The reason for this latter dif- 
ference is probably related to differences in both 
flow through the kidney and fluid composition be- 
tween blood perfused and doubly-perfused kidney 
preparations. Consequently, in order to compare re- 
ported values of transepithelial resistance of the 
Necturus proximal tubule, careful consideration 
should be given to the method of kidney preparation 
(blood perfused or doubly-perfused), the flow rate, 
and composition of either infusion or perfusion so- 
lutions. 

Another source of variability in reported values 
of transepithelial resistance is between segments of 
the proximal tubule. Morphologically, the Necturus 
proximal tubule can be divided into two segments, 
an early and a late proximal tubule [16]. Transep- 
ithelial resistances measured in the early portion of 
the proximal tubule are lower than those of the late 
proximal [8]. 
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A third source of variability is the experimental 
technique. As stated in the methods, Rte can be 
obtained from any combination of three parameters 
out of four experimentally determined values p;, 2~, 
Ri nput and a o. Each parameter has its own experimen- 
tal error. As a result Rte is a derived value depend- 
ing on the measurement of voltage deflections, in- 
terelectrode distance, and tubule radius. One source 
of experimental error in measurements of Rtc is impale- 
ment damage. It should be recognized that, because of 
the method for measuring Rtc, impalement damage or 
similarly poor electrode tip localization could result as 
well in higher values for Rte as easily as lower ones. 
For example, if excess damage is caused by an intralu- 
minal impalement or if the electrode tip is not in the 
lumen at distances close to the current electrode 
while good impalements are made at distances away 
from the electrode, then A Vt~ measured close to the 
current electrode would be underestimated. The re- 
sult would be an increase in the measured 2~ and R~r 
(see Eqs. (1) and (2)). Impalement damage or poor 
tip localization would result in lower measured val- 
ues of Rte only if the damage were uniform along 
the tubule or if good impalements were made close 
to the current electrode and poor impalements at 
greater distances. 

In this study care was taken to identify and 
minimize experimental errors. Electrodes were be- 
veled to minimize impalement damage. Because a 
collapse of the tubule lumen could artifically change 
the measured Rt~ the lumen of the tubule was per- 
fused with control solution by means of a pipette in 
the glomerulus which maintained an open lumen. 
Therefore changes in R,r due to impalements col- 
lapsing the lumen were avoided. The lumen was 
perfused with a dyed solution to aid in the measure- 
ment of tubule radius. In addition, the location of 
the three microelectrode tips were verified during 
each experiment to confirm its luminal position. 

Apical and Basolateral Ceil Membrane Resistances 
in Parallel R z free-flow, and 
Cable to Cable Interactions 

Although subject to similar variation in the physi- 
ological status of the kidney and in the experimental 
technique, reported values of 2 C in free-flow tubules 
are less variable than reported values of 2 t. For 
example, Windhager et al. [22] and Anagnosto- 
polous and Velu [2] reported values for 2~r of 
200 ~tm and Anagnostopolous et al. [1] values of 2 c 
from 214 to 250~tm for the Necturus proximal tu- 
bule and a value of 248 gm is reported in the present 
study. 

To analyze the spatial decay of voltage in the 
cell cable, the proximal tubule can be mathemati- 
cally modeled as two concentric cables, an inner 
luminal and an outer cellular cable. The present 
mathematic model assumes that cellular and luminal 
cables are independent of each other. Spatial decay 
of current in one cable is unaffected by the other 
cable. Recently, Anagnostopolous et al. [1] have 
suggested that the measurements of cellular cable 
properties in the Necturus proximal tubule by means 
of intracellular current injection as shown in method 
d of this paper may be inaccurate because of a 
significant cable-to-cable interaction or "cross talk." 

The phenomenon of "cross talk" can be a prob- 
lem in the measurements of cellular cable properties 
only if a significant amount of current injected into 
the cell cable enters into the lumen of the tubule. If 
the amount of current which leaks into the lumen is 
large and ,i~ is much greater than 2c, it is possible 
that the current in the lumen, could leak back into 
the cell cable and act as an additional extracellular 
current source. The interference from back leak of 
current into the cellular cable would become es- 
pecially severe at large distances from the current 
source where the voltage displacements at a given 
site in the luminal cable would exceed those in the 
cellular cable. 

Anagnostopolous et al. using a theoretical model 
of cable to cable interactions claimed that at dis- 
tances of 1000 gm from the current source the error 
in the measurement 2 C is large (see Fig. 2 Ref. [1]) 
because of current back leak from the luminal cable 
to the cell cable. At distances less than 700~tm 
where electrotonic voltage deflections in the cell cable 
are much higher than the luminal cable, the error is 
not significant. At distances much greater than 
900 ~tm or 3 times 2r according to Anagnostopolous 
et at., the current entering the cell cable is signifi- 
cant. However, at such distances the amplitude of 
voltage deflections for current strengths between 2.0 
and 5.0 • A becomes too small to be measured 
experimentally with accuracy. 

In direct studies (Fig. 6) we have addressed the 
question of cable-to-cable interaction. Current was 
injected into the cell cable and electronic voltage 
deflections in the luminal cable and in the cellular 
cable were measured at the same distance along the 
tubule. If there is significant "cross talk" then the 
electronic voltage decay in the cell cable should 
reflect the decay of voltage in the luminal cable, 
However, the experiments illustrated in Fig. 6 in- 
dicate that the voltage deflections in the luminal 
cable between 250 and 750gm are only a small 
fraction of the voltage in the cellular cable. We 
conclude that cross talk is not a problem in the 
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measurement of R z free-flow of proximal tubule of 
Necturus kidney. 

BasolateraI Cell Membrane Resistance 
Oil-Filled Tubules 

The basolateral cell membrane resistance can be 
measured directly from the intracellular spatial de- 
cay of voltage resulting from an intracellular current 
source in tubules with the lumen oil filled. A major 
assumption with the method for estimated Rb~ di- 
rectly is that filling the lumen with oil effectively 
increases the resistance of the luminal cell mem- 
brane during intracellular current injection. Con- 
tinued transport of fluid by the tubule would con- 
tribute to the removal of fluid. However, the useful- 
ness of this technique may be limited for the follow- 
ing reasons. 

Firstly, it is difficult to ascertain that oil com- 
pletely fills the lumen without leaving a conductive 
film between the oil droplet and the brush border of 
the cells. Removing a film of fluid from the brush 
border of the cell is difficult and could in turn cause 
a change in the thickness of cell layer, resulting in 
changes in Rb~. 

Secondly, similar to many Na-- transporting epi- 
thelia, the apical membrane of the Necturus proxi- 
mal tubule is an important site of Na § entry into 
the cell. Removing Na § from the luminal solution 
of the proximal tubule in both the doubly perfused 
Necturus kidney and the isolated Ambystoma tubule 
preparation results in a reduction in intracellular Na 
[7, 17, 20]. The apical cell membrane of the proxi- 
mal tubule is also an important site of glucose and 
amino acid transport. In the Necturus proximal tu- 
bule the addition of amino acids to the luminal 
solution increases intracellular Na § activity [7]. 

Thirdly, the perfusion of organic anion contain- 
ing luminal solution in the Necturus proximal tubule 
increases the transepithelial resistances [8]. Likewise 
the addition of glucose to the perfusion solution of 
the newt kidney results in changes in transepithelial 
as well as in cell membrane resistances [14]. 

As a result, making the apical cell membrane 
inaccessable to electrolyte by filling the lumen of the 
tubule with oil must cause large changes in intracellu- 
lar ion activities which could change the resistance of 
the basolateral membrane. Clearly, because filling 
the lumen of the proximal tubule with oil results in 
completely different physiological conditions from 
the other techniques mentioned above, it is probably 
the least desirable technique of estimating Rb~. 

Resistance Ratio 

The ratio of apical to basolateral cell membrane 
resistances was estimated in this study from the ratio 

of voltage deflection across the apical and basola- 
teral cell membranes following current injection into 
the lumen of the tubule. The results indicated that 
the apical cell membrane represents 2.9 times higher 
resistance to current flow than the basolateral cell 
membrane. A similar situation is present in the rat 
proximal tubule which has an apical to basolateral 
cell membrane resistance of 2.1 [9]. 

Two potential problems with estimating the ratio 
of apical to basolateral cell membrane resistances 
from the ratio of apical to basolateral voltage de- 
flections have been pointed out by Hoshi et al. [14] 
and by Boulpaep and Sackin [5]. Hoshi et aI. [14] 
found in newt kidney that the voltage ratio is not 
constant but varies along the tubule. The variation 
with distance is particularly acute at distances of 
<400gm from current source. At distances greater 
than 500gm the voltage ratio was independent of 
distance. In contrast to the newt proximal tubule, 
the results in both the rat [9] and the Necturus 
proximal tubules [1] suggest that the voltage ratio is 
independent of distance both near to and far from 
the current source. The apparent dependence of the 
voltage ratio, ~, on distance from the current mic- 
roelectrode results from the problem of cell cable 
and luminal cable interaction. When apical to baso- 
lateral voltage deflections resulting from transep- 
ithelial current injection are used to estimate the 
ratio of resistances, it is assumed that the voltage 
deflections measured across the basolateral cell 
membrane result from current entering the cell only 
by way of its own apical cell membrane. However, if 
).c is long compared to )~ and if a considerable 
amount of current enters the particular cell from its 
neighboring cells, then a portion of the voltage de- 
flection measured across the basolateral cell mem- 
brane of that cell with be the result of two com- 
ponents. This potential error is expected to be small 
in the measurement of c~ in the Necturus proximal 
tubule, since 2 z is about three times greater than )~c. 

In addition, the equivalence of the voltage ratio, 
a, and the resistance ratio, Ra/Rbz depends upon the 
assumption either that the lateral intercellular space 
is isopotential with ground or that the tight junction 
makes up the entire paracellular resistance. Boul- 
paep and Sackin [5] have pointed out that if the 
intercellular space resistance is appreciable com- 
pared to R s there will be a potential drop along the 
interspace when current is injected into the lumen of 
the tubule resulting in c~ being an underestimate of 
RjRbl .  The magnitude of the discrepancy between c~ 
and R,/Rb~ was estimated in the isolated Ambystoma 
proximal tubules to be 28 ~o. This information is not 
available at this time for the Necturus proximal tu- 
bule. 
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Individual Cell Membrane 
and Paracellular Resistances 

As outlined in the Results four different experiments 
can be used to determine R~, Rbz and R,. However, 
transepithelial resistance is the only parameter  
which contains information on the shunt as well as 
the individual cell membrane resistances. Therefore, 
there are only three combinations of the four pa- 
rameters which can be used to solve for R,, Rbz and 
R s (see Eqs. (8) through (11), and Table 2). 

Each method has assumptions and experimental 
errors such that different combinations of parame- 
ters will result in somewhat different results. The 
largest variations, as illustrated in Table 2, are in the 
measured apical cell membrane resistance and the 
smallest variations are in the measured shunt re- 
sistances. From the discussion above, we believe that 
the best combination out of the three is to use the 
measurements Rte, R z free-flow, and RjRbl. This 
combination is preferred over those which estimate 
Rbl directly in oil-filled tubules because filling the 
lumen with oil leads to uncertainties as to physi- 
ological status of the tubule. Indeed, in this study, 
the resistance of the basolateral cell membrane ob- 
tained from R z oil-filled experiments was higher 
than if Rbz was estimated from Rt~ , Rz-free flow, and 
R~/Rb~ (Table 2). 

Despite the differences in measured values Ra, 
Rb~ and R, the conclusion is the same; the com- 
bined cell membrane resistance R~4-Rb~ is much 
greater than the paracellular resistance of the Nec- 
turus proximal tubule. It is this ratio (Ra+Rbz)/R ~ 
which determines the degree of leakiness of the epi- 
thelium. Consequently, the paracellular pathway of 
the Necturus proximal tubule represents a low re- 
sistance shunt pathway and the cell membrane a 
high resistance pathway for ion movement.  This 
finding supports the view that the Necturus proximal 
tubule is a leaky epithelium. 

Cell-to-Ceil Coupling 

It is well established that the cells of many biologi- 
cal structures are interconnected by membrane 
channels with diameters between 16 and 20A in 
mammal ian  cells and between 20 to 30A in insect 
cells [21]. The existence of these channels in the 
Necturus proximal tubule can be inferred from the 
observations that current pulses injected into a 
cell of the proximal tubule can pass from cell to cell 
along the tubule (Figs. 3 and 7) and that the decay of 
voltage deflections in the cells along the tubule re- 
sulting from intracellular current injection behaves 
like a cable with a continuous cytoplasmic core 
bounded by insulating membranes (see Appendix). 

6>- 6>- 
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Fig. 7. Tubule model for double core infinite cable analysis. Inner 
tubule radius=a, cell thickness=d. The x axis is a coordinate 
within the cell wall, parallel to the tubule axis. The y axis is a 
circumferential coordinate in a plane perpendicular to the x axis. 
Current is injected from a point source in one cell at x=0, y=0. 
Voltage deflections A Vbz are recorded on the x axis at two dis- 
tances from the current source x = 1 and x = 2 

An estimate of the resistance of the cell-to-cell path- 
way can be obtained from the volume resistivity of 
the cell cable, Pc (Table 1), assuming (i) that the 
resistance of the cytoplasm is approximately equal 
to Ringer's solution (100flcm);  (ii) that the cell-to- 
cell junctional transition along the x axis (see Fig. 7) 
occurs in series every 20gm;  (iii) that there is no 
current flow along the y axis (see Fig. 7); and (iv) that 
the effective area can be represented by an annulus 
of area ~ [ ( a + d ) 2 - a  2] without area amplification. 
The cell-to-cell junctional resistance calculated in 
this way will probably be an overestimate of the 
actual resistance since the volume resistivity of cyto- 
plasm is most  likely higher than Ringer's solution. 

The estimated cell-to-cell junctional resistance is 
1 4 t i c m  a 'where  the specific resistance refers to the 
geometric area of the annulus perpendicular to the 
axis of the tubule. This is a surprisingly low value 
when compared to R,, Rbl , and R S (Table 2). How- 
ever, low values for the intercellular junctional re- 
sistance are consistent with those reported for the 
Drosophila and Chironomus salivary glands which 
are in the range of 0.3 to 12 t ) cm 2 [18]. This points 
out that the cell-to-cell junction in Necturus proxi- 
mal tubule represents a rather low resistance path- 
way for ion flow when compared to the resistance to 
flow across the apical and basolateral cell mem- 
branes. 
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Appendix 

The determination of individual cell membrane resistances in a 
cylindrical tubule relies on the assumption that the tubule can be 
treated as a double core infinite cable, consisting of an inner core 
constituted by the tubule lumen and an outer core constituted by 
an annulus of tubule cells which are all electrically coupled to each 
other. The annulus of tubule cells is seen as of uniform volume 
resistivity and bounded by an inner cylindrical insulating layer, 
the luminal or apical cell membrane, and by an outer cylindrical 
insulating layer, the pertibular of basolateral cell membrane, if 
one assumes, as shown in Fig. 7, a sheet of cells of thickness d 
wrapped into an infinite tube along the coordinate x, with an 
inner radius a, it is possible to describe the spread of current from 
a point source within that sheet located at x = 0  and y=0,  where 
x is a coordinate parallel to the tubule axis and y is the circum- 
ferential coordinate of a circular plane normal to axis x and having 
a radius > a  and <(a+d) .  

In the extreme case of a perfectly insulated and flat sheet of 
cells, in the x and y plane, coupled to each other in all directions 
including x and y, but insulated from the outer solutions, the 
two-dimensional voltage spread in a radial direction V(r) around 
the point source along an infinite flat sheet of cells is described by 
a solution of the following differential equation, written as the 
divergence of a gradient: 

g2 V~)= - (P:~ S} (11} 
\d  ! {~ 

where p,. is the bulk volume resistivity of cell cytoplasm and 
lateral coupling resistances among cells in s cm, d is the thickness 
of the cell layer, S(,) represents the local intensity of current from 
externally applied source of current. 

For all points outside the locus of injection r>0 ,  and if there 
are no other sources except at r=0 ,  the solution to Eq. (A 1) is: 

V<~) = - V* in (A2) 

where V* is a characteristic voltage determined by the point 
current source and r o is a characteristic radial distance from the 
source. 

If the total amount of current applied is I ~ and I" is the radial 
current density, the differential form of Ohm's law together with 
(A2) gives 

I~ ) ' p c  i " (13) 

Hence 

l/, l~ 
- ~. { A 4 )  

2~zd 

However, the epithelium is not perfectly insulated from its 
external solutions. As shown in Fig. 8, the proximal tubule epi- 
thelium can be represented by a double parallel array of resistors, 
apical cell membrane resistances R~, and basolateral membrane 
resistances Rb~ connected by a core bulk resistance R:, illustrat- 
ing both cytoplasmic and coupling membrane resistance. The 
tubule lumen resistance R~ and peritubular outside solution re- 
sistance R o are considered negligible. If R, and Rb~ are finite, the 
parallel resistance of the two cell membranes is given by R z as 
defined in Eq. (9). Therefore everywhere along the sheet of cells 
there is an additional negative current source (current sink) so 
that the source term Sv} in Eq. (A1) is the sum of the total 
leakage of current from the cells to the external solutions V(~}/R z 
plus the current injected at point source S o 

BASOLATERAL (peritubular) 

Re Ro Re Ro 

R I Rj R I R l 

APICAL (lumen) 

Fig. 8. Equivalent electrical circuit for the renal tubule cells with 
array of discrete resistor elements for each cell. R~=apical or 
luminal cell membrane resistance; Rbz =basolateral cell mem- 
brane resistance; R~=paracellular shunt resistance; R~=lumped 
cytoplasmic and cell to cell coupling resistance; R~ =luminal  fluid 
resistance; R 0 =peritubular fluid resistance 

s =  - V~r) +S0.  (15 )  
Rz 

Writing Eq. (A1) in rectangular coordinates x and y defined in 
Fig. 7 and substituting the source term from Eq. (A5) one obtains 
the two dimensional cable expression: 

(~2 V ~2 V Pc V =  _ /Pe\ SO 

6x 2 + @2 Rz d (16) 

By analogy with single-core cable analysis, an effective cellular 
length constant 2 c can be defined such that 

2~ -Rzd.  (17) 
Pc 

Equation (16) is a modified Bessel equation describing vol- 
tage distribution in a two-dimensional infinite fiat sheet of cells. 
Since in the tubule the y coordinate shows a periodicity of 2~a, 
the Fourier series solution for the simple case that all electrodes 
for current injection I ~ and voltage deflections A Vbz are on the 
x-axis (see Fig. 7) yields for the voltage spread along the axis x, 
when current is injected at x=0 ,  y = 0 :  

V* exp-(X]/(a~]2+n21 
+~ xa v \ ,~c! ! 

(a8) v, ..... 0 , = T o 2  

The term V* comes from the ideal case solution considered in 
(14) where an infinite flat conducting sheet is perfectly insulated 
from its environment. It can be shown that if x/a becomes large, 
the higher order terms in Eq. (18) decay faster with increasing x 
than does the n - 0  term. Thus, in particular for n=0,  Eq. (A8) 
can be approximated by 

2 
V< . . . .  o~ = V* ~ e x;.,,o. (A9) 

2a 

Substituting (A4) into (A9) yields: 

Pc2c I~ 
I~'~'-~ 4~zad e-:'/~" (A10) 
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In practice, current is injected at x=0,  y=0, and voltage de- 
flections are recorded which are superimposed upon the resting 
membrane potential across the basolateral membrane, Vb~. There- 
fore the term d Vb~ or the changes in basolateral membrane po- 
tential may be substituted for V(~,~,=o ) as stated in Eq. (4) of the 
methods. 

A logarithmic plot of A Vbj against x provides enough infor- 
mation to obtain empirical values for 2 c and Pc using Eq. (A10). 
The slope of the plot is -(1/2~). The intercept for x = 0  is equal to 
an empirical value AVb ~ as stated in Eq. (4) of the Methods. From 
AVb ~ the value of Pc may be calculated as in Eq. (5) of the 
methods. 

Finally, Eq. (A7) allows us to calculate from 2 c and Pc the 
totaI leakage conductance (i/Rz) which is equal to (1/R~)+(I/R~). 

In conclusion, it should be noted that the following implicit 
assumptions have been made in the present treatment: 

1) d~Rz/pc,  i.e., that the main limiting resistances are at the 
level of the insulating layer R~ and Ra~. 

2) d~a,  i.e., that the current spread, as in a prefectly flat sheet, 
is only two-dimensional along axis x and y and not along the 
thickness (radial axis of the tubule). 

3) Ra and Ro~Rc, (in Fig. 8), i.e., that p~, the resistance per 
unit tubule length of the lumen, or the resistance of the bath per 
unit length tubule is negligible compared to G the cellular cyto- 
plasmic resistance per unit length tubule. 

4) A Vt~=0 along the entire tubule length, i.e., that the tubule 
lumen remains isopotential with the bath or that the shunt re- 
sistance R~ (in Fig. 8) is assumed to be small. See discussion for 
cable-to-cable interactions for the case of A Vt~ =f 0. 

The above four assumptions taken together exclude from the 
mathematical treatment the distributed network of the lateral 
intercellular space which was described by Boulpaep and Sackin 
E53, 
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