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Summary. Transients in the potential difference spontaneously developed by the 
Necturus proximal tubule were characterized during and after voltage or current clamp 
commands. These voltage transients were adequately fitted by an exponential function 
similar to that describing the ionic charging of a leaky fluid capacitance and were slower 
during clamp periods (t�89 min) than after release of the clamp (t~.:=0.46 min). 
Changes in luminal ionic composition and cellular membrane potential were ruled out 
as sources of generation of the voltage transients. The volume of the fluid compartment 
in which concentration changes occurred was calculated from the electrical data and it 
was concluded that the extracellular shunt path was the principal site of the concentration 
changes which resulted in voltage transients. A fall in transepithelial resistance to nearly 
one-half its original value occurred during hyperpolarizing commands while depolarizing 
commands did not significantly alter resistance. The resistance changes were inter- 
preted as indicative of the degree of widening of the lateral intercellular spaces caused 
by fluid accumulation or depletion. The important role of the lateral space dimensions 
in determining epithelial permeability, electrical resistance and voltage transients was 
pointed out, and a new electrical analogue model of the shunt path was proposed. 

The passage of electric current  th rough  the Necturus proximal  tubular  

epi thel ium by the me thod  of voltage clamping leads to volume flows and 

al terat ions in the transepithelial  potent ia l  difference spontaneously  p roduced  

by the epithelium. Transients  in spontaneous  potent ia l  difference (PD) were 

observed fol lowing the release of voltage clamp commands  and appeared  

as a re turn  of the spontaneous  PD to its original value after  having been 

displaced in the direct ion of the c o m m a n d  potential .  Apparen t  increases in 

proximal  tubular  electrical resistance and hysteresis of low frequency 

current-vol tage diagrams were also no ted  and suggested changes in bo th  

transepithelial  resistance and electromotive force during the course of voltage 

clamp experiments [23]. The voltage transients were similar in appearance  

to the "po la r i za t ion  P D ' s "  observed by Wedner  and D i a m o n d  [2.4] in rabbi t  
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gallbladder after the cessation of a constant current command, which 

were assumed to be related to alterations in intraepithelial ion concentration 

induced by current passage. Barry and Hope [2, 3] described alterations 

in ionic concentration differences across the cell wall of the alga, Chara, 

which were induced by the passage of electric current. These concentration 

differences resulted in changes in transcellular PD and water flow. A similar 

explanation is offered here for the alterations in spontaneous PD and volume 

flow observed during and after current passage in Necturus proximal tubule. 

I studied the voltage and resistance changes which accompany the pas- 

sage of electric current through the epithelium of the Necturus proximal 

tubule under conditions of voltage and current clamp. In addition, I ana- 

lyzed the volume flows associated with these transients and with the appli- 

cation of constant current or voltage commands. These phenomena were 

characterized to delineate the dynamic behavior of the epithelium and to 

further elucidate the mechanism of fluid transport in the proximal tubule. 

The results which follow indicate that current passage causes alterations 

in the salt concentrations of the lateral intercellular spaces and that these 

concentration changes in turn lead to PD transients and volume flows. The 

information obtained from the analysis of the time course, direction and 

magnitude of the voltage and resistance transients is used in the second 

paper of this pair [22] to estimate some of the transport parameters of the 

epithelium. The conductance and permeability increases which accompany 

hyperpolarization of the transepithelial PD (increasing luminal negativity) 

are explained in this and the succeeding paper as the consequences of in- 

creasing the width of the lateral intercellular spaces. 

Materials and Methods 

Adult Necturus maculosus of both sexes were obtained from Mogul Ed. Corp., 
Oshkosh, Wisconsin and stored at 17 to 21 ~ in a large tank. They were anesthetized 
by immersion in a 0.1% tricaine methane sulfonate solution (Ayerst Lab, New York) 
at neutral pH and room temperature (ca. 23 ~ skin reflexes disappeared. After 
removal from the anesthetic they were prepared for micropuncture as previously de- 
scribed [23]. All experiments were performed with the animal's body temperature at 
20-t-1 ~ The method for micropuncture and clamping was essentially similar to that 
described previously and will be only briefly outlined here. Large droplets of Necturus 
Ringer's solution were injected into long, straight, off-filled segments of late proximal 
tubule, in vivo, and inserted into those droplets were both an axial current electrode and 
a 3 M KCL-filled glass microelectrode for recording transepithelial PD. The platinized 
tungsten axial wire electrode was advanced into the droplet through the barrel of a 
sharpened micropipette and was connected to the output of a voltage/current clamp. 
The indifferent electrode for the current circuit, a large, platinum black, silver chloride 
wire lying under the kidney was held at virtual ground by the current amplifier and 
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served as the current-measuring electrode. Constant current or voltage commands were 
applied to the epithelium through the axial wire while fluid reabsorption was measured 
simultaneously by direct microscopic observation of the change in length of the droplet 
of Ringer 's solution contained between the oil columns. 

The axial electrode was similar in mechanical design to that described by Spring 
[21] except that its diameter was reduced by electropolishing in 0.! N KOH (4 V D-C for 
2 min, with a carbon rod as the cathode) and its surface, after cleaning in acid, was 
electroplated with gold (Sel-Rex solution, Autronex, Nutley, N.J . ,  4-V monophasic 
pulses, 10 msec duration, 38/sec for 30 sec, platinum wire as the anode) before platini- 
zation. The final electrode was about 8 jam in diameter and the platinum black layer 
did not scrape off under any experimental circumstances. The small diamete, r of the axial 
wire, combined with the utilization of thin wall glass tubing ( ~ 33 borosolicate, o. d. 1 mm, 
wall thickness 0.15 mm Friedrich-Dimmock, Millville, N . J . )  to fabricate the micro- 
pipettes enabled a reduction in the outside diameter of the pipettes to 20 to 25/am. 

The equipment used for measurement of PD's and the voltage/current clamp also 
differed from those used previously. PD's  were measured with 3 M KCl-filled glass 
microelectrodes mounted in a silver chloride half-cell; a Ringer's-soaked wick inserted 
into another half-cell served as the reference electrode, which was positioned as close 
as possible to the tubule under study. The half-cells were connected to a dual electrometer 
with capacitance compensation, variable D-C offset, and impedance monitoring capa- 
bilities for each amplifier (W 750, WP Instruments, Hamden, Connecticut). The rise- 
time of either channel with a 20 Mf~ glass microelectrode in each was less than 7/asec. 
The sum of the outputs of each channel, or the individual output in some cases, was 
used as the input signal to the control amplifier of the clamp circuit. The voltage/current 
clamp had sufficient speed and stability for the entire circuit to display a rise-time of 
20/asec and an overall gain of 10,000. The current and voltage outputs ,of the clamp 
amplifiers were displayed on an oscilloscope (Tektronix 502 A, Beaverton, Oregon), 
recorded on a chart recorder (Gulton-Technirite, East Greenwich, Rhode Island) or 
on an oscilloscope camera (model C4N Kymograph camera, Grass Instruments, Quincy, 
Massachusetts). The voltage channel was also monitored with an audio monitor during 
electrode insertion and measurement of volume flows. 

Split droplets were formed with a glucose-free, bicarbonate Ringer's solution similar 
to that used previously [23]. Determination of droplet length was made continuously at 
128 x (Leitz Wetzlar, Rockleigh, N. J.) with the aid of an ocular micrometer disc or 
filar eyepiece (Leitz). Optically determined droplet length was depicted on the chart 
recorder as the ratio of the length measured from the ends of each oil column at any time 
L(t) to its length at initial observation L(0). 

The experimental procedure for localization of the microelectrode and recording 
transients differed somewhat from that of voltage clamp experiments. After selection 
of a suitable tubule for micropuncture, a long proximal oil block was inserted (mineral 
oil 330 cp, droplet length at least 10 tubule diameters), and the tubular pipette containing 
its axial wire inserted into the most proximal portion of the segment to be studied. The 
oil column was adjusted until it barely covered the sharpened end of the tubular pipette 
and the axial wire was advanced slightly beyond the oil meniscus (Fig. 1 A). Constant 
current pulses of small amplitude (100 nAmp, 1 msec duration; 20/sec) were passed from 
the axial wire down the length of the cable-like tubule. A voltage-measuring electrode, 
placed on the renal surface, detects these pulses as voltage deflections proportional to 
the intervening tissue and solution resistances. Each current pulse was followed after a 
brief delay by an impedance test pulse from a second voltage source to the microelectrode 
input of the electrometer. Two pulses appeared on the oscilloscope screen as shown in 
Fig. 1: the first, the "coupl ing"  pulse from axial wire to microelectrode; the second, 
the impedance test of the microelectrode itself. This sequence served two purposes: 

21" 
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Fig. 1. Method for electrode localization and impedance monitoring in a proximal tubule 
prior to the passage of oil through the region under study. In A the voltage-measuring 
microelectrode rests on the kidney surface and shows minimal coupling (upper trace) 
with the constant current pulse from the axial wire (lower trace). The second pulse gives 
a measure of the electrode impedance (1 mV = 1 M~). In B microelectrode has entered 
a tubule cell with a resting membrane PD of -- 85 inV. In C the electrode is in the tubule 
lumen; in D oil covers the microelectrode tip, reducing coupling and increasing im- 
pedance. In E the split droplet has been moved to the region of the microelectrode and 

the axial wire advanced across the drop 

coupling can be used as a method of localization of the microelectrode in the lumen [12] 
and impedance measurements give a constant record of the state of the electrode tip [23]. 
Luminal localization of the microelectrode was verified in several ways: 1) coupling is 
maximal; 2) impedance returns to original values recorded on the renal surface; 3) ad- 
vancement of the oil column with subsequent "splitt ing" by the injection of Ringer's 
solution from the tubular pipette causes the sequence of changes shown in Fig. 1 D and E. 
This approach also gives us the opportunity to measure transepithelial PD in a segment 
prior to and after the passage of an oil column through it. 

After the droplet was injected, the axial wire was advanced across the droplet and 
control records were made of PD and volume flux (Jr). Triangular wave constant current 
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commands were passed through the axial wire at a frequency of 5/sec and varying am- 
plitude (100 to 400 nAmp) periodically to measure the transepithelial resistance. These 
small perturbations in current result in a linear displacement of the transepithelial PD 
and were used along with measurements of the tubular dimensions to calculate the 
"instantaneous" resistance, Rins, during the course of an experiment. 

The data immediately available from a voltage or current clamp experiment were 
then: 1) spontaneous transepithelial PD, Espon; 2) overall or command transepithelial 
PD, Etot; 3) electric current, I; 4) instantaneous resistance, Rin~; 5) volume flux, Jr. 
These data were analyzed by use of a digital computer (model 7 094/7 040, IBM, New York) 
as follows: Espon and Eto t were fitted, after a suitable transformation described in the 
results section of this paper, by the method of least-squares; current per unit area, I/A, 
was calculated from the observed current and the area determined from the droplet 
dimensions; Jv was determined by the method of least-squares from the transformation 
of droplet dimensions suggested by Nakajima et al. [17]; Rin ~ was divided by the area, 
A, calculated from the least-squares line for J~ and the droplet dimensions, and expressed 
as specific resistance for comparison with the "steady state" or chord resistance, Rs~, 
which was calculated from the expression: 

Rss = [Eto t - Espn,]/I/A (1) 

where Etot, E~po. and A are calculated from the coefficients of their respective least- 
squares lines. Current density was integrated by a numerical method [quadrature, 14] 
to determine the total charge transferred at any time during a voltage or current clamp. 
This approach was particularly useful in calculations involving voltage clamps since 
current density changes considerably in the first minute of clamping. 

During saline-loading experiments, extracellular fluid volume was expanded by the 
infusion of Ringer's solution into the ventral abdominal vein at a rate of 4 ml/hr for no 
more than 2 hr. All determinations were made after a 1-hr period of equilibration to 
the saline infusion. 

Data are presented as mean value and standard error; statistical analysis and sub- 
sequent mathematical modeling calculations were carried out on an IBM 3'70/155 digital 
computer. 

Results 

Temperature Effects 

Since the an imals  in this s tudy were s tored and  mic ropunc tu red  at  a 

higher  a m b i e n t  t empe ra tu r e  (20 ~ than  in the previous  vol tage c lamp experi-  

ments  0 5  ~ the values of per i tubular  (intracellular)  P D  and t ransepi thel ia l  

P D  were re-evaluated.  The  results in Tab le  1 ( top) show tha t  per i tubular~PD 

increased significantly over  this t empe ra tu r e  range,  while t ransepi thel ia l  P D  

rema ined  unchanged .  As a check on  the val idi ty of these results,, an  experi-  

m e n t  was carr ied out  in which one an ima l ' s  b o d y  t empe ra tu r e  was reduced 

f r o m  20 to 15 ~ and  per i tubu la r  m e m b r a n e  potent ia ls  compared .  As seen 

in the lower  por t ion  of Table  1, a reduct ion  of only  5 ~ again  caused a 

significant decline in pe r i tubu la r  m e m b r a n e  PD.  The  magnitude: of the P D  

changes  which a c c o m p a n y  such small  a l terat ions in t empe ra tu r e  are no t  

consis tent  wi th  the effects expected f r o m  the coefficients of the Nerns t  

equat ion.  
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Table 1. Temperature dependence of PD's in proximal tubule 

PD 20 ~ 15 ~ t test 

Peritubular PD -- 72.6 __ 0.95 (100) a -- 62.7• 0.82 (198) p <0.0005 
Transepithelial PD -- 10.3 + 0.85 (20) -- 12.6 • 0.90 (52) ns 
Peritubular PD - 78.2• 1.56 (5) - 66.1 ___2.55 (8) p <0.0005 

(Cooling same animal) 

a Number of observations in parentheses. 

Voltage Transients 

Study of the voltage transients during and after current passage is divided 

into three areas: 1) characterization of the time course of PD transients under 
voltage and current clamp; 2) description of the resistance changes which 

accompany the PD transients and alter their magnitude and time course; 

3) localization of the site of generation of the transients. 

Time Course of Voltage Transients 

Examples of transients during voltage and current clamps are shown in 
Fig. 2. The time course of voltage change appeared to be an exponential 
approach to an asymptote. The voltage transients were determined by 

inspection to conform generally to the following equation: 

v(o = v ( o o )  - ( v ( o o )  - v ( o ) )  (2)  

where V(t) is the value of the transepithelial PD at any time, V(oo) is the 
asymptotic value, V(0) the value at time zero, and k the rate constant of 
voltage change. When In ( V ( o o ) -  V(t)) is plotted against time, the slope of 
the line gives k and the intercept equals (V(oo) - V(0)). The optimum value 
of V(oo) results in a minimum sum of squares of deviations of experimental 
points from the calculated values. The application of Eq. (2) to the experi- 
mental transients assumes that the rate constant does not change during 
the course of the transient. The results of this transformation must be regarded 
as an approximation of the experimental curve in which the rate constant 
also undergoes time dependent alterations in some cases (see below), and 
the resultant voltage changes cannot be readily linearized. The results 
of fitting the transients by Eq. (2) for both voltage and current clamps are 
shown in Table 2. The pooled PD transients when the clamp was " o n "  were 
significantly slower than the relaxation transients observed when the clamp 
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Fig. 2. Current and voltage changes during voltage clamp (top) and current clamp 
(bottom) commands. The filled circles (o) indicate experimentally determined spon- 
taneous PD, the open circles (o) experimentally measured overall PD. Lines through 
the PD points are drawn by the method of least-squares. In the upper record I is total 
current since the drop dimensions were not recorded; in the  lower record / is expressed 
as current density with continuous correction for alteration in droplet size. At 3.2 min 
in the lower record a new split drop was forced through the tubule lumen to observe 

the effects of stirring and solution change 

was  t u r n e d  " o f f "  (Tab l e  2). Th i s  was  c o n f i r m e d  b y  a p a i r e d  t test  of  s p o n t a n e -  

ous  P D  t r ans ien t s  d u r i n g  a n d  a f te r  ind iv idua l  c u r r e n t  c l a m p  c o m m a n d s  (n = 

20, p < 0 . 0 2  f o r  k a n d  t�89 a n d  wi th  vo l t age  c l a m p  c o m m a n d s  (n = 16, p < 0 . 0 5  

f o r  t�89 n. s. f o r  k).  T h e r e  was  a t r end  f o r  d e p o l a r i z i n g  ( l u m e n  less nega t ive )  

c o m m a n d s  to  cause  a m o r e  r a p i d  a l t e r a t i on  of  s p o n t a n e o u s  P D  t h a n  hype r -  

p o l a r i z i n g  ( l u m e n  m o r e  nega t ive )  inputs ,  b u t  this d i f fe rence  was  n o t  signi- 
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Table 2. Spontaneous PD transients pooled from voltage and current clamps 

Command n k t �89 t test Correlation 
(rain-l) (min) coefficient 

"Off"  57 -- 1.84 0.46 
+0.19 __0.04 

Depolarizing 16 -- 1.68 0.66 
-t-0.30 +0.11 f 

Hyper- 29 -- 1.20 1.16 ] 
polarizing + 0.29 + 0.19J 

" O n "  pooled 45 -1 .37 0.98 
_+0.22 +0.13J 

p <0.05 

p <0.001 

p <0.001 

0.87 
-I-0.02 

0.83 
_+0.03 

0.86 
+0.02 

Time (rain) 

Shown in the inset are average transients computed from the pooled time constants 
in the table for a voltage deflection of 5 mV from the normally pertaining spontaneous PD. 

Table 3. Overall PD transients during current clamp 

Command n k t test t �89 
(rain- 1) (min) 

t test 

Depolarizing 7 -- 2.65 _+ 0.641 p <0.01 0.35 _+ 0.06~ <o.01 p 
Hyperpolarizing 16 - 1.12+ 0.17J 0.76 + o.07J 

Pooled 23 - 1.58 + 0.27 0.64+ 0.07 

ficant. Cur ren t  c lamp transients  were virtually identical  to those dur ing 

vol tage c lamp and, after  statistics did no t  reveal  any  significant differences 

between the two groups,  were pooled  for  presenta t ion  in Table  2. Al though  

the spon taneous  P D  transients  did not  differ in t ime course  f r o m  a voltage 

to current  c lamp,  the total  P D ' s  were fundamenta l ly  different.  Dur ing  a 

vol tage c lamp the to ta l  P D  is the var iable  control led and  c lamping  current  

displays a t ransient  which is the inverse of the spon taneous  P D  t ransient  

(Fig. 2, top).  Since the current  c lamp involves the passage  of a cons tan t  

current ,  to ta l  P D  is al lowed to vary  and  also displays a t ransient  (Fig. 2, 

bo t tom) .  The  t ransient  in to ta l  P D  under  current  c lamp was somewha t  

faster  than  the spon taneous  P D  results and  exhibi ted a significant dif- 

ference between depolar iz ing and  hyperpolar iz ing  c o m m a n d s  (Table  3). 
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In summary, the voltage transient analysis demonstrated that: 1) tran- 
sients during voltage and current clamp were essentially similar; 2) " o n "  
transients were significantly slower than "o f f "  transients; and[ 3) hyper- 
polarizing and depolarizing commands gave transients which tended to 
different time courses, but not significantly. 

Experiments were also performed to determine the effects of isotonic 
volume expansion on the time course of the transients during current clamp. 
The result of these experiments was that the rate constants observed during 
volume expansion did not differ significantly from control values. (Espon 
" o n "  t�89 +0.18 min, Espo. "of f"  t�89 +0.4 min, n=16).  

Resistance DetermhTation 

As mentioned in Materials and Methods, transepithelial resistance could 
be determined in two different ways. The instantaneous resistance, Ri,s, 
calculated from small perturbations was used as a check on the value of 
the steady-state resistance, Rss. The resistance determined at time zero by 
both methods did not differ significantly: control tubules 40.9-t: 6.7 f2 cm 2 
(n=39);  volume expansion 30.8 +4.5 f2cm 2 (n--18). Calculated trans- 
epithelial resistance often displayed transients similar in appearance to the 
voltage transients. During hyperpolarizing commands, in particular, a 
striking parallelism between voltage and resistance changes could be ob- 
served (Fig. 3, top). The similarity of the time dependence of voltage and 
resistance changes during hyperpolarizing commands was further sub- 
stantiated by fitting the resistance change with the same exponential func- 
tion that described the voltage transients. The results of this approach are 
shown in Table 4, where it may be seen that the t�89 of resistance change was 
significantly smaller than that of the voltage transient. Such paralM time 
courses were rarely observed during depolarizing commands, where more 
commonly resistance did not change significantly while voltage transients 
occurred (Fig. 3, bottom). The general pattern which emerged is a fall 
in resistance during hyperpolarizing commands (R(O)/R(oo)=l.8, signi- 
ficantly greater than 1, p < 0.05) and no significant change during depolarizing 
commands (R (O)/R (oo) = 1.24, not significantly different from 1). A steady- 
state current-voltage diagram of the epithelium would be nonlinear because 
of the fall in resistance during hyperpolarizing commands. 

Resistance determined by the perturbation method exhibited transients 
that support the validity of the changes in the steady-state values (Fig. 4). 
Regardless of the time-dependent alterations in steady-state resistance 
which took place, the instantaneous current-voltage plot of the epithelium 
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Fig. 3. Transepithelial resistance changes during hyperpolarizing (top) and depolarizing 
(bottom) commands. Spontaneous PD transients are shown for each case with lines 
fitted by the method of least-squares. The abscissa is the integral of the applied current 

density expressed as charge transferred per cm 2 of epithelium 

Table 4. Comparison of resistance and spontaneous PD transients during hyperpolarizing 
command 

n k t test t�89 t test Correlation 
(min - 1) (min) coefficient 

Resistance 27 --1.59__0.18 0.58-t-0.06 0.84-t-0.03 
Voltage 29 -- 1.20 --1-0.29 ns 1.16 +0.19 p <0.01 0.86 ___0.02 

was always linear during a transient.  All resistance changes were reversible 

and transients of resistance during off commands  were observed. It  should 

be no ted  here that  this observed decrease in steady-state resistance is not  



Transients in Proximal Tubule 309 

PD 
+ 15 [- mV ..... ,,,~ll~Ii~ ~ ~ ~  ............ 

--~ 1 min - - t  I 
nAmp 

100 1 

0 

f - 
- 15 mV 

100 t I 
nAmp -[ / 

Fig. 4. Changes in transepithelial resistance determined by triangular wave perturbations 
during depolarizing current clamp (top) and hyperpolarizing current clamp (bottom) 

contradictory to the previous observation [23] that "apparent"  transepi- 
thelial resistance, Rss, increased during voltage clamp experiments. In the 
previous experiments spontaneous PD was not monitored during a voltage 
clamp period. The clamp current decreases with time as Espo. moves toward 
Eto, since the A V required is smaller than at time zero (see Fig. 2, top). 
Steady-state resistance, calculating from A V/I/A and assuming a constant 
value of A V, appears to increase as previously described. Without measure- 
ments of the alterations in spontaneous PD which accompany the passage 
of current a similar conclusion might have been reached from the present 
data. 

Localization of the Site of PD Transients 

As part of an attempt to more precisely localize the site of the voltage 
transient observed during clamping, two series of experiments were done. 
In one, peritubular membrane PD was monitored during a voltage transient; 
in the second, a new split droplet was introduced into the tubule during the 
relaxation voltage transient after the clamp had been turned off. 

In a few experiments simultaneous records of transepithelial and peri- 
tubular membrane PD were made during current clamp (Fig. 5). In most 
cases, however, a known current density was passed through the epithelium, 
without determination of the transepithelial PD, while monitoring the peri- 
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Fig. 5. Records of simultaneous measurements of transepithelial (TE) and peritubular 
(PT) membrane PD's in the same region of tubule. In A a hyperpolarizing command 
(210 nAmp) is applied through the axial wire. Triangular wave perturbations (320 nAmp) 
for the measurement of resistance are included as well as periodic release of the clamp 
at points indicated by the arrows. In B a depolarizing command of 200 nAmp was applied, 
and in C a hyperpolarizing command of 200 nAmp. Voltage gain, with the exception of 
the first portion of the TE trace in A, is the same for both PT and TE measurements 

tubular  PD of cells lining the droplet. The primary goal was to observe any 

transients in peritubular PD which correspond to those in the transepithelial 

PD and not  to determine the properties of the peritubular membrane.  In 

Table 5 I report the direction of the voltage changes observed and conclude 

that  there does not  seem to be a consistent transient in peritubular PD 
during a transepithelial voltage transient. 

The injection of a new droplet into the lumen from the tubular  pipette 

during a transient simulates the experiment of Wedner  and Diamond  [24] 
in which solutions bathing the rabbit  gallbladder were replaced during a 
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Table 5. Changes in peritubular membrane PD during current clamp 
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Command No. of obs. + - nc 

Hyperpolarizing 19 5 7 7 
Depolarizing 18 10 1 7 

Direction of peritubular membrane voltage change compared to the direction of the 
transepithelial voltage transient caused by current passage. ( + )  indicates a peritubular 
transient in the same direction as transepithelial, ( - )  indicates a transient in the opposite 
direction, and (nc) indicates no discernable transient in peritubular PD. 
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Fig. 6. Experimental records of droplet shrinkage (top trace), electric current density 
(center trace) and PD (lower trace) during both voltage (top half) and current clamp 
(bottom half). The half times for fluid reabsorption during each period are indicated 

below the respective sections of the drop shrinkage curve 
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PD transient. As shown in Fig. 2, the injection of a second split droplet 
does not alter the time course or amplitude of the PD transient. In nine 
other experiments injection of a second droplet at various times after both 

voltage and current clamps support the conclusion that the PD transient 
is not caused by luminal unstirred layers or abnormal ionic composition 
of the luminal solution. 

Volume Flows 

During the passage of electric current, fluid flow caused by that current 
was toward the cathode at a rate roughly proportional to the current density. 
Under voltage clamp, Jv usually became constant in the first few seconds 
and continued unchanged until the command was altered (Fig. 6, and ref. 
[23]). Under constant current clamp, Jv was similar but smaller in magni- 
tude and often did not assume a uniform rate for a minute or more. The 
more rapid establishment of nearly constant Jv under voltage clamp than 
under current clamp was probably a consequence of the high initial current 
density in the first minute of voltage clamping (Fig. 6). 

The pattern of fluid flux as a function of applied PD during voltage 
clamp was similar to that previously reported [23]. For a similar voltage 
deflection, with the luminal electrode as the cathode (hyperpolarization), 
Jr was greater than when the lumen was the anode (depolarization). Current 
clamp results were less easily depicted since Jv was a function of the applied 
current density and the relative resistance of the epithelium. The theoretical 
basis for determination of volume flow during the application of a constant 
current or voltage is considered, in detail, in the subsequent paper [22]. 

Discussion 

The features of the voltage transients may be summarized as follows: 
1) current passage induces spontaneous PD transients in the same direction 
as the overall voltage; 2) these PD transients build and decay in an exponen- 
tial fashion; 3) changes in luminal solution do not affect their time course 
or amplitude; 4) peritubular membrane potential changes little if at all 
during such a transient; 5) relaxation of current-induced voltage transients 
is faster than their buildup; 6) there may be simultaneous transients in 
transepithelial resistance. These observations suggest that the voltage 
transients are a consequence of intraepithelial concentration changes caused 
by electric current passage. The exponential behavior of the transients is 
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similar to the charging and discharging of compartment in the epithelium 
in the way a leaky electrical capacitance is charged or discharged through 
a resistance. The failure of changes in luminal solution to affect the transients 
rules out the luminal compartment as the site of these concentration changes. 
The negligible alterations in peritubular membrane PD during current 
passage show that little current flows through that barrier and that signif- 
icant changes in intracellular composition are not caused by the passage 
of current. 

The electrical analogue model of the proximal tubule first presented 
by Boulpaep [6] and a similar and more detailed model of the intestinal 
epithelium by Rose and Schultz [20] both predict that the majority of an 
applied electric current flows through the shunt pathway and that trans- 
epithelial electrical resistance is principally determined by the', shunt re- 
sistance. Subsequent investigation by Fr6mter and Diamond 1113] of the 
current spread in Necturus gallbladder confirmed the high current density 
in the extracellular shunt path. The effect of applied current on the ionic 
composition of the lateral intercellular spaces was considered by Wedner 
and Diamond [24] in rabbit gallbladder and the basal-lateral spaces were 
proposed as the site of generation of the "polarization PD's" observed 
during and after current passage. The calculations of Rose and Schultz [20] 
based on their electrical analogue model, state in a simplified form, that the 
transepithelial PD is given by: 

Rcell  

where EMFceH is the total electromotive force of the luminal and peritubular 
potential generators, EMFsh,nt is the electromotive force developed by the 
concentration gradients across the shunt path, Rshunt is the resistance of 
the shunt path, Rcell the sum of the peritubular and luminal membrane 
resistances in series, and Rto t =Rcell-~Rshun t. From the data of Boulpaep [7] 
and Windhager, Boulpaep and Giebisch [26] the resistances have the fol- 
lowing values: R~hunt=70 ~ c m  2, Roon=7900 f~ c m  2, Rtot=7970 ~ c m  2. 
Then Vis given by: 

V= 0.009 EMFcen + 0.991 EMF~h~.t. 

A change in EMFshu,, is much more effective in altering V than are shifts 
in EMFcen. This does not imply that the spontaneous transepithelial PD 
is normally generated by EMFshunt but rather that changes in 1v are more 
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Lumen 

ECF 6 
a b c 

Fig. 7. Electrical equivalent circuits of the shunt pathway in epithelia. (a) shunt in Nee- 
turtts proximal tubule [6], (b) small intestine shunt analogue [20], (c) proposed Necturus 

shunt path model 

readily achieved by alterations in that electromotive force. In the intestine 
[11, 20] and in the proximal tubule [22] EMFshunt actually is in the opposite 

direction to the normally observed V and opposes the PD spontaneously 
developed by EMFceH. The analogue also indicates that the peritubular 
membrane PD would be influenced only to a small extent by alterations in 
EMFshunt alone. 1 Previous investigations indicate that the peritubular mem- 
brane resistance is considerably smaller than the luminal [7, 26], a con- 
clusion which is substantiated by Fig. 6 from which it may be calculated 
that the resistance of the luminal membrane is two to three times greater 
than that of the peritubular. I conclude that the applied current goes pri- 
marily through the shunt path and that the transients in transepithelial PD 
are most probably produced by changes in the EMF generated by salt 
gradients along the shunt pathway rather than by changes in cellular EMF's.  
Careful consideration must then be given to the electrical equivalent circuit 
for the shunt path because of its major role in current related phenomena. 

Boulpaep [6] depicted the shunt pathway as a fixed resistance as shown 
in Fig. 7a. Rose and Schultz [20] suggested a more complex circuit consisting 
of a fixed resistance in parallel with an EMF and its series resistance (Fig. 7b). 
On the basis of the present results and those discussed below, I chose to 
represent the shunt by the circuit in Fig. 7 c. This analogue consists of three 
electrical elements: parallel, variable resistance and capacitance, in series 
with a fixed (or less variable) resistance. Representation of the shunt by 
several electrical elements does not mean that the physical system is as 
complex as the analogue. Actually the parallel elements, resistance and 

Rperitubular t 
1 A peritubular PD is proportional to A EMFshunt  --Rtnt ], where Rperltubular 

is estimated as ~ 3500 ~ cm 2 and Rtu t ~, 8000 -Q c m  2 [7, 26]. 
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capacitance, may be the properties of one epithelial component, the lateral 
intercellular spaces. It may be seen in Figs. 2 - 4  that the EMF and resistance 
of the shunt path are variable, and as shown below, the capacitance may 
also be altered. In this model, the PD generated in the shunt path is not due 
to an EMF as suggested by Rose and Schultz ([20], and Fig. 7b) but to the 
amount of ionic charge (cations +anions) on the shunt capacitor. This 
capacitor may be charged by the passage of electric current o1: by active 
transport of salt out of the adjacent tubule cells. The values of the electrical 
elements in Fig. 7c may change depending on the magnitude and direction 
of the applied electric current; the nature of these variations and their 
interrelationships constitute the principal objects of this investigation. 

A general understanding of the meaning of changes in the observed 
voltage transients may be obtained from the circuit of Fig. 7 c, in which it is 
assumed that the EMF of the shunt path is only due to the amount of ionic 
charge on the shunt capacitance, C. If the two resistances are lumped to- 
gether as a single value, R, the rate constant of the voltage transients, k 
in Eq. (2), is then equal to 1/RC. Variations in k must be due to alterations 
in either R or C. The applicable experimental data for overall voltage 
transients (Tables 2 and 3) yield RC products of 22.6 sec for depolarizing 
commands, 53.5 sec for hyperpolarizing commands, and 32.6 sec for "off"  
commands. During depolarizing commands R does not change or decreases 
slightly from control (Figs. 3 and 4) and the decrease in the time constant 
may also be due to a fall in C. Since hyperpolarizing commands prolong 
the time constant and decrease resistance, capacitance must then increase 
to a greater extent. When the clamp is "off"  the charged shunt capacitor 
discharges through its parallel resistance and gives a time constant which 
depends on the value of that resistance as well as the value of C. A likely 
physical analogue of the above variations in R and C is a widening of the 
lateral intercellular spaces during hyperpolarizing commands which re- 
suits in an increased shunt volume (capacitance) and a decreased resistance. 
During depolarizing or "of f"  commands the lateral spaces collapse resulting 
in a decreased volume and increased (or unchanged) resistance. In these 
cases I have assumed little or no change in the series resistance during 
current clamps. The fixed series resistance in Fig. 7c, whose physical ana- 
logue is the tight junction, is required in the model since C increases more 
than R during widening of the lateral spaces. It should be noted that changes 
only in the series resistance could also account for much of the resistive 
variation observed experimentally; however, I have assumed fixed dimen- 
sions and properties of the tight junctions in the discussion which follows. 
It is apparent from the long time constants of the voltage transients that 

22 J. Membrane Biol. 13 
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the equivalent of immense electrical capacitances exist within the epithelium. 
Such large capacitances must be properties of the ionic charge and discharge 
of fluid compartments rather than dielectric capacitors merely on the basis 
of the available membrane surface area. An essentially similar interpreta- 
tion of the long time constant voltage transients of gastric mucosa was 
offered by Noyes and Rehm [18]. 

If the shunt path is analogous to an electrical capacitor in its ability 
to store and give up ionic charge, there should be a linear relationship 
between the amount of charge passed (AQ) and the magnitude of the resul- 
tant voltage transient (A V). For an ideal capacitor, the equation is 

AV=AQ/C (4) 

where C is the equivalent electrical capacitance of the fluid compartment. 
Since the shunt is a "leaky" capacitor, most of the charge passed is lost 
through resistive paths. The AQ of interest is only that portion of the total 
charge passed which goes to charge the capacitance. This value is calculated 
by subtracting the resistive current from the total and integrating the remain- 
der using a numerical computer method. Since the resistance of the epi- 
thelium changes during current passage in some cases, the larger resistive 
current was recalculated at short intervals to avoid errors in estimating 
the smaller capacitative current. Fig. 8 shows the relationship between AQ 
and A V at the end of each clamp period for control and volume-expanded 
animals. The equivalent electrical capacitance for the control animals was 
5.4x 10 -3 F/cm 2 and in volume expansion this rose to 7.4 x 10 -3 F/cm 2 

(the difference in slopes of these two least-square lines is of borderline signif- 
icance, 0.05<p<0.1). The electrical capacitance was converted to its 
equivalent fluid capacitance by the following equation: 

Ce (5) 
CI= Fc* 

where C I is the fluid capacitance, Ce the electrical capacitance, Fthe Faraday, 
and c* the concentration change required for a 1-mV change in transepi- 
thelial PD. c* was calculated from the liquid junction potential of two NaC1 
solutions separated by a barrier. The fluid volume thus determined is a func- 
tion of the transference numbers of the barrier and for the two cases using 
the transference numbers for the tight junction [22] is: control 0.4 x 10- 5 cm a 
and volume expanded 0.55 x 10 -5 cm 3. The anatomic volume of the inter- 
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Fig. 8. A graph of the final voltage change (A V) induced by current passage versus the 
integral of the capacitative current (AQ) on the abscissa. The filled circles (o) represent 
control experiments during voltage or current clamp, the open circles (o) represent 
current clamps carried out while the animal was volume expanded. The lines were drawn 
by the method of least-squares. Shown in the inset are the results of two individual 
experiments involving depolarizing command (top) and hyperpolarizing (bottom). The 
deviation from linearity of the line during hyperpolarization is due to a gradual increase 

of capacitance as a consequence of current passage 

space is about  twice as large as this estimate [22, 25] suggesting that  only 

a por t ion of this space is involved in determining its electrical properties; 

however, no other known epithelial compar tment  is of the appropriate 
volume. The increase in est imated interspace volume during saline loading 

represents only a modest  widening of the intercellular spaces (e. g., f rom 

0.2 to 0.3 rtm) and a more dramat ic  change in capacitance would be expected 

during higher infusion rates which are known to lead to gross distension 

of these channels [4]. 

22* 
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Also shown in Fig. 8 (inset) are the results of an individual experiment 
plotted to demonstrate current-induced changes in capacitance. During 
a depolarizing transient, C did not change significantly, but a hyperpolariz- 
ing command caused a deviation from linearity in the graph of A V vs. AQ. 

The nonlinear hyperpolarizing curve was caused by a gradual increase in 
capacitance since resistance changes are corrected for by the method de- 
scribed above. 

The volume flows which accompany the passage of electric current are 
always in the direction of cation movement. This observation indicates 
that the accumulation or depletion of salt within the shunt which leads 
to the volume flows is critically determined by a barrier whose cation 
transference number exceeds the free solution value. This point is further 
discussed in the succeeding paper. 

If the shunt pathway in the Necturus proximal tubule were simply an 
unstirred layer of solution, the time constant of the voltage transients during 
relaxation could be used to calculate the effective diffusion coefficient of 
NaC1 in it. The applicable formula from Crank [9] and Dainty and House 

[10] is: 
0.38 A X  2 

Oefe - t �89 (6 )  

where Deft is the effective diffusion coefficient, A X  is the total thickness of 
the unstirred layer (in our case equal to about 60 g) and t �89 the half time of 
the observed voltage transient (27 sec). Doff equals 0.51 x 10 -6 cmZ/sec, 
nearly 30 times below the free solution value of 1.46 x 10 .5 cm2/sec (20 ~ 
[19]). This calculation implies that NaC1 diffusion in shunt path is markedly 
restricted, but it is unrealistic to use it to estimate the diffusion coefficient 
in the shunt. The principle objection to such an attempt is that the lateral 
space is bounded by "ba r r i e r s " -e .  g., the tight junction and basement 
m e m b r a n e - a n d  the shunt cannot be simply represented as an unstirred 
layer of solution. A more plausible approach is to develop a model of the 
shunt path which gives a total solute conductance similar to that observed 
experimentally and which alters with experimental manipulation. The shunt 
path may be represented by three aqueous barriers to solute movement in 
a series arrangement: the tight junction, the lateral space itself, and the 
basement membrane with its associated connective tissue. The total solute 
conductance of such a series is given by [16]: 

1 1 1 1 
l- -~ (7) 

gOtot (Dtj ~tj (Dlis ~lls (Dbm ~bm 
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where o)tj, o)m and wb,, are the NaC1 conductance of the t ight junction,  

lateral space, and basement  membrane,  respectively, and  Ytj, 7.~, Ybm are 
their respective areas per cm 2 of epithelium. Fo r  each barrier, representing 

it as a coarse membrane  [15] 

q~w 0 D NaC1 
r A X 2 R T  (8) 

where rp~ is the water fract ion of the barrier which m a y  vary between 0 and  

1, 0 the tor tuosi ty factor  =< 1, A X  the barrier thickness, R the gas constant,  

and  T the absolute temperature.  I obtain the following values for each per- 
meabil i ty:  2 

coq=0.239 x 10 -11 mole/dyne sec 

~ons=0.99 x 10-1, mole/dyne sec 

C~bm=0.74 X 10-12 mole/dyne sec 

and  o) tot=0.128 • 10 -15 mole/dyne sec, or  in more commonly  used units, 

3.1 x 10 -6  cm/sec. The total  solute conductance is then in agreement with 

the experimental values [8, 22, 23] when I assume that  the NaC1 diffusion 

coefficient is restricted to one-fifth its free solution value. It is apparent  

that  given similar NaC1 diffusion coefficients in the tight junct ion and  lat- 

eral space, the principal determinant  of the shunt  pa th  permeabili ty is the 

lateral space itself since it offers more solute resistance than  the other 

barriers. 

These calculations and those that  follow in the theoretical t reatment  of 

these experiments suggest that  changes in the lateral space dimensions 

significantly affect lateral space volume, shunt  solute conductance and shunt  

electrical conductance.  Widening of the lateral space would increase electri- 

cal conductance,  since, as previously noted by Boulpaep [8] much  of the 
transepithelial electrical resistance may  be localized at  the level of the lateral 

2 A summary of the assumptions for each barrier are: 1) tight junction: total linear 
length of the tight junction per cm 2 of epithelium is 800 cm/cm 2 [8], slit width 25 to 36 
[4, 5l, AX=1000A, [4]; assume ~0,~=0.8, 0=0.5, and DNaCl=0.3xl0-Scm2/sec 
(1/5 of free solution); y,j is 2.7 • 10 -4 cm 2 per cm 2 epithelium. 2) Lateral spaces: width 
0.2 Ix [5], AX=25 ix [4], 0=0.416 [25]; assume 9~= 1 (fluid filled space), and DNaC1 = 
0.3 x 10 -s cmZ/sec; ~us is 1.63 x 10 -2 cm 2 per cm 2 epithelium using the same linear 
length as above (800 cm/cm2). 3) Basement membrane and adjacent connective tissue: 
AX estimated from the t�89 of voltage transients in peritubular PD observed when capil- 
laries are perfused with high K solution (t�89 5 sec) as 10 ix for DKC1 = 1.69 • 10 -s cm2/ 
see [1]; assume c%= 1, 0= 1, DNaCI= 1.46 x 10 -5 cm2/sec (free solution value); and 
)'b,~ is 1.45 cm 2 per cm z epithelium, calculated from the outside diameter of the tubule. 
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intercellular space. The fall in transepithelial resistance may be regarded 
as an indirect measure of the degree of distension of the lateral spaces. 
A modest widening of the lateral space without alteration of the properties 
of the tight junction may increase electrical conductance and capacitance 
proportionally and have virtually no effect on the voltage transient rate 
constant. An experimental maneuver such as volume expansion which 
enlarges the lateral spaces [4] would not necessarily lead to changes in the 
rate constant of the PD transients. During volume expansion in this study, 
transepithelial resistance fell to three-fourths of its control value, considera- 
bly less than the one-third value reported by Boulpaep [8]. A possible 
explanation for this difference lies in the degree of volume expansion achieved 
in this study compared to that of Boulpaep since his saline infusion 
rates were on the average twice those used here. The fall in resistance during 
saline loading was also less than that observed during hyperpolarizing com- 
mands where resistance fell to nearly one-half its original value. During 
hyperpolarization the volume of the lateral spaces may increase to a greater 
extent than the conductance, since the resistance of the tight junction is 
presumably unaffected, leading to a decreased rate constant during hyper- 
polarization. A nearly threefold decrease in transepithelial input resistance 
was reported by Windhager et  al. [26] upon perfusion of the tubule lumen 
with hypertonic solution (400 mOsm higher than the peritubular solution). 
A similar resistance decrease (2.2-fold) occurred in the absence of a trans- 
epithelial osmotic pressure difference when both luminal and peritubular 
solutions were made hypertonic. The explanation offered by these authors, 
cell shrinkage causing a widening of the tight junctions, should on the basis 
of the preceeding discussion be broadened to include the effects of changes 
in the interspace width. Hypertonicity which leads to cell volume decrease 
would also lead to interspace volume increase with concomitant decrease 
in both solute and electrical resistance. 

Tile shunt path comprises three equivalent electrical elements: a series 
resistance, variable resistor, and variable capacitor. All three variables 
are interrelated and combine to determine the properties of the shunt and 
the time course of the epithelial voltage transients. It is now apparent that 
the original equation used to fit the voltage transients [Eq. (2)] is a first 
approximation of a nonlinear function with three variables. The factors 
which cause the interspace volume to change are as yet undefined and are 
discussed in greater detail in the second paper of this pair. The overall 
picture which emerges is one in which lateral space dimensions as well as 
the properties of the tight junction combine to determine the degree of extra- 
cellular shunting and the characteristics of the proximal tubular epithelium. 
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