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Summary. Determination of serosa-to-mucosa fluxes of Na, K, and C1 yields informa- 
tion about the properties of the shunt pathway in toad urinary bladder. We show that 
measurement of these fluxes at 30-sec intervals following an abrupt increase in mucosal 
osmolality yields evidence on the rate of opening of the path and of its permselectivity. 
The relationship between the fluxes of any pair of these ions indicates that the shunt 
is paracellular both before and after the increase in conductance effected by hyperosmolality 
and that the transepithelial PD affects the permselectivity properties (at 0 mV, PK/PNa/Pc~ = 
1:0.71:0.57; at +25 mV, PK/PNa/Pc~= 1:0.71:0.99). The relationship between any of the 
fluxes and the total transepithelial conductance is linear and yields an estimate of cellular 
conductance (the intercept of this regression on the conductance axis) which is in accord 
with that measured electrically. These studies provide information on tight junction per- 
meability to nonelectrolytes, as well. Finally, they provide new information about the 
role of the shunt path as a controlling influence on transepithelial sodium transport and 
raise the possibility that, in both leaky and tight epithelia, differences in transepithelial 
conductance from tissue to tissue, organ to organ, and species to species may be due, 
in the absence of edge damage, to changes in conductance of the paracellular pathway. 

Since the early observa t ions  of  Ussing and Windhage r  (1964) and 

of  D i B o n a  and Civan (1973), it has been clear tha t  there  are at least 

two paral lel  pa thways  for  the m o v e m e n t  of  small  molecules  across epithe- 

lia, the t ranscel lu lar  and the paracel lular ,  or shunt  pa thway .  Epi thel ia  

of  low resis tance (" l e a k y " ) ,  such as the gal lbladder ,  i leum, and p rox imal  

renal  tubule ,  have an overal l  conduc t ance  which is largely de te rmined  

by  the conduc t ance  of  the parace l lu la r  pa thway .  As has been shown 

by F r S m t e r  (1972), this pa thway ,  at least in N e c t u r u s  gal lbladder ,  appears  

clearly to be be tween the cells. By inference,  it has been assumed tha t  

such pa thways  in o ther  epi thel ia  are also intercel lular ,  a l though  unequ ivo-  

cal evidence on this po in t  is ha rd  to obtain.  Nonethe less ,  in some t ight 

epi thel ia  the evidence is fairly compel l ing  tha t  the two pa thways  are 

cons t i tu ted  by  a cellular p a t h w a y  and a parace l lu la r  pa thway ,  which 
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includes the lateral intercellular spaces and the tight junctions. Elec- 
trophysiological data from our laboratory (Reuss & Finn, 1974, 1975) 
have shown that in toad urinary bladder the paracellular pathway ac- 
counts for approximately 30% of the total tissue conductance. Approxi- 
mately similar results were found from the measurement of partial ionic 
conductances by Saito, Lief, and Essig (1974). It was shown that the 
serosa-to-mucosa fluxes of sodium, chloride, and potassium behaved 
as though they were traversing an extracellular path. In addition, it 
has been shown (Beauwens & A1-Awqati, 1976; Canessa, Labarca & Leaf, 
1976; Macknight & McLaughlin, 1977) that little, if any, sodium enters 
the cells from the serosal side, again indicating that the serosa-to-mucosa 
sodium flux traverses only the paracellular path. 

There are problems in evaluating this pathway in tight epithelia which 
do not exist in leaky epithelia. For instance, in the latter, since the 
conductance of the paracellular pathway is so high, measurements of 
transepithelial resistance and dilution potentials can be taken to indicate 
the properties of the shunt, and many such experiments have been done 
to study the nature of the shunt pathway and its behavior under various 
conditions (Moreno & Diamond, 1974). These studies have given consid- 
erable insight into the nature of the shunt path in these tissues, but 
have given no indication that this pathway plays a role in the control 
of transepithelial movement of sodium chloride. 

On the other hand, in toad urinary bladder, increases in the mucosal 
solution osmolality lead to a marked increase in shunt conductance, 
with only slight changes in the cellular pathways (Reuss & Finn, 1976), 
and morphological alterations in the tight junction (DiBona & Civan, 
1973; Wade, Revel & DiScala, 1973), whereas dilution of the mucosal 
solution leads to decreases in shunt conductance (Reuss & Finn, 1976). 
In fact, the latter authors suggested that the paracellular pathway might 
exert some control on the active pathway; this suggestion was confirmed 
and amplified by Civan & DiBona (1978), who showed that the conduc- 
tance of the paracellular pathway was directly related to the osmolality 
of the mucosal bathing medium over the physiological range. 

The purpose of the present experiments was to seek a measure of 
shunt conductance which could be followed as a function of alterations 
in the transport process. This represents a somewhat difficult task in 
the toad urinary bladder, for the eleetrophysiological assessment of the 
resistance of the various pathways is a relatively complicated procedure 
(Reuss & Finn, 1974) and requires at least 30 rain of continual measure- 
ments. That is to say, one must measure the transepithelial resistance, 
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the relat ive res is tances  of  the apical  and  baso l a t e r a l  m e m b r a n e s  wi th  

an e lec t rode  in a cell, and  r epea t  these m e a s u r e m e n t s  af ter  the add i t ion  

of  ami lor ide ,  a p o t e n t  d iuret ic  which  a p p e a r s  to decrease  the c o n d u c t a n c e  

of  s o d i u m  at the apica l  m e m b r a n e  (Bentley,  1968; Reuss  & Finn,  1974). 

Such a technique ,  as s ta ted  above ,  requires  a m i n i m u m  of  30 rain, and  

it wou ld  be fa r  m o r e  sa t i s fac to ry  if a m e t h o d  cou ld  be devised to m e a s u r e  

the shun t  c o n d u c t a n c e  m o r e  rapidly .  L e a f  (1965) sugges ted  tha t  se rosa - to -  

m u c o s a  fluxes of  Na ,  K,  and  C1 t r ave r sed  channel(s)  s epa ra t e  f r o m  

active s o d i u m  t r a n s p o r t  in the oppos i t e  di rect ion.  The  sugges t ion  was 

essent ial ly  p r o v e n  by  Sai to et al. (1974), w h o  showed  tha t  the d e t e r m i n a -  

t ion of  the t ransep i the l ia l  s e r o s a - t o - m u c o s a  fluxes of  sod ium,  po t a s s ium,  

iodide,  and  chlor ide  could  be used to d e t e r m i n e  the c o n d u c t a n c e  of  

the pa race l lu l a r  p a t h w a y .  They  r ea s oned  tha t ,  since the re la t ionsh ip  be- 

tween  the  fluxes of  any  two  of  these was l inear  and  the regress ion  line 

in tersec ted  the origin,  the ions were t r ave r s ing  an ident ical  ex t race l lu lar  

p a t h w a y .  The  first  objec t  o f  the p resen t  studies,  then,  was to utilize 

this m e t h o d  with  the m od i f i c a t i ons  to be descr ibed  below.  We  were  

ma in ly  in teres ted  in m e a s u r i n g  the fluxes r ap id ly  in order  to s tudy  the 

kinet ics  of  open ing  and  closing of  the shun t  unde r  va r ious  condi t ions .  

As will be  discussed below,  this m e t h o d  yields useful  new i n f o r m a t i o n  

on the na tu re  of  this p a t h w a y .  

Materials and Methods 

For these studies we utilized toads (Bufo marinus) purchased from the Pet Farm, 
Miami, Florida, or from Charles P. Chase Company, Miami, Florida. The toads were 
kept in running tap water at room temperature and were not ordinarily fed. They were 
pithed, and the bladders were removed and placed in a Ringer's solution containing (in 
mM): NaC1, 109; CaC12, 0.89; KC1, 2.5; NaHCO3, 2.4; and glucose, 5.6. Solutions were 
gassed with air and had a pH at room temperature of approximately 8.0. Solution changes 
are described in the text. Bladders were subsequently mounted in a chamber designed 
for the rapid measurement of fluxes, as described previously (Finn & Rockoff, 1971). 
Briefly, the tissue is pinned to a cork ring, mounted between 2 rubber rings, and placed 
between Lucite chambers, each of which contains electrodes for the measurement of the 
transepithelial potential and short-circuit current, and Teflon impellers with internal mag- 
nets. The latter are rapidly rotated by means of motor-driven external horseshoe magnets. 
Tracer can be added to either bathing medium by way of a closed circulating pump 
system, and nonradioactive Ringer's solution is continually circulated through the other 
side by means of a Harvard pump and appropriate entrance and exit ports. The exiting 
fluid is then collected in test tubes mounted in a fraction collector for accurate timing. 
After tracer is allowed to reach equilibrium (that is, when the flux reaches a steady state 
as determined by successive transepithelial flux measurements) fluxes can be determined 
by collections at intervals as frequenctly as every 6 sec, depending on the rate of movement 



70 A.L. Finn and J. Bright 

of the tubes in the fraction collector. It was found, however, that 30-sec periods of collection 
were adequate. As described below, alterations in the osmolality of the mucosal solution 
were achieved by abrupt changes in the fluid passing through the mucosal side, while 
a constant tracer solution perfused the serosal side. This was done by using a switching 
device and appropriate valves to perform an instantaneous change from one delivery pump 
to another that contained a different solution. We have shown (Reuss & Finn, 1975) 
that changes in resistance occur within 1-2 sec after the change in media. However, because 
of the necessary lag time for transepithelial fluxes, the imposition of a nonsteady state, 
and the presence of unstirred layers, it was found that significant flux changes first appeared 
at 20 30 sec after the switch in solutions. All flux periods were therefore 30 sec in duration. 

No bladder was used unless its transepithelial resistance was at least 2,000 f~.cm 2, 
and its transepithelial potential at least 50 mV at the start of the experiment. As decribed 
below, experiments were performed with the bladder potential clamped at zero (short-circuit 
conditions) or at +25 mV (reference: mucosal solution) 1. Resistance was measured by 
interrupting the voltage clamp for a few seconds and recording the transepithelial potential 
at frequent intervals, or by inermittently clamping the potential at + 10 mV and measuring 
the current. Either method yields similar results (although transients occur during either 
voltage or current clamps (Finn & Rogenes, 1977) and affect the determination of resistance, 
such changes are fairly consistent and are minimal at the voltages and currents used 
here; furthermore, they are quire reproducible, so that the resistances, though perhaps 
not strictly correct, are internally consistent and correctly show relative changes as a result 
of the experimental pertubations). For simultaneous fluxes of more than a single isotope, 
42K was always one of the pair, the other being ~6C1 or 22Na. On the day of the experiments, 
42K activity was determined on a gamma counter, and the activity of the other isotope 
was determined two weeks later on the gamma counter (22Na) or a liquid scintillation 
counter (~ 6C1). 

Results 

A f t e r  subs t i t u t i ng  R i n g e r ' s  + 100 mM NaC1  fo r  R i n g e r ' s  on  the  m u c o -  

sal side, the  res i s t ance  falls in 1 2 sec a nd  c o n t i n u e s  to  dec rea se  to  a 

s t e ady - s t a t e  va lue  in a b o u t  5 min .  I n  these  e xpe r imen t s ,  h o w e v e r ,  p r e p a r a -  

t ions  were  k e p t  s h o r t  c i r cu i t ed  d u r i n g  the  c h a n g e  in s o l u t i o n  in o r d e r  

to  d e t e r m i n e  the  f luxes at a c o n s t a n t  t r ansep i the l i a l  vo l tage .  R e s i s t a n c e  

was  t h e r e f o r e  d e t e r m i n e d  i m m e d i a t e l y  be fo re  the  a d d i t i o n  o f  h y p e r t o n i c  

s o l u t i o n  to  the  m u c o s a l  m e d i u m  a n d  aga in  10 m i n  later ,  jus t  p r i o r  to  

r e t u r n  to  R i n g e r ' s .  As  s h o w n  be low,  r e p e a t e d  s o l u t i o n  c h a n g e s  m a y  

be p e r f o r m e d  on  a single p r e p a r a t i o n ,  a nd  the re  is gene ra l l y  a r e t u r n  

to  o r  t o w a r d  the  c o n t r o l  m e a s u r e m e n t s .  Because  o f  this,  and  b e c a u s e  

it was  c o n s i d e r e d  n e c e s s a r y  to  s h o w  r e p r o d u c i b i l i t y  as well as to  c o n t r o l  

1 The voltage clamp compensated for the voltage drop across the solution resistance 
when the bladder was mounted in Ringer's solution. However, we did not change this 
compensation with changes in the mucosal bathing medium (DiBona & Civan, 1973). 
Since the addition of 100 mM NaC1 changed the measured resistance of the solution from 
36 to 25 f~, it can be easily shown that maintaining the original compensation resulted 
in an error in resistance calculation (and in transepithelial voltage during clamping) of 
less than 10%; this error is small and has no effect on our conclusions. 
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Fig. 1. Effect of hypertonicity on fluxes in a single bladder. The numbers adjacent to 
the data represent the order in which the studies were done and all are consecutive; 
that is, the total elapsed time on the figure is 80 min. The bladder is first set up in 
normal Ringer's (curve 1, circles), and at the arrow the mucosal solution is changed to 
Ringer's +50  mM NaC1; at 20 rain Ringer's is replaced. Subsequent changes at the arrow 
are : curve 2, diamonds, Ringer's + 100 mM NaC1; curve 3, squares, Ringer's + 150 mM NaC1 
10; curve 4, triangles, Ringer's +200 mM NaC1. The fluxes are plotted as permeability 

(PNa=JNa/C~a, where CN, is the concentration in the mucosal solution) 

each experiment, bladders were rejected in which the resistance did not 

return to at least 75% of the control value following return of the 
mucosal solution to normal  Ringer's. In each case, as shown below, 
the increase in transepithelial flux following the change in mucosal solu- 
tion reached a steady state within 5 or 6 min; normal  Ringer's was 
therefore returned to the mucosal medium 10 min after the original 
change to the hyperosmotic medium. Exposure to hypertonicity for over 
30 min generally resulted in an irreversible decrease in resistance (see 
Reuss & Finn, 1975). The time course of the transepithelial flux is shown 
in Fig. 1. In this experiment, successively increasing concentrations of 
sodium chloride were added to the mucosal medium, interspersed by 
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periods during which normal Ringer's solution was reintroduced into 
the medium. Fluxes were determined at 30-sec intervals throughout  the 
entire study. When 50 mM sodium chloride is abruptly added to the 

Ringer's solution, there is no detectable change in the transepithelial 
flux, resistance, or short-circuit current. However, at higher concentra- 

tions of added NaC1 there is an increase in transepithelial flux and 
a decrease in resistance which are roughly proportional  to the concentra- 
tion added. The rate at which the flux rises to its new level also is 
a function of the sodium concentration. In each case, after return to 
Ringer's, the transepithelial flux returns to a value close to the control 

level, although there is a slight but progressive increase with repeated 

exposure to hypertonic solutions. As shown in Fig. 1, the transepithelial 
flux rises rapidly at first and then reaches a plateau, with a half time 
of about 2-3 min. In order to estimate the initial rate of rise, the first 
four points after the change in solutions were fit to a straight line by 
the method of least squares. Although this procedure is arbitrary, it 
does provide an objective way to quantitate the change in conductance. 
In addition, we determined the percent change from baseline to plateau 
by averaging the values for the last 3 min of the 10 rain exposure to 

the hyperosmotic solution. When sodium chloride was used as the agent 

to induce the change in conductance, 100 mM was the concentration 
used routinely, since the reversibility was most nearly complete with 

this solution. In four preparations, 100 mM sodium chloride was added 
three consecutive times, with return to Ringer's after each 10-min expo- 
sure. There were no significant changes in the effects of the hyperosmotic 
solution as a function of time on any of the parameters measured. 

As stated above, some experiments were performed at a transepithelial 
potential of 25 mV. The purpose of this was to determine whether or 
not clamping the transepithelial potential at some value other than zero 
was associated with any change in the kinetics of opening of the shunt 
pathway. As shown in Table 1, the rate of the rise of the transepithelial 
flux is greater at 25 mM than at zero. These experiments were done 
by clamping the preparation at 25 mM, serosa positive, for 10 min prior 
to the change is osmolality and again throughout  the osmolality change. 
As shown in the table, and as expected from consideration of the driving 
force, the resting transepithelial serosa-to-mucosa flux is higher when 
the preparation is clamped at 25 mV. The absolute increase in steady-state 
flux is higher at 25 than at 0 mV, whereas the relative increase is 
unchanged. 

Figure 2 shows an experiment in which simultaneous determinations 
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Table 1. Effect of Voltage Clamp on Shunt Kinetics 

73 

R(Q'cmz) JN. (gEq cm-2"h r  ~ %AJ~. dJNa/dt 

1. Short circuit 

Ringer's control 2 1 2 6 + _ 1 2 7  0.157_+0.018 310+60 0.097+0.022 
Ringer's + 100 mM NaCI 765 + 67 0.575 + 0.074 

ANaC1 - 1361 + t29 0.419_+0.069 

2. Clamp +25 

Ringer's control 1878+125 0.226--0.028 311_+50 0.186_+0.040 
Ringer's + 100 mM NaC1 740_+72 0.846_+0.100 

ANaC1 -1138+114 0.620_+0.086 
A (+25-0) 223_+152 0.202_+0.038 1_+28 0.088-+0.027 
p NS < 0.01 NS < 0.01 

R = transepithelial resistance. 
JNa = transepithelial (serosa-to-mucosa) flux. 

Jy~ (hypertonic) - JNa (control) 
YoA JNa = • 100. 

JNa(control) 
dJNa/& = initial rate of rise of sodium flux, determined as the least squares slope of a plot of 

JNa VS. time, for the first 4 points (2 min) after change to the hypertonic solution. 
Units are flux (geq. cm- 2.hr 1)/time (min). 

NS = not significant. 

of potassium and sodium fluxes were made in a single bladder. In this 

experiment, sodium chloride, sucrose, and urea were used successively 
as the osmotic agents added to the mucosal side. As shown in the figure, 
the fluxes vary over a 25-fold range. There is a remarkable degree of 

linearity between them, and it should be noted that this linearity holds 
over the entire range. In fact, the regression line plotted for those points 
obtained under control conditions (with normal Ringer's in the mucosal 

solution) is insignificantly different from the regression line for the entire 
set of data. Thus, the relationship between potassium and sodium is 
not altered by changes in the overall conductance pathway. The intercept 
of this regression line on the ordinate is not significantly different from 
zero. Furthermore, the slope of the line indicates the relative permselectiv- 
ity of the pathway for the two ions. In 6 experiments of this type, 
the slope (mean+sEM) was 1.409• and the intercept was 
- 0 . 0 2 0  +0.056. From the limiting ionic conductance of potassium and 
sodium (Harned & Owen, 1967), the free solution ratio is 1.467, a value 
not significantly different from that observed. Thus, these data indicate 
that the permselectivity of this pathway for K and Na is not different 
from that in free solution. It is also clear from Fig. 2 that the clamping 



74 A.L. Finn and J. Bright 

(9 
i 

0 

- 4 
I 
(J 

(/) 

E 

v 2  
{3_ 

[] 

[] 
0 []^0 

~ D  

O 

AK]O 

o 
O �9 �9 

O 

PNa , cm - s e c  -I 10 -6 

Fig. 2. Relationship between potassium and sodium fluxes in a single bladder. Again, 
fluxes are plotted as permeabilities for ease of comparison. Variations in fluxes are due 
to hypertonic addition. Values in the lower left (PNa and PK < 1) are in Ringer's solution, 
while others are during early and late times after addition of 100 mM NaC1 (�9 o) sucrose 
(n, ,.) or urea (zx, A). Filled symbols are data obtained during 0mV clamping, open 

symbols during 25 mV (serosa positive) clamping 

of  the prepara t ion  at a positive potent ia l  had  no effect on the relat ionship 

between potass ium and sod ium permeabilities.  

As shown in Fig. 3, similar studies were pe r fo rmed  in which potass ium 

and chloride fluxes were measured.  In three such studies at 0mV,  the 

slope was 1.766_+0.096 and the intercept  0.027_+0.103. The rat io of 

l imiting conductances  in this case is 0.963, indicat ing a significantly 
higher (1.83-fold) permeabi l i ty  of this pa thway  to K (and therefore to Na) 

than  to C1. 
Of  fur ther  interest  is the effect of  a change in potent ial  on the relation- 

ship between the fluxes of K and C1. As has been shown, (Saito et al., 

1974), if one assumes that  there is no significant coupling of isotope 

flows and that  each measured  backflux is passive and uncoupled  to 
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Fig. 3. Relationship between potassium and chloride fluxes in a single bladder. In this 
preparation changes in permeabilities were brought about by adding 100 mM NaC1 to the 
mucosal solution at 0 mV (solid line, filled circles) or 25 rnV (dashed line, open circles). 
The lines are the least squares fits to the data. All data at 25 mV have been corrected 
for the effect of the potential as follows: 

Jr(25 mV) 
= (zF tY/R T)/(exp [zF 7f ir  T ;  - 1 ) 

4(0 mV) 

where di is the S-M flux of K or C1, z the valence, F the Faraday, ~ the potential, 
R the gas constant~ and T the absolute temperature. Thus, the effect of potential alone 
would increase JK and decrease Yc, and obscure the comparison; the calculation utilized 
assumes that the ions move in this pathway by diffusion, and corrects for the differing 

effect of the driving force on the two ions 

flows of  o ther  species, ca t ion  out f lux  (or an ion  influx) at 25 mV should  

exceed tha t  at shor t  circuit  by 1.57; on the o ther  hand ,  the effect of  

CI out f lux  is in the reverse direct ion,  and at 25 mV the an ion  out f lux  

shou ld  be 0.59 t imes tha t  at 0 inV. In Fig. 3, all fluxes at 25 mV have 
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tions. Data during the transient stages are not available since resistance (1/conductance) 
was determined only in the steady state (see text). These data are from the bladders 

of Table 1. The least squares regression line is shown 

been corrected for the effect of potential ,  and the mean  slope in these 

experiments was 1.010+0.025,  a value not  significantly different  f rom 

the rat io of  the limiting ionic conductances  of  0.963. Again it is impor t an t  

to note  tha t  in these experiments the rat io of  K to C1 permeabili t ies 
was the same (at either 25 or 0 mV) before and after the addi t ion  of 

a hyperosmot ic  solution to the mucosal  medium.  Thus it appears that  

(i) the shunt  pa thway  clearly prefers cations to anions under  short-cir- 
cuited condit ions,  (ii) if the prepara t ion  is c lamped at 25 mV positive 

(in the direction of  the spontaneous  open-circuit  PD) the selectivity ratios 

for Na,  K, and C1 are identical  to those in free solution,  (iii) the imposi- 
t ion of an osmotic  gradient  " o p e n s "  the shunt  pa thway  but  does not  

affect its permselectivities at either potential .  
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Table 2. Effects of Different Solutes on Paracellular Pathway 

77 

Concentration AR (f~.cm 2) AJaa (Ixeq- cm-2 hr- 1) %A dJ~a/dt 

Sodium chloride addition (n = 3) 
50 413-+175 -0.004_+0.008 -1+3 0.023_+0.023 

100 -1616-+134 0.674_+0.144 609-+137 0.125_+0.049 
200 -1644+303 2.214_+0.438 1173_+184 1.281_+0.369 

Urea addition (n = 3) 

50 -232_+29 0.004_+0.002 0.6 +0.8 0 
200 -1294+372 0.974_+0.088 649_+146 0.231_+0.090 
300 -1234+254 1.569 + 0.167 1067_+285 0.480_+0.149 

Sucrose addition (n=4) 

50 28_+45 0.026_+0.006 19+3 0.049_+0.020 
200 -262_+116 0.050_+0.020 32_+14 0.056_+0.023 
300 -330_+175 0.024_+0.002 12_+1 0.071_+0.02t 

A R = R (hypertonic)-R (Ringer's). 
AJNa =JNa (hypertonic)-- JNa (Ringer's). 
Other symbols are as in Table 1. 

As was shown in Fig. 2, the addition of sucrose and urea to the 

mucosal medium also effects a rise in shunt conductance. However, 

the magnitude of the effect of these substituions is quite different. Table 2 

indicates the changes in resistance and backflux and the % increase and 

rate of rise of the backflux upon addition of each solute in varying con- 
centrations. In these experiments a single solute was used in all three 

concentrations on a given bladder. Despite the fact that the number of 

preparations is small, it is clear that sucrose is relatively ineffective, even 

at a concentration of 300 mM, in changing the resistance of the shunt path- 
way or of the entire preparation. That  the effect of NaC1 is not due to 
changes in ionic strength alone, however, is shown by the fact that urea 

appears to be about as effective as NaC1. 

Figure 4 is a plot of the sodium backflux, expressed as the permeabil- 

ity, against the total tissue conductance of the 18 tissues of Table 1. 

Although, as stated under M e t h o d s ,  preparations were not used unless 

their initial transepithelial resistance was over 2000 f~-cm 2, there was 

a sizable variation in this parameter during the course of an experiment, 

as well as in its initial value. In particular, repeated exposures to hyperto- 

nic solution resulted in a fall in resting resistance (i.e., resistance in 

Ringer's solution) although the response to hypertonic solutions did 
not change. In each case there were several measurements made, for, 
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as stated above, repeated experiments were performed in the same prepa- 
rations. Note that there is a high degree of linearity, and that the intercept 
of this line on tile abscissa yields the value of the transepithelial conduc- 
tance when the flux is zero. The fact that this intersection is at a finite 
value for the transepithelial conductance suggests that, once again, the 
sodium is traversing the paracellular path. If one assumes, furthermore, 

that all of the sodium is traversing this path, then extrapolation to 
zero flux would indicate the transepithelial conductance when the shunt 
conductance is zero. The remaining conductance would then be due 
entirely to the cellular path, and the reciprocal of the intersection yields 
the value for the cellular resistance, 5500 + 520 f~. cm 2, not very different 

from that observed in microelectrode studies from this tissue (Reuss 
& Finn, 1974). 

If we plot the flux data in the same preparations, after opening 

the shunt with hypertonic saline, there is no significant change in slope 
(0.589 to 0.475), although the scatter is greater, or in the x-intercept 
(6485 f~.cm2). Data from either K or C1 fluxes fall in the same range 

when plotted in this fashion. 

Discussion 

In these experiments we have described a method for the determina- 

tion of transepithelial fluxes of the major ionic constituents in the medium 
under conditions in which there is a rapid change in transepithelial resis- 

tance. Because it has been known for some time (DiBona & Civan, 
1973; Reuss & Finn, 1975; Urakabe, Handler & Orloff, 1970; Wade 
et al., 1973) that increases in mucosal osmolality result in a marked 
decrease in transepithelial resistance, and because there is good evidence 
that this change in resistance appears to be limited to the paracellular 
pathway, we thought that it would be of interest to determine the kinetics 

of the opening and closing of this pathway. The tissue resistance changes 
within seconds (Reuss & Finn, 1975), but measurement of shunt resistance 
with microelectrode techniques takes far longer. However, with the pres- 
ent technique it is possible to measure the rate of opening of the shunt, 
although the technique has some limitations. A major problem with 
this determination relates to changes in the steady state and to the pres- 
ence of unstirred layers. If one adds isotope suddenly and determines 
the rate of build-up of the flux on the opposite side, one can determine 
the rate at which a simple change in concentration will relax to a steady- 
state value. Several experiments of this type were performed, and the 
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halftime was found to be approximately 2 min. Since this value must 
be in some way superimposed on the measurements of flux following 

a sudden opening of the paracellular pathway, it is impossible to calculate 
the exact rate at which the shunt is opening. We therefore can obtain 
only a relative rate of opening and closing of this path, but it is obvious 

from the data that these rates of opening can be used to characterize 
this pathway. 

As described above, the measurements of the fluxes yield evidence 

of the relative permselectivities of this pathway. Under short-circuit con- 
ditions the sodium-to-potassium permeability ratio is not different from 

that in free solution, whereas there is a strong preference for cations 
over anions. Both of these results are somewhat similar to those observed 
previously by Saito et al. (1974). The slight differences which do exist 
may result from the larger number of flux periods studied in the present 
experiments but are more likely due to the fact that many fluxes were 
determined on each preparation. 

Of considerable interest is our finding of an effect of a change in 
transepithelial voltage on the permselectivity of this pathway. At a voltage 
of 25 mV the cation/anion selectivity becomes equal to the free solution 
mobility ratio. At the present time, there is no obvious reason why 
hyperpolarizing the epithelium should result in a decrease in the selectivity 

for cations over anions, but one possible explanation is that the shunt 
is lined with negative charges under normal conditions, and that the 
application of a transmembrane potential affects the distribution of 

these charges. It is clear that the application of a potential of 25mV 
does not affect total shunt conductance, because in the steady state 

sodium efflux increases almost exactly as predicted (for passive diffusion) 
under a voltage clamp of 25 inV. That is, the mean flux in the 18 experi- 
ments shown in Table 1 was 0.157geq .cm 2.hr-1 at a voltage clamp 

of zero and 0.226 at a voltage clamp of +25 mV. As stated above, the 
clamp alone should have increased the flux by a factor of 1.57 to a value 
of 0.246. Furthermore, total tissue resistance is not different at 25 or 
0 mV. 

The shunt pathway can thus be conveniently studied. In tight epithelia, 
evidence that this pathway is between the cells has always been circum- 
stantial. Previous data (DiBona & Civan, 1973; Reuss & Finn, 1975; 
Urakabe et al., 1976; Wade et al., 1973) have made it clear that when 
hyperosmotic solution is added to the mucosal side there is a large 
decrease in resistance and the appearance of morphologic changes in 
the tight junction. Although these changes do not appear for some time 
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after the imposition of the osmotic gradient, it would appear that this 
failure to see them early is simply a manifestation of the insensitivity 
of the electron-microscope techniques. In the present study, as well 
as that reported previously by Saito et al. (1974), the fact that the relation- 
ship between the fluxes of pairs of ions is quite linear and passes 
through the origin strongly suggests that these ions traverse a common 
path. As stated before, the evidence that sodium does not enter the 
cells from the serosal medium is compelling (Beauwens & A1-Awqati, 
1976; Canessa et al., 1976; Macknight & McLaughlin, 1977). The ques- 
tion as to whether or not potassium traverses the mucosal barrier is 
not entirely convincing, though electrophysiologic and isotope exchange 
data certainly suggest that this is the case (Finn, 1974; Gatzy & Clarkson, 
1965; Leb, Hoshiko & Lindley, 1965; Robinson & Macknight, 1976). 
In addition, Macknight (1977) presented evidence that little, if any, chlo- 
ride exchanges across the mucosal barrier. In any case, since all three 
ions appear to traverse the same pathway under control conditions, 
it is extremely likely that this pathway is between the cells. Furthermore, 
the observation that the imposition of an osmotic gradient, which is 
known to affect the paracellular pathway (see above) not only increases 
all of the fluxes by 15- to 25-fold but also does not change their linearity 
or the slope of the relationship between them strongly suggests the conclu- 
sion that these ions traverse the extracellular pathway. 

This pathway opens and closes at different rates, depending upon 
the conditions. As shown in Table 1, a hyperpolarizing voltage does 
not affect the percentage change in shunt conductance, whereas the rate 
of change is affected. It is of considerable interest to determine whether 
or not transport rate affects or is affected by the shunt pathways. As 
has been previously shown (Civan & DiBona, 1978); Reuss & Finn, 
1975), decreases in transport rate brought about by reduction in mucosal 
sodium concentration result in an increase in the shunt resistance. These 
changes led us to suggest that perhaps there was some control exerted 
between the shunt pathway and the transport pathway; the present studies 
represent an effort at measuring the nature of the shunt pathway and 
its kinetics. In separate studies (manuscript in preparation), we have shown 
that vasopressin results in a marked decrease in the rate of shunt opening, 
and ouabain in an increase. Again, these data are consistent with the 
idea that the shunt pathway is a function in some way of the transporting 
pathway. 

Of interest are the effects of the different substances used to raise 
the osmolality. As shown in Table 2, urea has an effect approximately 
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similar to that of sodium chloride, whereas sucrose is far less effective 

in opening the shunt. These data are consistent with the idea that the 

shunt opens as a consequence of the entrance of solute from the mucosal 
medium into the tight junction, followed by water inflow either from 
the lateral spaces or from the cells. Thus, despite a similar osmotic 
gradient in the sucrose studies, no change in the paracellular path 

occurred; these kinds of studies can therefore give us some insight into 
the nature of the barrier represented by the tight junction. 

Finally, these studies also provide an independent method of deter- 

mining the conductance of the cellular pathway, as shown by the data 
in Fig. 4. Of interest is the fact that multiple determinations of sodium 

backflux and transepithelial conductance in a single tissue will also gener- 
ate a regression (from spontaneous or induced changes in shunt resis- 
tance) which will allow computation of cell as well as shunt conductance. 

From these latter data, it is of interest to speculate on the causes 
of the well-known variation in transepithelial resistance and potential 

which is encountered with different bladder preparations from time to 
time. From Fig. 4 it can be seen that transepithelial conductances varied 
over a wide range, yet the relationship between the backfluxes and the 

conductance is quite consistent. Furthermore, in studies reported before 
from this laboratory (Reuss & Finn, 1974, 1975), although the mean 
transepithelial resistance was almost twice as high as that in the present 

study, the transcellular resistance was not significantly different from 
that computed from the data of Fig. 4. It may therefore be the case 
that the difference between low and high resistance preparations is due 
only to differences in shunt resistance. The variations do not appear 
to be due to "edge damage" (Finn & Hutton, 1974; Helman & Miller, 
1971; Walser, 1970) since one would not expect such a pathway to 
be affected by changes in osmolality. Somewhat similar observations 
have also been made in toad skin (Bruns, Kristensen & Hviid Larsen, 

1976). Thus, the cellular resistance pathway may be relatively constant 
from bladder to bladder just as seems to be the case between leaky 

and tight epithelia. For instance, cell resistances are similar in toad 
urinary bladder (5-8 k~). cm 2) and Necturus gallbladder (Fromter, 1972; 
Reuss & Finn, 1976). These findings have potentially great significance 
regarding the control of sodium transport in epithelia. Although it has 
been suggested (Lewis, Eaton & Diamond, 1976) that there may be 
an element of feedback control of transport between the apical and 
basolateral membrane, any such loop presumably includes the paracellu- 
lar pathway in its effector mechanism. As previously suggested, then 
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(Reuss  & F inn ,  1975), a nd  r ecen t ly  c o n f i r m e d  ( C i v a n  & D i B o n a ,  1978), 

the  p a r a c e l l u l a r  p a t h w a y  m a y  p l a y  an  i m p o r t a n t  o r  even d o m i n a n t  ro le  

in the  c o n t r o l  o f  s o d i u m  t r a n s p o r t  in epi thel ia .  

This work was supported by Grant C/AM 17854 from the National Institute of Arthritis, 
Metabolism and Digestive Diseases. 
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