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Summary. Recently, antibiotics have enjoyed widespread usage as 
tools in studies of epithelial transport. In the present study we 
assess the usefulness of the pore-forming antibiotic gramicidin D 
as a means for probing the electrical properties of the tight 
epithelium rabbit urinary bladder. Addition of 50btg gramicidin 
to the mucosaI bath (either a NaC1 or KC1 Ringer's solution) led 
to a large irreversible increase in the transepithelial conductance 
(Gr) within 800sec. G r increased by approximately 1200% and 
500% in KC1 and NaCI Ringer's solutions, respectively. Mi- 
croelectrode measurements of the resistance ratio (the ratio of 
apical membrane resitance to basolateral membrane resistance) 
showed that apical membrane resistance is decreased by the drug. 
Measurements of the basolateral membrane resistance (Rbz) and 
tight junctional resistance (R j) using a new and independent 
method (based on the perturbation of basolateral membrane elec- 
trogenic Na + pump) demonstrated that Rb~ and Rj were un- 
affected, suggesting that the effects of gramicidin are restricted "to 
the apical membrane for periods of at 1east 2 hours after drug 
addition, The selectivity of the gramicidin-induced permeability in 
the apical membrane was calculated from measurements of the 
apical membrane potential after ion substitutions using a modi- 
fied version of the constant field equation. The selectivity se- 
quence for cations was Cs + >K + >Na + >Li + >choline. Unlike 
the commonly used polyene antibiotics nystatin and amphotericin 
B, gramicidin did not induce a significant C1- permeability. In 
addition, the dose-response curve had a slope of 1. A method is 
described for calculating membrane resistances directly from trans- 
epithelia1 measuremer~ts under some conditions of gramicidin 
use, without requiring the use of microelectrode measurements. 

Key words antibiotics - gramicidin D �9 tight epithelium - mem- 
brane resistances, electrogenic pump - microelectrodes 

Introduction 

Active sod ium t r anspor t  across  epi thel ia l  cells is a 
two-s tep  process  involving a N a  + en t ry  step across 
the apical  m e m b r a n e  down a net e lec t rochemical  
gradient ,  and  a N a  § ex t rus ion  step aga ins t  a net 
e lec t rochemica l  g rad ien t  across  the baso la te ra l  
m e m b r a n e  by the ( N a §  The  apical  
m e m b r a n e  ent ry  step has received greater  a t t en t ion  
for several  reasons.  F i rs t  it is more  readi ly  accessible 
to external  exper imenta l  pe r tu rba t ions  and second,  

the apical  m e m b r a n e  is c o m m o n l y  cons idered  to be 
the ra te - l imi t ing  bar r i e r  to ion movement .  In  con- 
t rast  re la t ively l i t t le is k n o w n  concern ing  the t rans-  
po r t  p roper t ies  of  the baso la te ra l  membrane .  This 
lack of  in fo rma t ion  is due in pa r t  to the difficult 
task of  pe r tu rb ing  the cell ionic compos i t i on  (in a 
con t ro l l ed  manner)  while s imul taneous ly  pe r fo rming  
quan t i t a t ive  measurement s  of  the proper t ies  of  the 
baso la te ra l  membrane .  Recently,  the po lyene  ant i -  
b iot ics  nys ta t in  and  ampho te r i c in  B have been em- 
p loyed  to access the p roper t i e s  of  the baso la te ra l  
m e m b r a n e  and  the (Na + + K + ) - A T P a s e .  These sub- 
stances have been  used by  several  inves t igators  to 
reduce (if not  e l iminate)  the apical  m e m b r a n e  as a 
l imi t ing ba r r i e r  to ion m o v e m e n t  and  thus expose 
the baso la te ra l  m e m b r a n e  to e lec t rophys io logica l  
and  rad io - t r ace r  exper iments  (Lewis, Eaton,  Clausen  
& D i a m o n d ,  1977; Lewis, Wil ls  & Eaton,  1978; 
Nielsen, 1979; Wills, Lewis & Eaton ,  1979; G r a f  & 
Giebisch,  1980; Kirk ,  H a l m  & Dawson ,  1980). These 
po lyene  ant ib io t ics  do however  create some poten-  
t ial  problems.  F i rs t  the drugs can cause cell swelling 
because  they are  nonselect ive  for small  monova t en t  
ca t ions  and anions.  Thus the apical  (or mucosal )  
ba th ing  so lu t ion  mus t  be des igned so as to reduce 
the poss ib i l i ty  of  cell swell ing by  a r ap id  influx of 
an ions  and  cations.  In  addi t ion ,  the polyenes  do not  
b ind  irreversibly.  F o r  example,  the ac t ion  of  the 
drugs can be easily e l imina ted  by  washing the tissue 
with an ant ib iot ic- f ree  solut ion.  This feature raises 
the poss ib i l i ty  (over a long pe r iod  of  time) that  the 
polyenes  could  enter  the cell and  d is rupt  no rma l  
metabol i sm.  Simi lar ly  it is conceivable  that  the 
drugs might  reach the baso la te ra l  m e m b r a n e  and  
al ter  its pe rmeab i l i ty  proper t ies .  

F o r  these reasons  we inves t iga ted  the ac t ion  of 
ano the r  pore - fo rming  ant ib iot ic ,  g ramic id in  D. 
G r a m i c i d i n  D offers the fol lowing advan tages :  (1) it 
has  been extensively s tudied in art if icial  m e m b r a n e  
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Fig. 1. Response of the transepithelial potential (Vr) (upper frame) 
and transepithelial conductance (Gr) (lower frame) to addition of 
gramicidin D (arrow) to the mucosal solution at a final con- 
centration of 50gM. Open circles (o) show the case in which 
gramicidin D is added to a NaC1 mucosal Ringer's solution and 
closed circles (o) gramicidin D added to a KCI mucosal Ringer's 
solution. In both cases NaC1 Ringer's solution is in the serosal 
chamber. The smaller change in potential and conductance when 
gramicidin is added to a NaC1 mucosal bath as compared to a 
KC1 bath reflects the greater selectivity of gramicidin to K + over 
Na + 

s y s t e m s  a n d  (2) i t  is t h o u g h t  to  b e  r e l a t i ve ly  im-  

p e r m e a b l e  to  a n i o n s .  T h e r e f o r e  in  th i s  p a p e r  we 

r e p o r t  t he  effects o f  th i s  d r u g  o n  t h e  e l ec t r i ca l  p r o -  

pe r t i e s  o f  t h e  a p i c a l  m e m b r a n e  of  t h e  m a m m a l i a n  

t i g h t  e p i t h e l i u m ,  r a b b i t  u r i n a r y  b l a d d e r  a n d  e v a l u a t e  

t h e  u s e f u l n e s s  of  t h i s  d r u g  as a p r o b e  for  c h a r a c -  

t e r i z i n g  b a s o l a t e r a l  m e m b r a n e  p r o p e r t i e s .  

Materials and Methods 

Rabbit urinary bladders were dissected and mounted in an in 
vitro chamber as described by Lewis et al. (1977). Ag-AgC1 
electrodes placed approximately 5 mm on either side of the epi- 
thelium were used to monitor transepithelial voltage (VT). Anoth- 
er pair of Ag-AgC1 wires were placed in the rear of each half- 
chamber and were used to pass current. Both sets of Ag-AgC1 
wires were connected to an automatic voltage clamp which mea- 
sured V T, short-circuit current (Isc), transepithclial conductance 
(GT) and the capacitance of the epithelium (Cr; see Lewis & 
Diamond, 1976). 

Microelectrodes were fabricated as previously described (Lewis 
et al., 1978) and were rejected if their resistance was less than 
20MfL Remote fine positioning of the microelectrode in the 
mucosal solution was achieved through a hydraulic microdrive 
(Stoelting Co., Chicago, IL). The microelectrode was connected to 
one of the inputs of a differential electrometer (M750, WP Instru- 
ments, Hamden, CT), while the other input was connected to the 
voltage-measuring Ag-AgC1 wire in the serosal chamber. Both 
the chambers and hydraulic drive rested on an antivibration table 
(Barry Control, Mass.). The resistance ratio (e=rat io of apical to 
basolateral membrane resistance, RjRbz ) was measured by apply- 
ing a computer-regulated transepithelial current pulse and simul- 
taneously recording V r and the voltage between cell interior and 
the serosal solution (i.e. the basolateral membrane potential Vbl ). 
All voltages and the current were digitized by an analog-to-digital 
converter to an accuracy of _+0.05mV. The digitized signals 
along with time were accessed by a small computer (North Star 
Co.) and stored on disk for future analysis. In addition the base- 
line and pulse voltages and currents were printed on a Dec- 
writer II along with the calculated conductance, c~ and I~c. This 
hard copy allowed continuous monitoring of the viability of the 
preparation. 

V r is given as the potential of the mucosal solution with 
respect to that of the serosal solution, and the apical and baso- 
lateral membrane potentials V and Vb~ as the potential of the cell 
interior with respect to those of the mucosal and serosal solution, 
respectively. 

The composition (mM) of the usual bathing solution (Na + 
solution) was: 110.0 NaC1; 25NaHCO3; 7KC1; 2.0CAC12; 
1.2MgSO4; 1.2NaH2PO4; and 11.1 glucose buffered at pH7.4 
and gassed with 9 5 % O 2 - 5 % C O  ;. With the exception of the 
experiment described in Results (p. 49) all serosal solutions had 
this composition. In this experiment all K + was omitted from the 
bathing solution. 

In some experiments the mucosal solution Na + was replaced 
equimolarly for choline, Li +, K + or Cs+; all other ions remained 
constant. In another experiment the C1 in the mucosal K + 
solution was replaced with methanesulfonate, and the voltage- 
measuring Ag-AgC1 electrodes were replaced with 1 M KC1 agar 
bridges. 

Gramicidin D (Sigma Chemical Co., St. Louis, MO), dissolved 
in methanol at a concentration of 5mg/ml, was added to the 
mucosal solution to a final concentation of 50 ~tM except for the 
experiments for determining the dose response curve of grami- 
cidin D. Addition of similar amounts of methanol alone (200 2 in 
15ml) had no measureable effect on the electrical properties of 
the bladder. 

Bathing solution temperature was maintained at 37 ~ Errors 
are given as standard errors of the mean. 

Results 

Transepithelial Effects o f  Gramicidin D 

M u c o s a l  a d d i t i o n  of  g r a m i c i d i n  D to  a f inal  c o n -  

c e n t r a t i o n  o f  50 pM, c a u s e d  G, to  i n c r e a s e  in  e i t h e r  a 

NaC1  or  KC1 m u c o s a l  b a t h i n g  s o l u t i o n  o v e r  a per -  

i od  o f  2 5 r a i n .  I n  KC1 R i n g e r ' s  E r i n c r e a s e d  f r o m  

- 31 _+ 2.9 m V  to  - 55_+ 2.0 m V  (n = 5). A l t h o u g h  V r 

h a d  a w ide  r a n g e  o f  v a l u e s  in  a NaC1  R i n g e r ' s  

b e f o r e  g r a m i c i d i n  (V T = - 44 _+ 5.4 m V ,  n = 5), a f t e r  m u -  

cosa l  a d d i t i o n  V T r e a c h e d  a v a l u e  o f  - 3 9 _ +  3.0 inV.  

A n  e x a m p l e  of  the  t i m e - d e p e n d e n t  V 7 a n d  G r  re- 
s p o n s e s  to  g r a m i c i d i n  D is s h o w n  in  Fig.  1. I n  N a  + 



S.A. Lewis and N.K. Wills: Electrical Properties of Urinary Bladder 

Table 1. Estimated resistance values of the rabbit  urinary bladder in NaCI Ringer's solution before and 
after mucosal addition of gramicidin D 
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R r R,~ Rbl Rj 
(K~ ~tF) (Kn ~F) (Kn ~tF) (K~ ~tF) 

32 -+4.5 31 _+3.3 47 _+9.9 1.6_+0.3 97_+23 Control  

Time after gramidicin D 
exposure: 

800 sec (Method I) 
2 hr (Method II) 

n = 5  

1.9_+0.5 4.7_+1.4 3.6_+1.4 (a) (~) 
2.7_+0.7 5.2_+1.5 3.8__0.6 1.6_+0.4 >100 

a Method I is based on microelectrode measurements of the resistance ratio and assumes that Rb~ and 
Ri are unaffected by gramicidin. 

(1 oF ~ 1 cm 2 apical membrane area.) 

solutions G r increased from a value of 44 
• 10.3 gS/gF to 218+29.0~tS/gF after 800sec of ex- 
posure to gramicidin D. Similarly after addition of 
gramicidin D to a KCI mucosaI Ringer's G r in- 
creased from 34_+ 3.5 pS/pF to 423+120.1~tS/laF 
800sec after antibiotic addition. Cell viability (de- 
fined as a constant Vr and GT) was maintained in 
either Na § or K § bathing solutions for periods up 
to 3 hr with no visual evidence of cell swelling. Un- 
like nystatin (see Lewis et al., 1977) gramicidin D is 
poorly reversible in the rabbit urinary bladder. 

Localization of  the Gramicidin Effect 

It is necessary to determine whether gramicidin al- 
ters the conductance of only the apical membrane or 
whether other membranes (basolateral and tight 
junctions) are also influenced. This question was an- 
swered using the procedure of Lewis et al. (1978). In 
brief, a conventional microelectrode was placed into 
a cell and the resistance ratio (c~) monitored during 
mucosal gramicidin action. Table 1 summarizes the 
values for c~ and R r before and 800sec after addition 
of mucosal gramicidin D in five preparations. Using 
the equation of Lewis, Eaton and Diamond (1976) in 
conjunction with measured values for ~ and R T (be- 
fore and during gramicidin D) one can calculate the 
individual resistances. Given that R r for the un- 
treated condition is described by the following equa- 
tion: 

R r = RjRb(C~ + 1)/[Rj + Rb(a + 1)] (1) 

and assuming that gramicidin affects only the apical 
membrane resistance, then after drug addition the 
transepithelial resistance (now R)) will similarly be a 
function of the new resistance ratio (e') or 

R' r = RjRb(W + 1)/[Rj + Rb(a' + 1)]. (2) 

Calculations of the membrane resistances using this 
technique (Method I) are presented in Table 1. In- 
itially, these estimates appear to be in excellent 
agreement with the resuIts of previous experiments 
using nystatin (Lewis et al., 1977) and impedance 
analysis (Clausen, Lewis & Diamond, 1979). 

Unfortunately, because of the prolonged re- 
sponse time for gramicidin (25min as compared to 
< 2 m i n  for nystatin) it was not possible to measure 
the action of the drug within the same cell. This 
prevented a comparison of Gr and ~ as was per- 
formed in our previous nystatin study. For this rea- 
son we sought another means for evaluating mem- 
brane and junctional resistances after gramicidin D. 
The technique which 
ability to alter the 
motive force or both 
apical membrane or 
for short periods of 

we developed is based on the 
basolateral resistance, electro- 
without causing changes in the 
junctional resistances at least 
time. There are a number of 

mechanisms available for changing either the basolat- 
eral resistance and/or electromotive force. One such 
mechanism exploits the selective permeability of the 
basolateral membrane. In the absence of active Na § 
transport the basolateral membrane potential can be 
described by the constant field equation where K + 
is the most permeable ion (Lewis et al., 1978). Thus 
a maneuver designed to either increase or decrease 
serosal K § activity will result in a depolarization of 
hyperpolarization of the basolateral membrane and 
in addition a change in the membrane resistance. A 
second approach is to either stimulate or inhibit a 
current source in the basolateral membrane. A pos- 
sible current source is the (Na + +K+)-ATPase.  This 
ATPase has been demonstrated in the bladder to be 
electrogenic or charge (current)-carrying (Lewis et al., 
1978). Stimulation of the pump can be accomplished 
by increasing either intracellular Na § activity or 
Na + entry rate, or restoration of K § to a K+-free 
serosal solution (see Wills & Lewis, 1980). Removal 
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Fig. 2. Electrical e, uivalent circuit for the rabbit urinary bladder 
(a) with an inhibited current source (I) in the basolateral mem- 
brane and (b) with an activated current source. V r, Vr and Vb~, Vdi 
are the transepithelial and basolateral membrane potentials when 
the pump is inhibited and activated, respectively. E a and Eb~ (or 
E;I ) are the apical and basolateral membrane electromotive forces, 
respectively, and Ra, R~l (or R~,l) and R~ are the apical and 
basolateral membrane and junctional resistances, respectively 

of K + from the serosal solution will allow a re- 
versible inhibition of the pump while 10-4M serosal 
ouabain will irreversibly inhibit the pump (Wills & 
Lewis, 1980). 

Our protocol was first to increase Na + entry 
across the apical membrane using gramicidin D. Af- 
ter the tissue reached a stable plateau level for G r 
we next inhibited the pump by bathing the basolat- 
eral membrane in a Kn-free NaC1 Ringer's for ap- 
proximately 1 hr. This pump inhibition allows an 
increase in intracelluar Na § activity. The last step 
was a rapid return of K n to the serosal solution. 
Restoration of K n (7mM) elicits a rapid and tran- 
sient hyperpolarization of both the basolateral mem- 
brane potential (Vbl) and transepithelial potential 
(Vr). (An alternate approach would be to increase 
Na n entry and consequently intracellular Na n ac- 
tivity using gramicidin D and then inhibit the pump 
using ouabain. Such a sequence will cause a rapid 
depolarization of both the basolateral membrane 
and transepithelial potentials.) Figure 2 is an electri- 
cal equivalent circuit which describes in terms of 
resistors, batteries and a current source the acti- 
vation and inactivation of the pump. The ratio of 
the change in the basolateral membrane potential to 
transepithelial potential. (A VajA Vr) yields the follow- 
ing equation (see Appendix for derivation and as- 
sumptions behind this method): 

AVbl --1 Ra R~ 
AV T +R-7 = 1 + 7 ;  7~---'R, 

Given this relationship and measurements of d Vbl 
and A V r as well as simultaneous measurements of 

the transepithelial resistance (Rr) and resistance ra- 
tio (~0 we can write three equations having three 
unknowns: 

~=R~ (3) 
= RjRbl; (4) 

Rr (R~ + Rbt) RJ . 
- R~ + Rbz + Rj (5) 

After re-arranging Eq. (5) and substituting in Eqs. 
(3) and (4) we can solve for R j: 

Rj=Rr (I + ~ ) .  (6) 

Equation (3) is then used to solve for R a and Eq. (4) 
for Rbz. 

Figure 3 shows the rapid hyperpolarization of 
both basolateral membrane and epithelium in re- 
sponse to addition of K n to the serosal solution of a 
bladder whose apical membrane had been treated 
with gramicidin D. The calculated values for the 
three resistive elements are in Table 2. Again, the 
mean values are in excellent agreement with those 
determined by another method (see Table 1). These 
data indicate that gramicidin D affects only the api- 
cal membrane and does not measurably change the 
resistance of either the basolateraI membrane or 
tight junctions. 

Selectivity of Apical Membrane 
After Gramicidin D Treatment 

We determined the ionic selectivity of the grami- 
cidin channel in the apical membrane by measuring 
the influence of this antibiotic on the apical mem- 
brane potential (Va) when the mucosal solution con- 
tained Na § K n, Li n, choline or Cs n chloride salts, 
or a K + methanesulfonate Ringer's. 

i) Cations. As in the nystatin experiments of Lewis 
et al. (1977) gramicidin D in a NaC1 Ringer's caused 
V~ to achieve a common value ( - 1 3 . 3 + 1 . 5 m V ;  n 
= 5; cell interior negative) independent of the initial 
(pre-gramicidin) potential. Consequently~ gramicidin 
D makes insignificant the permeability characteristic 
of the natural membrane, and !r reflects the selec- 
tivity properties of the gramicidin channel which is 
bathed on the mucosal side by NaC1 and on the 
intracellular side by high K n (as measured by Wills 
and Lewis, 1980, and Lewis et al. 1978). The polarity 
of the apical membrane potential and the known ion 
gradients indicate that the gramicidin channel has 
greater selectivity for K § over Na +. In mucosal K + 
Ringer's the apical membrane depolarized to -3 .5  
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Fig. 3. Response of the basolateral membrane potential (Vb~) and 
transepithelial potential (Vr) to addition of KCI (7mM) to a K *- 
free serosal NaCI Ringer's. K + addition to the serosal solution 
stimulates the (Na + + K +)-ATPase. The hyperpotarization is then 
caused by an IR drop across the basolateral membrane and also 
the junction. In the first 70 sec transepithelial resistance and 
fractional resistance do not change. Lower frame is a plot of 
paired measurements of Vb~ and V r. A linear regression yields a 
slope (I+~J) of 1.085 (r2=0.998) indicating that the junctional 
resistance is some 12 times greater than the apicai resistance [see 
Eq. (3)]. From the transepithelial resistance of6,100f~gF, c~ of 4.4 
and 7 of 0.085 we calculate R~= 5.5 Kf~ gF, Rb= 1.3 Kf2 gF and 
Rj = 65 K~Q/xF 

+ 1.2 mV (n = 5) again  suppor t ing  the p roposa l  tha{ 
the g ramic id in  channel  is more  K+-selec t ive  than  
Na+-select ive.  S imi lar  measurement s  of the  apical  
m e m b r a n e  poten t ia l  as a funct ion of  mucosa l  ca t ion  
c o m p o s i t i o n  a l lowed a de t e rmina t i on  of  the selec- 

T a b l e  2. Selective permeability of gramicidin D 

Ion A v, ~ UPK ~IP~ ~ 

K + 0 0.95 1 1 
Cs -2.0 0.82 1.1 1.2 
Na + 10.3 1.54 0.67 0.29 
Li + 22.4 1.8 0.43 0.08 
Choline + 64. i 2.4 0.07 - 
C1- u +0.7 0.78 0.01 - 

Values from Meyers and Haydon (1973) for gramicidin A. 
(Gramicidin D is composed of approximately 87 % gramicidin A.) 
b Replaced by MeSO 2 with K + as the counter-ion. 

t ivi ty sequence for the g ramic id in  channel .  To es- 
t ima te  this sequence we measu red  the change  in the  
apical  m e m b r a n e  poten t ia l  after rep lac ing  the K + in 
the mucosa l  ba th  (in this case a K + Ringer ' s  so- 
lution) with ano the r  cation.  Using  a modi f ied  form 
of the cons tan t  field equa t ion  (see Lewis et al., 1978) 
we were able to calculate  the relat ive selective per- 
meabi l i ty  (PJPK) of  the g ramic id in  channe l :  

z f  - 1 ) (i)~ 

where (K)t  and  (/)2 are  the activi t ies of  K + or the 
r ep lacement  ca t ion  in the mucosa l  Ringer ' s  solut ion,  
respectively.  Table  2 lists the change  in apical  po ten-  
t ial  (A V~) for the above  cat ions  relat ive to K +. Also 
shown are the resis tance rat ios  and ca lcu la ted  selec- 
tive permeabi l i ty .  

ii) Anions. To test for an ion  select ivi ty C1- was 
rep laced  with M e S O g  where K + was the counter-  
ion. Pe r fo rming  a s imi lar  ca lcu la t ion  as above  we 
found that  C1- was essent ial ly  i m p e r m e a b l e  th rough  
the g ramic id in  p a t h w a y  (PcjPK ~ 0.01). 

Concentration-Conductance Relationship 

All results shown so far were ob ta ined  at a grami-  
cidin D dose of  50btM. F igure  4 is a dose- response  
curve log 1/~ vs. log g ramic id in  concen t ra t ion  in 
K + solutions.  Because of  the  s low t ime course of  
g ramic id in  act ion,  c( was measu red  when there was 
negl igible  change in the t ransepi thel ia l  conduc tance  
(G 0 .  Since Gb~ is not  a l tered by  g ramic id in  act ion,  
log 1/~ is p r o p o r t i o n a l  to logGc,. The  lowest  dose 
tr ied (0.5 ~M) has a negligible effect on the measured  
resistance ra t io  while doses greater  than  50gM did 
not  cause further increases in the  te rm (1/c 0. A simi- 
lar  log- log p lo t  of  t ransepi the l ia l  conduc tance  versus 
g ramic id in  concen t ra t ion  (not  shown) is t i t led well 
by a l inear  equa t ion  with a s lope of  1. 
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Fig. 4. Dose-response curve for gramicidin D effect on (1/~) 
= (G,/Gbz) .  Ordinate and abscissa are logarithmic, c~ was measured 
when G r had reached a stable value after each dose (~800sec).  
Since gramicidin does not  alter Gb~ the ordinate is proportional to 
G~. Pre-gramicidin ~ is represented by an arbitrary low value on 
the abscissa 

Transepithelial Estimates of  R j  

To determine junctional resistance (from transep- 
ithelial measurements) we used the method of Wills 
et al. (1979). In brief, this method consisIs of selec- 
tively decreasing apical resistance in the absence of 
alterations in the electromotive forces of either api- 
cal or basolateral membranes. A plot of G r (transep- 
ithelial conductance) versus Isc (short circuit current) 
will have a slope which is equal to the inverse emf 
of the cells (the sum of the apical and basolateral 
emfs; see Lewis et al., 1978) and an intercept equal 
to the paracellular or junctional conductance (see 
Yonath & Civan, 1971). An alternate and, in theory, 
equivalent plot is V r versus R• (Wills et al., 1979). 
This is a linear double-intercept plot where the V r 
intercept is the cellular emf and the R T intercept is 
equal to Rj.  

For either of these methods to be valid only the 
cell resistance pathway can change and the cell 
emf must be constant over the measuring period, 
i.e., even though we are changing the apical con- 
ductance to Na + and K + (and perhaps C1-) the cell 
ion activities must remain constant. 

To approximate this condition mucosal NaCI 
Ringer's was replaced with a KC1 Ringer's (the K + 
activity in the cell and mucosal solution being near 
equal). Next gramicidin D was added to the mucosal 
solution and V T, RT(1/GT) and I~c (calculated as 
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Fig. 5. (a) Plot of V r versus R T and (b) a T versus I,c. In this 
experiment gramicidin D was added to a KC1 mucosaI Ringer's 
solution. The calculated E c and R i for a and b are 54.2 and 
54.1mV and 120 and 121 Kf~ gF, respectively. This example 
indicates that both systems yield values which are in reasonable 
agreement ( see  Table 3 for other estimates), with correlation 
coefficients of 0.998 and 1.000, respectively 

Vr/Rr) were monitored, t Figure 5a, b are plots of V r 
versus R r and G r versus Isc, respectively. Note that 

It must  be emphasized that the I,c, in the case where the 
mucosa  is bathed with a KC1 Ringer's and the serosa by a NaC1 
Ringer's, is not a measure of Na  + transport  but  rather is simply a 
measure of net ionic current across the epithelium. As a con- 
sequence a plot of G r vs. 1so will have an inverse slope which is 
equal to the sum of the apical and basolateral electromotive force 
(emil. 
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Table 3. Estimates of Rj and E c from G r - I s c  and V r - R  r 

I~ - G  r r z V r -  R r r e 

Rj E c Rj  E~ ~l  
(kn  gF) (mV) (kn  gF) (mV) (mY) 

KC] Ringer's mucosa l so tu t ion  

1 130 - 5 4 . 2  1.00 
2 57 - 57.4 0.999 
3 65 - 5 3  0.999 
4 74 - 66.8 0.999 

N a C 1 R i n g e f s m u c o s a l s o l u t i o n  

1 - 88 -27 .3  0.997 
2 1,690 - 47.5 0.99 
3 - 2 . 5  - 3 2 . 2  0.995 
4 119 - 3 5 . 2  0.999 
5 288 - 4 9  0.999 

13I - 5 4 . 2  0.997 - 55 
49 - 5 9 . 4  0.984 - 6 3  
50 -55 .9  0.954 - 5 2  
70 - 6 7 . 5  0.996 - 6 4  

487 - 2 9 . 6  0.01 
119 - 5 0 . 2  0.17 

- 1 8  -29 .7  0.94 
356 -34 .8  0.05 

96 -49 .8  0.31 

both plots are straight lines and yield nearly identical 
values for junctional conductance and cell emf. Ta- 
ble 3 lists the estimates thus obtained for junctional 
resistance, cell emf and the measured basolateral 
potential (using a microelectrode). 

The previous experiment was repeated with a 
mucosal NaC1 Ringer's. A comparison of the junc- 
tional conductance and cell emf determined from 
the two plots did not agree. An example of these 
plots is shown in Fig. 6a, b. This disagreement will 
be addressed in the Discussion. 

Discussion 

In this section we will consider in turn a comparison 
of the action of gramicidin on the apical membrane 
of the urinary bladder to planar lipid bilayers, and a 
new method for determining membrane resistances 
of this epithelium. 

Comparison of Actions 

The first reported use of an antibiotic on an epi- 
thelium was by Lichenstein and Leaf in 1965. These 
authors used the polyene antibiotics nystatin and 
amphotericin B as agents which to a certain extent 
mimicked the hormonal action of aldosterone. These 
two antibiotics have recently gained in popularity as 
tools for studying ion transport across a number of 
epithelia (Lewis et al., 1977; Frizzell & Turnheim, 
1978; Reuss, 1978; Clausen et al., 1979; Wills et al., 
1979). As reported by Lewis et al. (1977) nystatin is 
not perfectly cation-selective (PNa/Pc~ ~3.0) and as a 
consequence this antibiotic will allow an influx of 
anions which will result in cell swelling. Unlike nys- 
tatin, the gramicidin D channel has negligible anion 
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Fig. 6. (a) Plot of V r versus R r and (b) G r versus 1~c. In this 
experiment gramicidin D was added to a NaCI mucosal  Ringer's 
solution, Note the biphasic response of V r - R  r (see a), while G r 
- I ~  (b) shows a nearly linear response. The E~ and Rj values for 
a and b are - 3 4 . 8  and - 3 5 . 2 m V ,  and 356 and 119KD gF, with 
a r 2 of  0.05 and 0.999, respectively. This disagreement of values 
indicates that the assumpt ion of constancy of E c and Rj is being 
violated 

permeability in both lipid bilayers and the apical 
membrane of the rabbit urinary bladder. Table 3 
lists the relative permeabilities of gramicidin D in 
the rabbit urinary bladder and in a lipid biIayer 
indicating that for both preparations anion perme- 
ability (in this case C1-) is almost immeasurably small. 
Such a low anion permeability will allow the cells to 
maintain their volume without the necessity of using 
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impermeable anion replacements such as SO 2- which 
might by themselves alter membrane properties. 

In lipid bilayers gramicidin D is known to open 
and close as two opposing monomers associate 
(open) and dissociate (close). This formation and 
degradation of a conductive unit leads, at the single 
channel level, to step changes of the membrane con- 
ductance. When many channels are in the mem- 
brane one can only record a mean conductance 
which reflects at any one time a statistical probabili- 
ty that a constant number of channels will be in the 
open or conductive configuration. The present find- 
ing of gramicidin-induced conductance in the uri- 
nary bladder raises the question do gramicidin chan- 
nels in a biological preparation such as the bladder 
also "flicker"? Anderson (1977) demonstrated that 
2.5x 10-4M phloretin increased the mean open or 
conductive time of a gramicidin channel in a planar 
lipid bilayer while a similar concentration of phlo- 
retin on just the bilayer caused insignificant changes. 
Therefore a preliminary answer as to whether the 
gramicidin channel flickers in the bladder membrane 
might be attained by adding phloretin to the mu- 
cosal solution after a stable gramicidin conductance 
has been reached. In preliminary experiments we 
found indeed that the apical conductance was in- 
creased twofold within 5 min after adding phloretin. 
Although this initially suggested that phoretin in- 
creases the open time of the gramicidin channels, we 
subsequently found that addition of phloretin to the 
mucosal solution in the absence of gramicidin also 
caused the apical membrane conductance to increase 
(deMoura, Wills & Lewis, unpublished observations) 
in a similar manner. Consequently, studies of the 
kinetic properties of gramicidin in this system appear 
to require the application of fluctuation analysis. 

Membrane and Junctional Resistance Estimates 

i) Microelectrodes. Two methods have been used for 
determining the individual membrane resistances of 
the rabbit urinary bladder. The first method is one 
that requires a perturbation of either of the cell 
membrane resistances. This method has been in use 
for a number of years, on a variety of tight or high 
resistance epithelia. Gramicidin D causes a decrease 
in the apical membrane resistance and the calculated 
resistances are in good agreement with those de- 
termined by other methods. 

A second method is to increase or decrease the 
basolateral membrane emf. If this maneuver can be 
performed in the absence of changes in the apical 
membrane or junctional resistances then one can 
easily calculate the apical, basolateral and junctional 

resistances by measuring the changes in l) basolat- 
eral membrane potential and transepithelial poten- 
tial, and 2) the transepithelial resistance and the 
resistance ratio. These measurements and calcu- 
lations have been performed for the rabbit urinary 
bladder (see Results) and the values are in excellent 
agreement with those obtained with other methods. 

ii) Transepithelial Measurements.  In Results we 
showed that under the appropriate conditions 
gramicidin D could be gainfully employed to es- 
timate junctional resistance using two different 
graphical approaches. When a KC1 Ringer's was 
employed in the mucosal chamber the two ap- 
proaches yielded nearly identical results for the junc- 
tional resistance and cell emf as shown in Table 3. 
If, however, a NaC1 Ringer's was used the two ap- 
proaches resulted in widely different values. Plots 
of Gr vs. I~c were reasonably linear while V r vs. R r 
were definitely nonlinear and in some instances had 
slopes with sign opposite to that predicted. This 
discrepancy was obviously caused by either a change 
in the cell emf or junctional resistance. Microelec- 
trode measurements of the membrane potentials and 
ct indicated that it was a change in emf (both apical 
and basolateral) and not junctional resistance. This 
is not surprising since gramicidin will allow an in- 
creased influx of Na + (mucosa to cell) and also an 
increased efflux of K § This efflux will result in a 
decrease in cell K § activity (this has been measured 
using a K+-selective microelectrode) and a decrease 
in basolateral membrane emf since this membrane 
potential is a K § diffusion potential attenuated by a 
finite Na + permeability (Lewis et al., 1978). 

The discrepancy between the two plots is then a 
problem of the sensitivity of I~c and V r to changes in 
cell emf (E~). Isc is equal to the term (E c . G~) while V r 
is equal to (E c . Gc/(G C + Gj)). As long as E~ decreases 
at a slower rate when compared to G c then Isc will 
increase as G r increases ( G r =  G~+ G j). This, howev- 
er, is not the case for V r. V r will closely follow E c 
when cell conductance is much larger than shunt 
conductance, i.e., V r will decrease as E decreases 
even though Rr(1 /Gr)  is increasing. 

Therefore, we conclude, when shunt resistance 
and cell emf are determined from transepithelial 
measurements a comparison of values from both 
equations is essential to validate the assumptions of 
invariant emf and shunt resistance. 

In summary, we investigated the effects of the 
pore-forming antibiotic gramicidin D on the rabbit 
urinary bladder. This drug seems in many respects 
to be superior to nystatin, the greatest advantage of 
this antibiotic being that it is relatively impermeable 
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to anions. In addition to increasing the apical con- 
ductance using this drug we have also indicated how 
this drug can be easily used to obtain reliable es- 
timates of individual membrane resistances. Future 
exploitation of the antibiotic will result in a greater 
understanding of how ions are transported across 
epithelia. 

We wish to thank W. Alles for perfect technical assistance 
and G. Szabo for critical comments on this manuscript. This 
work was supported by NIH Grant AM20851. 

Appendix 

Derivation of the Equation for EsHmatiug 
Membrane Resistances by Activation or Inhibition 
of a Basolateral Membrane Current Source 

This method assumes that under open-circuit conditions at short 
time periods E,, R~ and Rj are not affected by changes in the 
electrogenic pump or basolateraI membrane potential. From the 
equivalent circuit given in Fig. 2 we can write equations for the 
basolateral membrane potential and transepithelial potential 
when the current source is disconnected (pump inactivated): 

Eo _~ R~,(Ro+R? (al) 
Vb'=(~bi R~+Rff R~+Rb,+R , 

V~ = ( Ebl + Eo i Rj(R~ + R~1 ) (A2) 
kR~+Rbi] R~+RbI+R~ 

and when the current source is connected in parallel with basolat- 
eral membrane electromotive force and resistance (pump acti- 
vation): 

Vb'z=( E'bl I-- E~ t R'b'(R~+RJ) (A3) 
\R;~ + R~+Rff Ra+R'b,+R j 

!/7 [E'bl+lR'b+E"~ Rj(R~+R;I) (A4) 
< V  ~ ,  :Ro+R;,+R/ 

The change in the basolateral membrane potential upon pump 
activation is the difference between Eqs. (A3) and (A i): 

_ (Ro + R/) [&, (R~ + R;, + R j) - (E;, + :R;,)(Ro + R~, + R )  - EoR~, + Eo R;,~ 
(R~ + Rbl + R j) (R a + R;z + R j) 

(a5) 

Similarly the change in the transepitheliaI potential during pump 
activation is the difference between Eqs. (A4) and (A2): 

--(R/)(Eb'(R'+R;'+R:)-(E;'+IR;~)(R'+Rb~+Rj)-E'R~'+E'R;') (A6) 
(Ro + Rb~ + Ri) (R, + R;z + R j) 

The ratio of the change in basolateral membrane potential to 
transepitbelial potential [Eqs. (A5) and (A6)] yields: 

( R ~ + R j )  R . 

AVbjAVr= - - = - ~  +L (AT) 
Rj Rj 
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