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n B S T R A C T We show how the antibiotic nystatin may be used in conjunction with 
microelectrodes to resolve transepithelial  conductance G t into its components:  Ga, 
apical membrane  conductance;  Gbl, basolateral membrane  conductance; and Gj, 
junct ional  conductance.  Mucosal addit ion of  nystatin to rabbit ur inary  b ladder  in 
Na+-containing solutions caused Gt to increase severalfold to ca. 460/~mho/p.F, and 
caused the transepithelial  voltage V t to approach +50 mV regardless o f  its initial 
value. From measurements  of  G t and the voltage-divider ratio as a function of  time 
after addit ion or removal of  nystatin, values for Ga, Gbl, and Gj of  unt rea ted  
b ladder  could be obtained.  Nystatin proved to have no direct effect on Gbl or  Gj but 
to increase Ga by about two orders  of  magni tude,  so that the basolateral membrane  
then provided almost all of  the electrical resistance in the transcellular pathway. 
The  nystatin channel in the apical membrane  was more permeable  to cations than 
to anions. The  dose-response curve for nystatin had a slope of  4.6. Use of  nystatin 
permit ted assessment o f  whether  microelectrode impalement  introduced a signifi- 
cant shunt conductance into the unt rea ted  apical membrane ,  with the conclusion 
that such a shunt was negligible in the present  experiments .  Nystatin caused a 
hyperpolar izat ion of  the basolateral membrane  potential in Na+-containing solu- 
tions. This may indicate that the Na + pump  in this membrane  is electrogenic. 

I N T R O D U C T I O N  

Even  the  s i m p l e s t  e p i t h e l i u m  consis ts  o f  t h r e e  t y p e s  o f  m e m b r a n e s  t ha t  g e n e r a l l y  
d i f f e r  in r e s i s t ance  a n d  in r e l a t ive  p e r m e a b i l i t y  cha rac te r i s t i c s :  ap ica l  a n d  baso-  
l a t e r a l  cell  m e m b r a n e s  a n d  j u n c t i o n s .  Seve ra l  s tud ies  have  s o u g h t  to r e so lve  the  
p r o p e r t i e s  o f  t he se  t h r e e  m e m b r a n e s  by cab le  analys is  a n d  m e a s u r e m e n t  o f  
vo l t age  d i v i d e r  r a t ios  ( F r 6 m t e r  a n d  D i a m o n d ,  1972; Reuss  a n d  F i n n ,  1974; Lewis  
et  a l . ,  1976), by analys is  o f  t r a n s e p i t h e l i a l  d i f f u s i o n  po t en t i a l s  ( K o e f o e d - J o h n s e n  
a n d  Uss ing ,  1958; Sachs  et  a l . ,  1970; B a r r y  et  a l . ,  1971), o r  by use  o f  a m i l o r i d e  to 
vary  ap ica l  m e m b r a n e  c o n d u c t a n c e  a l o n e  (Reuss  a n d  F i n n ,  1974; Lewis  et  a l . ,  
1976). H o w e v e r ,  t he  va l id i ty  o f  e ach  o f  t he se  t h r e e  m e t h o d s  res ts  on  a s s u m p -  
t ions .  In  p a r t i c u l a r ,  t he  f i rs t  a n d  t h i r d  m e t h o d s  a s s u m e  tha t  ap ica l  m e m b r a n e  
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c o n d u c t a n c e  is u n a f f e c t e d  by i m p a l e m e n t  with a mic roe lec t rode ,  an a s sumpt ion  
that  has been  ques t ioned  by L i n d e m a n n  (1975). 

T h e  p resen t  p a p e r  descr ibes  a s imple  new m e t h o d  for  resolving the  th ree  
m e m b r a n e  c o n d u c t a n c e s  as well as fo r  assessing L i n d e m a n n ' s  object ion.  T h e  
m e t h o d  involves us ing  the  po lyene  antibiotic nystat in  to dec rease  the  apical 
m e m b r a n e  resistance to a very  low value.  

O u r  e x p e r i m e n t s  have been  ca r r i ed  ou t  in rabbi t  u r i na ry  b l adde r ,  a t ight  
ep i the l ium whose  p rope r t i e s  were  descr ibed  by Lewis and  D i a m o n d  (1976) and  
by Lewis et al. (1976). Brief ly ,  this p r e p a r a t i o n  has th ree  cell layers,  o f  which the  
one  neares t  the mucosa l  solut ion gene ra te s  all the  shor t -c i rcui t  c u r r e n t  (lse) and  
is the  site o f  virtually all the  t ransepi thel ia l  resis tance.  T h r o u g h o u t  this p a p e r  the  
t e rms  "apical m e m b r a n e "  a n d  "basolateral  m e m b r a n e "  will be u n d e r s t o o d  to 
r e fe r  only to the cell m e m b r a n e s  o f  this t r a n s p o r t i n g  layer.  Ise arises ent i re ly  
f r o m  active Na  ÷ t r anspo r t .  Junc t i ona l  resis tance is m u c h  h ighe r  than  t ranscel lu-  
lar resis tance.  T ransep i the l i a l  c o n d u c t a n c e  increases with Ise because  o f  a t rans-  
por t - re la ted  c o n d u c t a n c e  c h a n n e l  in the  apical m e m b r a n e .  

M A T E R I A L S  A N D  M E T H O D S  

Rabbk urinary bladders were dissected and mounted as described by Lewis and Diamond 
(1976). The chamber used by Lewis et al. (1976) for microelectrode studies differed from 
that used by Lewis and Diamond (1976) for gross electrode studies in ways that introduced 
some edge damage. Therefore,  we used a new microelectrode chamber design (Fig. 1, 
from Lewis, 1977) that eliminates edge damage and harmful hydrostatic pressure differ- 
ences across the membrane while facilitating solution changes and temperature regula- 
tion. Ag-AgC1 electrodes on either side of  the preparation were used for continuous 
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FIGURE 1. Schematic cross-section of  chambers. A = motor to drive external 
magnet B (internal magnetic spin bars not shown); C = dissecting microscope; D = 
glass window; E = chamber (water jacket is omitted for clarity); F = microelectrode 
driven by a hydraulic drive micromanipulator; G -- silicone sealant layer; H, J = 
plastic ring with 20 pins (H) around circumference; I = piece of  bladder; K, M = 
ports for voltage electrode (K) and current passing electrode (M); L = nylon mesh 
for supporting membrane during microelectrode impalements; N = light source; O 
= grooved platform into which ridge on bottom of chamber inserts to prevent 
lateral movement of  chambers; P -- vise. 
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monitoring of transepithelial voltage (Vt), Ise, transepitheliai conductance (Gt), and 
effective transepithelial capacitance (Ct; see Lewis and Diamond, 1976). The open top of 
the chambers allowed ready access of glass microelectrodes to the mucosal (apical) surface 
of the epithelium. A light source and Wild dissecting microscope placed at opposite ends 
.of the chamber facilitated positioning the microelectrodes and monitoring cell viability. 

Microelectrodes were of the fiber-filled type, pulled on an Industrial Associates hori- 
zontal pipet puller. They were filled with 3 M KC1 and were rejected if their resistance 
was below 20 MI~. Remote, fine positioning of microelectrodes within an accuracy of - 1 
p.m was achieved through a Stoehing hydraulic microdrive (Stoehing Co., Chicago, Ill.). 
The preparation rested on a steel plate, shock-mounted on tennis balls on a heavy table. 

The voltage-divider ratio a (ratio of apical to basolateral membrane resistance, Ra/Rbl) 
was measured by applying a transepithelial current  pulse (Anapulse stimulator, W-P 
Instruments,  Inc., New Haven, Conn.) and simultaneously recording Vt and the voltage 
between the cell interior and the serosal solution (i.e. the basolateral membrane potential 
Vbl) on a Newport two-channel digital printer (Newport of North America, Inc., Villan- 
ova, Pa.) interfaced with two Weston digital voltmeters (Weston Instruments ,  Newark, N. 
J.). The printer was triggered by the stimulator to print Vt and Vbl dur ing  and after an 
applied current  pulse. The lapsed time between measuring the voltage deflections and 
the base-line values was 600 ms. A 2-s transepithelial current  pulse was applied at 6-s 
intervals dur ing  addition of nystatin to the mucosal solution, and at 30-s intervals dur ing  
wash-off of nystatin. All voltages were measured to -+100 /~V. This protocol permits 
accurate monitoring of spontaneous Vt, spontaneous Vb~, Gt, and a as a function of time. 

For reasons discussed by Lewis and Diamond (1976), Gt was normalized not to chamber 
area but to Ct measured in the presence of amiloride, so that units of conductance are 
~mho/t~F. Under  these circumstances a Ct value of 1 #F corresponds approximately to an 
apical surface area of 1 cm 2. Vt is given as the potential of the serosal solution with respect 
to that of the mucosal solution, the apical and basolateral membrane potentials Va and Vb~ 
as the potential of the cell interior with respect to that of the mucosal and serosal solution, 
respectively. 

The composition (mM) of the usual bathing solution ("Na ÷ solution") was: 111.2 NaC1; 
25 NaHCO3; 5.8 KCI; 2.0 CaC12; 1.2 MgSO4; 1.2 KH2PO4; and 11.1 glucose, buffered at 
pH 7.4 and gassed with 95% 02-5% CO2. The serosal solution always had this composi- 
tion. The mucosal solution was sometimes changed to "K + solution" or "choline solution," 
which differed by equimolar replacement of NaC1-NaHCO3 with these salts, all other 
solutes remaining at the same concentration. Under  some circumstances, in an attempt to 
mimic the intracellular solution, a "K-sulfate solution" was used. Its composition (mM) 
was." 58.5 K2804; 25 KHCO3; 10 Ca (methanesulfonate)2; 1.2 MgSO4; 1.2 KH2PO4; 11.1 
glucose; 80 sucrose. Nystatin (Sigma Chemical Co., St. Louis, Mo.) dissolved in methanol 
at a concentration of 5 mg/ml (88,000 U/ml) was added in 1-gl portions to the mucosal 
solution. The final nystatin activity was 120 U/ml except in experiments to determine the 
dose-response curve. Except in the experiments described in Results (Dose-Response Curve 
and Effect of  Nystatin Added to the Serosal Solution), nystatin was added only to the mucosal 
solution. Bathing solution temperature was maintained at 37°C. Errors are given as 
standard errors of the mean. 

RESULTS 

Nystatin Effect on G t and Vt 

Mucosal  a d d i t i o n  o f  nys ta t in  to a f inal  activity o f  120 U/ml  r ap id ly  caused  Gt to 
increase  in e i the r  Na  + or  K + mucosa l  so lu t ions ,  Vt to decrease  in  Na  + so lu t ions ,  
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and Vt to increase in K + solutions. For example,  after 160 s in the exper iment  of  
Fig. 2, nystatin in Na + solution caused Vt to decrease f rom +81 to +49 mV (i.e. 
serosal solution positive) and Gt increase f rom 250 to 470 /~mho/~F, but in K + 
solution caused Vt to increase f rom + 13 to +38 mV and Gt to increase f rom 49 to 
400 t~mho/~F. I f  bladders were exposed to mucosal nystatin in Na + solutions for 
over 200 s, Vt cont inued to decrease, Gt cont inued to increase, and microscopic 
observation revealed cell swelling and desquamation.  With nystatin t reatment  in 
K + solutions, Vt and Gt reached plateau values, and cell swelling was not seen. 
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FIGURE 2. Time course of spontaneous transepithelial potential (Vt) and transepi- 
thelial conductance (Gt) after addition of 120 U/ml nystatin (at arrow) to the 
mucosal solution of rabbit bladder in Na + solution or in K + solution. Note that with 
time V t and Gt for both conditions converge. Rectangular steps in Vt are caused by 
passing a brief transepithelial current pulse (9.29/zA and 3.93/zA for Na + and K + 
solutions, respectively), so that the height of the steps is proportional to transepi- 
thelial resistance = l/Gt. 

Locus of the Nystatin Effect 

Is the rapid increase in Gt upon  mucosai addit ion o f  nystatin due  solely to an 
increase in apical membrane  conductance Ga, or  does nystatin also increase 
basolateral membrane  conductance  Gbl and junctional  conductance  Gj? To  an- 
swer this question, we used an intracellular microelectrode to moni tor  the 
voltage-divider ratio ~ after addition of  nystatin to the mucosal solution. Fig. 3 A 
depicts the change in log (l/c0 = log (Ga/GbO and in log Gt as a function of  time 
after addition of  nystatin (Fig. 3 A left) and after removal o f  nystatin (Fig. 3 A 
right). It is apparen t  that not only Gt but also ( l /a)  were increased by nystatin. 
These effects were reversed by removal o f  nystatin, but  reversal o f  the effect was 
about 60 times slower than onset o f  the ffect (note difference in time scale o f  Fig. 
3 A between left and right). 
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Since a m e a s u r e m e n t s  are i n d e p e n d e n t  o f  Gj, and  since nystatin increases 
both Gt and  l / a ,  the nystatin effect  must  at least part ly involve an increase in G a. 
I f  no th ing  more  than an increase in G a were involved,  then Fig. 3 A would imply 
that  nystatin increased Ga 200-fold, since Ga/Gbl goes f rom 0.05 to 10. However ,  
more  complex  in terpre ta t ions  are also possible: nystatin might  also alter Gj, an 
effect  that  would not be detectable by c~ measurements ;  and  a change  in Gb] 
might  be masked  by a la rger  increase in Ga. For example ,  nystatin added  to the 
mucosal  solution could affect  Gbi in two ways: nystatin might  en te r  the cell, reach 
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FIGURE 3 A. Above, Logarithms of the inverse voltage-divider ratio 1/a (O) and of 
Gt(O) as a function of time after addition of 120 U/ml nystatin to the mucosal 
solution (left), or after removal of nystatin from the mucosal solution (right). Note 
different time scales on left and right. Fig. 3 B below, plots of Gt vs. (1 + a) -1 from 
the data of Fig. 3 A left and right. The straight lines were obtained from linear 
regression analysis and yield values of Gj and Gbl, as discussed in the text. 

the basolateral  m e m b r a n e ,  and  increase Gbl directly; or  a change  in Ga might  
pe rmi t  sufficient ion or  water  flow across the apical m e m b r a n e  to al ter  intracel- 
lular ion concentra t ions  or  cell vo lume,  thereby indirectly increasing or  decreas-  
ing Gbl. I f  these effects were significant,  we might  expect  an initial rapid  increase 
in Gt and  Ga/Gbl as nystatin reached  the apical m e m b r a n e ,  followed by a slower 
increase in Gt and  change  in Ga/Gbl as nystatin began  to affect  Gbl. In fact, in 
nystat in-containing Na + solutions there  is a decrease  in GJGbi at long times (>5  
min) that  could be in t e rp re t ed  as nystatin ent ry  into the cell, causing a delayed 
increase in Gbi. This  observat ion need not,  however ,  indicate nystatin entry  into 
the cell, since the increase in intracel lular  Na + expec ted  in nysta t in-containing 
Na + solutions could cause cell swelling or  directly affect  Gbl (Bezanilla and  
A r m s t r o n g ,  1972). T o  assess the possibility of  nystatin ent ry  requires  an exper i -  
men t  in which the ionic composi t ion  o f  the mucosal  solution app rox ima te s  the 
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in t racel lu lar  compos i t ion ,  so that  an indi rec t  effect  o f  nystat in on  Gbl due  to 
changes  in in t racel lular  compos i t i on  could  be min imized .  T r e a t m e n t  with nysta-  
tin in K + solut ions is such an e x p e r i m e n t .  We f o u n d  that  in nys ta t in -con ta in ing  
K + solut ions ,  Gbl a nd  Vbl r e m a i n e d  cons tan t  fo r  at least 10 min,  and  Ga/Gbl did 
no t  c h a n g e  f u r t h e r  d u r i n g  this t ime af ter  r e a c h i n g  a p la teau in abou t  2 rain. This  
implies tha t  nystat in does  no t  reach  the basolateral  m e m b r a n e .  

A m o r e  quant i ta t ive  assessment  o f  any  nystat in effects on  Gbx and  Gj is possible 
as follows. F r o m  a s implif ied equiva len t  circuit  o f  an  ep i the l ium,  where  the 
j unc t iona l  c o n d u c t a n c e  Gj is in parallel  with the series comb ina t i on  o f  Ga and  Gbl 
(Lewis et al., 1976; Lewis, 1977), Gt may  be re la ted  to the  t h r ee  individual  
c o n d u c t a n c e s  as: 

Gt = Gj + GaGbJ(G a + Gbl ). (1) 

Subs t i tu t ing  Ga = Gbl/a into Eq. (1) yields: 

G t = Gj + Gbl [1/(1 + a)].  (2) 

I f  b r i e f  e x p o s u r e  to nystat in  does not  affect  Gbl (as sugges ted  by the  p r e c e d i n g  
p a r a g r a p h ) ,  and  i fGj  is also una f f ec t ed ,  t hen  Eq. (2) means  that  a g r a p h  o f  Gt vs. 
(1 + a)  -I  shou ld  yield a s t ra ight  line with a slope Gm and  o rd ina t e  in te rcep t  Gj. 
F r o m  Fig. 3 A,  the sets o f  (Gt, 1/a) values at d i f f e r en t  t imes have been  rep lo t t ed  
as g r a p h s  o f  Gt vs. (1 + a)  -~ in Fig. 3B .  For  add i t ion  o f  nystat in  (left) the  slope 
Gbl is 570 /zmho/ /zF (Rbl = 1,800 fl-/zF),  and  the  in te rcep t  Gj is 12 /~mho//zF (Rj 
= 83,000 fl-/zF),  with a cor re la t ion  coeff ic ient  o f  1.00. For  w a s h - o f f  o f  nystat in  
(Fig. 3 B right) Gbl is 550 /~mho//zF (Rbl = 1,800 fl-/zF) and  Gj is 46 p, mho/ /~F 
(22,000 l ) -gF) ,  with a cor re la t ion  coeff ic ient  o f  0.99. Tab le  I summar i ze s  the  
results o f  seven such expe r imen t s .  T h e s e  excel lent  fits to  s t ra ight  lines (in which  
the data  points  d isplayed no  consis tent  devia t ion f r o m  linearity),  and  the agree-  
m e n t  be tween  the  two Gb~ values,  m e a n  that  b r i e f  e x p o s u r e  to nysta t in  does  not  
measurab ly  affect  Gb~ or  G~ bu t  only  Ga .1 H o w e v e r ,  Gj es t imated  f r o m  wash -o f f  o f  
nystat in (Fig. 3 right) is g r e a t e r  t han  Gj es t imated  f r o m  addi t ion  o f  nystat in  (Fig. 3 
left). This  d i sc repancy  is p robab ly  caused  by s econda ry  de layed  effects  on  Gj due  
to some  cell swelling, lysis, o r  d e s q u a m a t i o n ,  r a the r  than  by i n c o r p o r a t i o n  o f  
nystat in  into j unc t iona l  complexes .  

Addi t iona l  ev idence  that  co r robo ra t e s  o u r  hypo theses  tha t  (a). Gb~ does  no t  
c h a n g e  signif icantly af ter  add i t ion  o f  nystat in;  (b). Ga and  Gbl are  no t  direct ly  
re la ted;  and  (c) the mucosa l  solut ion compos i t ion  does no t  direct ly effect  the 

1 Estimates of Gbj in rabbit urinary bladder using AC analysis (670 - 100 p.mho//~F, n = 9, Clausen, 
Lewis and Diamond, personal communication) and nystatin (790 - 70/~mho//zF, n = 7, Table I) are 
in good agreement (t-test yields P > 0.2). In another tissue, rabbit descending colon, the estimate for 
Gbj using nystatin (Dr. N. Wills, personal communication) and amiloride (Schultz, Frizzell and 
Nellans, 1977; Dr. N. Wills, personal communication) are likewise in good agreement. These two 
lines of evidence support our contention that mucosal nystatin does not alter the basolateral 
membrane conductance. However, if one considers the difference of the mean Gbl between the 
methods (18%), one can predict the effect that this difference will have on the I-V relationship and 
relative selective permeability of the basolateral membrane. The I-V relationship, if linear (see 
Results), will have a slope change of 18%. The relative selective permeability will: (a) approach unity 
if nystatin increases conductance in a nonselective manner; (b) increase, decrease, or remain 
unchanged if nystatin increases the conductance of only one ion; or (c) remain unchanged if nystatin 
increases the conductance of all ions proportionately. 
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basolateral potential  or conductance  can be obta ined f rom the following experi-  
ment .  By examining Fig. 4 the relat ionship between Gt and (1 + a) - t  for  apical 
solutions containing high Na + ("Na + solution" in Materials and Methods) or  high 
K + ("K-sulfate solution" in Materials and Methods),  one  finds that there  is 
virtually no di f ference in Gbl for  the two solutions and in both cases the 

T A B L E  I 

RESISTANCE VALUES IN RABBIT URINARY BLADDER 

l~c Ra Rbx R~ r 

ua/u~" fl-u.v fl-u~" fl-u~ 

0.6 20,000 1,100 o0 0.98 
0.8 43,000 1,400 o0 0.998 
1.3 20,000 1,800 ~ 0.998 
1.4 22 ,.000 1,800 80,000 0.998 
2.4 21,000 1,100 31,000 0.999 
3.0 14,000 1,000 ~ 0.996 
6.5 9,400 1,100 00 0.99 

Membrane resistance values in rabbit bladders in the absence of nystatin, calcu- 
lated by extrapolation of the time course of nystatin action (addition of nystatin) 
as in Fig. 3 B. r is the correlation coefficient for straight-line plots as in Fig. 3 B. 
Each line is based on a different bladder, whose short-circuit current  is given in 
the first column. 
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FIGURE 4. T h e  r e l a t i o n s h i p  b e t w e e n  GI a n d  (1 + c~) -I  w h e n  nys ta t in  is app l i ed  to 
the  apical  m e m b r a n e  in Na+-con t a in ing  so lu t ion  (©) a n d  w h e n  it is app l i ed  in a 
so lu t ion  c o n t a i n i n g  h i g h  K su l fa te  (Q). T h e  s lope o f  the  l ines p red ic t s  a baso la te ra l  
c o n d u c t a n c e  in Na + so lu t ion  o f  0.57 m m h o / / ~ F  a n d  K sul fa te  so lu t ion  o f  0.59 
m m h o / p . F .  T h e  i n t e r c e p t s  imply  a very smal l  j u n c t i o n a l  c o n d u c t a n c e  for  b o t h  
so lu t ions .  

intercepts suggest an infinitely small conductance  for  Gj. This demonst ra tes  that 
the a values p roduced  by nystatin are not d ep en d en t  upon  the apical solutions if 
they contain permeable  cations and that ,  at least for  low t ranspor t  rates (<3/~A/  
/~F), Gbl does not depend  upon  the composit ion of  the apical solution. 

Basolateral I-V Relation 

Before  or af ter  nystatin t rea tment ,  Rj is greater  than (Ra + Rbl), so that most 
applied cur ren t  flows across the cells ra ther  than across the junct ions.  However ,  
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Rbl af ter  nystatin is much  grea te r  than  Ra, so that  the transepithelial  I -V relation 
of  nystat in- t reated bladders  mainly reflects proper t ies  o f  the basolateral  mem-  
brane.  We measured  this I-V relat ion in two bladders  and found  it to be l inear 
over  the range  -155  mV to +40 mV (potential o f  cell inter ior  with respect  to 
serosal solution). 

Selectivity of Nystatin-Doped Apical Membrane 

We assessed the ionic selectivity of  the nystatin channel  in the apical m e m b r a n e  
by c o m p a r i n g  nystat in- induced changes  in Va and  Vb~ in Na +, K +, and choline 
mucosal solutions (Fig. 5). 
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FIOURE 5. Effect of 120 U/ml nystatin (added at arrow) on the resting potentials 
of the apical membrane (Va) and basolateral membrane (Vm) in Na + (©), K + (O), or 
choline (D) solutions. Bars above points indicate average value -+ SEM. Points 
without bars had SEM too small to be visible in the figure. See text for discussion. 

As discussed by Lewis et al. (1976), Va in Na + solutions in the absence of  
nystatin varies greatly with changes  in Isc and  with changes  in the Na + conduct-  
ance GNa o f  the apical m e m b r a n e .  Lewis et al. (1976) found  a range  o f  Va f rom a 
negative value of  - 4 0  mV in b ladders  with low t ranspor t  rates to values near  
zero in b ladders  with high t r anspor t  rates. Subsequent ly ,  we have found  re- 
versed Va values as high as +50 mV in bladders  with very high Ise. Nevertheless ,  
Fig. 6 shows that,  i ndependen t  o f  the initial value and  even initial sign of  Va (and 
hence i ndependen t  o f  GNa), nystatin changed  V, in Na + solutions to approxi -  
mately the same value: on the average ,  - 6 . 7  - 2.5 mV (n = 5, cell inter ior  
negative). Evidently,  nystatin complete ly  masks the permeabi l i ty  characteristics 
o f  un t rea ted  m e m b r a n e ,  and Va reflects only the proper t ies  o f  the nystatin 
channel .  This  is as expected  f rom the great  increase in Ga caused by nystatin. 
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Nystatin caused Va in K + solutions to depolar ize  to - 5 . 8  -+ 3.2 mV (n = 3; Fig. 
5), a value essentially the same as that  in Na + solutions, suggest ing that  the 
nystatin channel  has similar permeabi l i ty  to Na + and  K +. In  choline solutions V~ 
o f  un t rea ted  b ladders  was larger  than  in Na + or K + solutions, and  Va hype rpo -  
larized ra the r  than  depolar ized  with nystatin to - 7 5  -+ 9 mV (n = 3). This  
suggests that  the native apical m e m b r a n e  has low permeabi l i ty  to choline,  and  
that the permeabi l i ty  o f  the nystatin channel  is much  lower to choline than  to K +, 
Na +, and  possibly CI-.  T h e  large V~ o f  nysta t in- t reated b ladder  in choline 
solutions is p resumably  a K + and /o r  CI- diffusion potential .  I n d e p e n d e n t  o f  
mucosal  solution composi t ion,  Ga increased to app rox ima te ly  7 mmho/ /~F in the 
first 2 min af ter  exposure  to nystatin. T h e r e a f t e r ,  however ,  Ga in choline 
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FIGURE 6. Apical membrane potential Va as a function of time after addition of 
120 U/ml nystatin at zero time (arrow). Points © are average values from bladders 
with low Ise (average of 1 /zA//zF; bars above points = average value + SEM: points 
0 ,  from a bladder with high Ise (5.6/zA//zF). Note that nystatin causes Va values for 
the two bladders to converge. 

solutions began  to decrease,  due  possibly to a decrease  in intracellular (K +) and  
hence in extracel lular  (K +) in the uns t i r red  layer immedia te ly  adjacent  to the 
apical m e m b r a n e .  Af ter  10 min in nystat in-containing choline solutions, Va 
depolar ized towards zero. 

In contrast  to the large effects o f  solution composi t ion and nystatin on Va, 
effects on Vb~ were much  slighter (Fig. 5). Vbl was initially - 5 3  - 3.1 mV (n = 5) 
in Na + solutions, - 5 3  -+ 6 mV (n = 3) in choline solutions,  and  - 4 5  - 5 m V  (n = 
3) in K + solutions. Nystatin caused no immedia te  change  in Vbl in choline 
solutions (but a depolar izat ion towards  zero af ter  10 min),  a slight depolar izat ion 
o f  a few millivolts in K + solutions,  and  invariably a hyperpolar iza t ion  o f  10 mV in 
Na + solutions. T h e  significance o f  these observat ions is cons idered  in the Discus- 
sion. 

Dose-Response Curve 

All results discussed so far  were obta ined at a nystatin dose o f  120 U/ml.  Fig. 7 is 
a dose- response  curve of  log ( l / a )  against  log nystatin activity, in Na + solutions. 
a was measu red  2 min af ter  addi t ion o f  nystatin, because this per iod p roduced  
the m a x i m u m  reversible response  for  the m a x i m u m  nystatin dose of  120 U/ml in 
Na + solutions. Since Gbl is unaf fec ted  by b r ie f  exposu re  to nystatin (see above),  
the ord ina te  o f  Fig. 7 is actually p ropor t iona l  to log Ga. It  is a p p a r e n t  that  the 
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lowest dose tested,  40 U/ml,  scarcely affected log Ga, but that for  h igher  doses 
the curve rises steeply with a slope o f  4.6. 

Effects of Nystatin Added to the Serosal Solution 

All results discussed so far  were obta ined with nystatin added  only to the 
mucosal  solution. T h e  effects o f  nystatin added  only to the serosal solution 
d i f fered  in four  respects.  
1. T h e  nys ta t in -dependent  increase in Gt was much  smaller.  This  is expec ted ,  
since Gt of  un t rea ted  b ladder  is pr imari ly  de t e rmined  by Ra ra ther  than  by Rbi, 
and the apical m e m b r a n e  is not accessible to serosally added  nystatin. 
2. ~ (= Gb]/Ga) increased ra the r  than decreased,  because serosally and muco-  
sally added  nystatin increase Gb] and  Ga, respectively. 
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FIGURE 7. Dose-response curve for nystatin effect on (l/a) = (Ga/Gb]). Scales are 
double logarithmic, ct was measured 2 min after addition of nystatin to the mucosal 
solution of a bladder bathed in Na + solutions. Since nystatin does not affect Gb~ 
within 2 min, the ordinate is proportional to log G a. Points O and • are from two 
different bladders. The measurement in the absence of nystatin is depicted at an 
arbitrary low abscissa value. 

3. T h e  t ime course of  nystatin action was up  to 60 times longer ,  because the 
connective tissue and two cell layers on the serosal surface consti tute a significant 
unst i r red  layer and  pe rhaps  a nystatin sink, whereas  the t r anspor t ing  layer is in 
direct contact  with the mucosal  solution. 
4. Effects o f  serosally added  nystatin were poorly reversible,  whereas  those of  
mucosally added  nystatin were readily reversible.  Unst i r red  layers and nystatin 
sinks on the serosal surface are again the probable  explanat ion.  

D I S C U S S I O N  

We consider  four  problems:  compar i son  o f  nystatin effects on ur inary  b ladder  
and on bilayers; reassessment  o f  microelect rode i m p a l e m e n t  artifacts; est imates 
of  Ra, Rb~, and Rj; and  reassessment  o f  basolateral  m e m b r a n e  proper t ies .  

Comparison with Bilayers 

T h e  epi thel ium on which the polyene antibiotics, nystatin and  amphote r i c in  B, 
were first tested was toad ur inary  b ladder  (Lichenstein and  Leaf,  1965; Sharp  et 
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al., 1966). T h e  effects of  these antibiotics on artificial bilayers were subsequently 
studied in detail. T h e  effects o f  nystatin on apical m em b ran e  of  mammal ian  
ur inary b ladder  resemble those o f  nystatin and amphoter ic in  B on bilayers. 

i. Bilayers must contain sterols for  a maximal antibiotic-induced conductance  
change (Andreoli ,  1973; Finkelstein and Holz, 1973). This r equ i rement  is 
satisfied by mammalian  b ladder  cell membranes ,  which have a molar  choles- 
terol :phosphol ipid  ratio of  0.6 (Ket terer ,  et al., 1973). 

ii. Nystatin added  to one  side o f  a bilayer imparts  cation selectivity, while 
nystatin added  to both sides imparts  anion selectivity (Marty and Finkelstein, 
1975). In ou r  exper iments  nystatin could be added  only to the extracellular side 
of  the apical membrane ,  and the resulting selectivity was probably cationic 
(estimated Pcl/PK = 0.28; see below). 

iii. T h e  pore  size o f  amphoter ic in  B in layers is ca. 7 A, and that o f  nystatin is 
similar. Molecules with a Stokes-Einstein radius greater  than 4 /~ are virtually 
impermean t  (Holz and Finkelstein, 1970). T h e  low permeabili ty o f  nystatin- 
t reated rabbit b ladder  to the large cation choline fits this pat tern.  

iv. T h e  dose-response curve o f  nystatin has as steep a slope in bilayers 
(Finkelstein and Holz, 1973) as in rabbit b ladder  and red cells (Cass and Dal- 
mark,  1973). This  slope may indicate that several nystatin molecules are requi red  
to form one channel .  

v. T h e  steady-state conductance  p roduced  in bilayers by a given nystatin dose 
is not reproducible  among  nystatin preparat ions  (Marty and Finkelstein, 1975). 
We found  that effects on rabbit b ladder  conductance  were consistent within a 
batch o f  nystatin but  not amon g  batches. 

vi. Nystat in-induced conductance  in bilayers varies inversely with tempera-  
ture  (Cass et al., 1970). We did not investigate the question for  two reasons: 
rabbit ur inary b ladder  is very sensitive to any t empera tu re  shift f rom 37°C; and 
nystat in-induced apical conductance  at 37°C is already so high (7 mmho//~F) that 
any increase in conductance at lower t empera tu res  would be difficult to quanti-  
tate. 

Estimates of Chloride Permeability Induced by Nystatin 

Because o f  the lack of  informat ion  concern ing  the intracellular ion concentra-  
tions, quanti tat ing the anionic permeabil i ty of  the nystatin channels in the apical 
membrane  is ext remely  difficult.  However ,  by evoking certain assumptions we 
can calculate an approximate  value for  Pcl/PK as well as an estimate for  intracel- 
lular [CI-]. T h e  value for  intracellular [K ÷] o f  150 mM was est imated f rom the 
zero potential  intercept  o f  a plot of  the serosal potassium concentra t ion vs. 
basolateral membrane  potential  if one  assumes that the basolateral m em b ran e  
potential  is close to the potassium diffusion potential; (Lewis and Eaton,  unpub-  
lished observations). T h e  potential  for  nystat in-treated apical m em b ran e  was 
- 5 . 8  --- 3.2 mV and -74 .4  - 9.2 mV (cell inter ior  negative) when the mucosal 
solution was KCI-KHCO3 Ringer's and choline Cl-choline HCO3 Ringer's,  re- 
spectively. Since Rj has a value much greater  than Ra or Rbx, we have not  
correc ted  for the inf luence o f  Rj o n  Va o r  Vbl. I f  one a s s u m e s  Pehollne tO be 
negligible compared  to PK, and intracellular [Na +] to be much lower than 
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intracellular [K +] in choline or  K + solutions (which are Na+-free), the Goldman- 
Hodgkin-Katz  equation for  the apical membranes  becomes 

RT [K]o + (Pcl/Ps) [Cl]i 
Va = - -  In (3) 

zF [K]i + (Pcl/Pz) [Cl]o 

Substituting the measured  values for  Va in K + and choline solutions ( - 5 . 8  and 
- 7 5  mV, respectively), the values for  [K]o and [C1]o in these solutions (see 
Materials and Methods),  and the estimate [K]l = 150 mM into Eq. (3) yields two 
equations in the two unknowns  Pcl/PK and [Cl]l. T h e  result is Pcl/PK = 0.28, [Cl]i 
= 15 mM. This Pcl/Ps value agrees well with the value of  0.15 obtained for 
nystatin-treated Aplysia cell bodies (Russell et al., 1976). T h e  value [C1]l = 15 mM 
agrees well with the value of  16 mM calculated f rom the spontaneous Vbl value o f  
--53 mV on the assumption that CI- is in electrochemical equil ibrium across the 
basolateral membrane .  

Microelectrode Impalement Artifacts 

Lindemann  (1975) has stressed the risk o f  errors  in microelectrode study of  
epithelial cells. I f  the cell is small, microelectrode impalement  may int roduce a 
significant shunt  conductance in parallel with the native membrane  conduct-  
ance. Such a shunt  conductance  in one cell will scarcely alter the conductance  of  
the whole epithelial sheet but  may seriously underes t imate  the voltage and 
resistance o f  the impaled membrane ,  and hence may cause to be in e r ro r  the 
voltage-divider ratios and resistance values der ived f rom cable analysis. How 
significant is this effect  in ou r  exper iments?  

This question can be answered by examining the graphs of  Gt vs. (1 + cz) -~ in 
Fig. 3 B. In native membrane  or just  af ter  addit ion o f  nystatin, Ra and c~ are 
high. A significant shunt  in the apical m em b ran e  caused by a microelectrode 
would cause the measured  ~x to be artifactually low and the measured  (1 + cz) -1 to 
be artifactually high. As R~ and ~ rapidly decrease with time af ter  addit ion o f  
nystatin (Ra decreasing to - 1 %  of  its initial value), G~ becomes completely 
domina ted  by the nystatin channel ,  and any contr ibut ion f rom a microelectrode 
shunt  is negligible. Thus ,  a microelectrode shunt  would cause the graphs of  Fig. 
3 B to deviate below linearity at low (1 + ~x) -1 values (because the plotted abscissa 
values would exceed the t rue values for  low [1 + ~x]-l). In fact, no such deviation 
f rom linearity is apparen t  in Fig. 3 B. Any microelectrode shunt  conductance  
must be considerably less than the native m em b ran e  conductance.  Naturally, 
this conclusion applies only to the present  exper iments  and gives no assurance 
that microelectrode shunt  conductance is negligible in o ther  epithelia impaled 
with o ther  microelectrodes.  

Values for Ra, Rbl, and Rj 

Table I summarizes values for  Ra, Rbx, and Rj in seven unt rea ted  rabbit bladders,  
de te rmined  by extrapolat ion of  G t and ~x values af ter  addit ion of  nystatin as in 
Fig. 3 B. Rj values are consistently very high, as found  by Lewis et al. (1976). R~ 
values vary inversely with Ise, also as found  by Lewis et al. (1976). However ,  ou r  
Rm values are consistently several times lower than those o f  these investigators 
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j u s t  as o u r  a va lues  a r e  cons i s t en t ly  h i g h e r  t h a n  the i r s .  W e  a t t r i b u t e  this  
d i f f e r e n c e  to o u r  i m p r o v e d  c h a m b e r  d e s i g n  a n d  m i c r o e l e c t r o d e  t e c h n i q u e s ,  
h e n c e  m o r e  a c c u r a t e  m e a s u r e m e n t s  o f  a .  

Reassessment o f  Basolateral Membrane Function 

By r e d u c i n g  ap ica l  m e m b r a n e  r e s i s t ance  to a low va lue ,  nys ta t in  m a y  o f f e r  a 
p o w e r f u l  tool  fo r  s t u d y i n g  the  b a s o l a t e r a l  m e m b r a n e .  Fig.  5 i l lus t ra tes  such  a 
use .  N y s t a t i n  cons i s t en t ly  causes  Vb~ to h y p e r p o l a r i z e  by  10 m V  in N a  + so lu t ions  
bu t  n o t  in K + o r  c h o l i n e  so lu t ions .  T h i s  h y p e r p o l a r i z a t i o n  m u s t  s o m e h o w  re su l t  
f r o m  the  i nc rea se  in [Na]~ e x p e c t e d  a f t e r  a d d i t i o n  o f  nys ta t in  in N a  + so lu t ions  
(Cass a n d  D a l m a r k ,  1973; Russe l l  e t  a l . ,  1976). Vbl a p p e a r s  in l a r g e  p a r t  to  be  a 
K + d i f f u s i o n  p o t e n t i a l .  T h e  h y p e r p o l a r i z a t i o n  ac tua l ly  o b s e r v e d  c a n n o t  be  an  
N a  + d i f f u s i o n  p o t e n t i a l  s ince  t he  N a  + g r a d i e n t  is in t h e  w r o n g  d i r e c t i o n ,  b u t  
c o u l d  a r i se  f r o m  e i t h e r  t he  N a  + p u m p  in t he  b a s o l a t e r a l  m e m b r a n e  b e i n g  
e l e c t r o g e n i c  o r  an  i n c r e a s e d  K + g r a d i e n t  ac ross  t he  b a s o l a t e r a l  m e m b r a n e  
f o r m e d  by an  e lec t r ica l ly  s i len t  Na+-K + e x c h a n g e  p u m p .  F u r t h e r  w o r k  e m p l o y -  
i n g  nys t a t in  is r e q u i r e d  to d i f f e r e n t i a t e  b e t w e e n  these  poss ib i l i t ies .  
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