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Summary. It has been reported that cAMP controls the trans- 
epithelial CI conductance in fish intestine (Bakker, R., Groot, 
J.A., 1984, Am. J. Physiol. 246:G213-G217; Krasny, E.J., Ma- 
dara, J.L., DiBona, D.L., Frizzell, R.A., 1983, Fed. Proc. 
42:1100). In both studies, the cAMP effect was interpreted as an 
increase in tight junction CI- conductance, because cAMP did 
not change the membrane potential or membrane resistance ra- 
tio. However, the activation of a C1- conductance in the mem- 
branes of a subset of the epithelial cells might be difficult to 
discern from an increase in tight junction CI- conductance. Here 
we report experiments that were designed to distinguish a tight 
junction CI- conductance from a membrane C1- conductance in a 
subpopulation of the epithelial cells. The effect of hypotonicity 
on the cAMP-induced increase in transepithelial conductance 
showed that cAMP-induced conductance is located in series with 
the lateral intercellular spaces. Transepithelial serosa to mucosa 
direct current caused an increase in resistance due to so-called 
transport number effects. Forskolin abolished the transport num- 
ber effects, indicating that cAMP increases the CI conductance 
of the tight junctions. Increasing cAMP did not change mannitol 
fluxes, whereas C1- fluxes more than doubled, Changes in dilu- 
tion potential and transepithelial resistance demonstrated that 
the cAMP-induced conductance is specific for CI- and Br- as 
opposed to I-, NO~-, SO] and gluconate-. In contrast, cytocha- 
lasin D also decreased the transepithelial resistance and dilution 
potential in Nagluconate Ringer's. This demonstrates that cAMP 
acts on the tight junctions in a more specific manner than cyto- 
chalasin D. 
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I. Introduction 

In  1972, Fr~Smter and D i a m o n d  [15] showed  that  the 
tight junc t ions  in a n u m b e r  o f  epithelia provide  the 
main  route  for  t ransepi thel ial  cur ren t  flow. In  these 
leaky epithelia,  the ionic permeabi l i ty  proper t ies  o f  
the tight junc t ions  pr imari ly  de te rmine  t ransepi the-  
lial ionic diffusion. As the tight junc t ions  represent  
a direct  interface be t we e n  the mucosa l  solut ion and 
the intraepithelial  c o m p a r t m e n t  (the lateral intercel- 

lular spaces  and the basal intersti t ium) where  cou-  
pling o f  water  to salt t ranspor t  takes  place [9], mod-  
ulation o f  the ion permeabi l i ty  o f  the tight junc t ions  
may  prov ide  a means  o f  regulating epithelial water  
t ransport .  

There fore ,  an impor tan t  ques t ion is whe the r  the 
tight junc t ion  permeabi l i ty  is control led by  the epi- 
thelial cells, and if so, wha t  mechan i sm is involved  
in this regulation.  

Changes  in paracel lu lar  ion permeabi l i ty  due to 
an increase  in intracellular  c A M P  were  repor ted  for  
rabbit  i leum [23, 33] and Nec turus  gallbladder [10]. 
Similar effects on ion permeabi l i ty  induced by plant 
cytokinins  [6], which  alter microf i lament  morphol -  
ogy,  suggest  that  the cy toske l e ton  could be in- 
volved  in regulat ion o f  tight junc t ion  permeabil i ty .  

H o w e v e r ,  in these  repor ts  the dec rease  in cat- 
ion select ivi ty was  a c c o m p a n i e d  by an increase  in 
transepithelial  res is tance.  Model  calculat ions [7, 21] 
show that  an increase  in the res is tance o f  the lateral 
spaces will dec rease  the paracel lular  cat ion selec- 
tivity. Therefore ,  it c anno t  be ruled out  that  the 
repor ted  changes  in ion permeabi l i ty  are due to a 
col lapse o f  the lateral spaces ,  as in fact  was  shown 
exper imenta l ly  by  Ewald  and F r6mte r  [11] for  Nec-  
tutus gallbladder.  

Moreove r ,  it has been  shown for  a var ie ty  o f  
epithelia including intestinal [16, 36] and gal lbladder 
epithel ium [32] that  c A M P  induces  the opening  of  
C1 channels  in the apical membrane .  A possible 
effect  o f  c A M P  on the tight junc t ions  may  thus be 
obscured  by  a dramat ic  effect  on apical C1 conduc-  
tance  [22]. 

The  increase  in paracel lular  C1- permeabi l i ty  
due to an increase  in cellular c A M P  repor ted  for  fish 
intestinal epithelia [4, 24, 34] provides  more  direct  
ev idence  for  an effect  on the tight junc t ions ,  since in 
these epithelia the transepithelial  res is tance de- 
creased and no change  in m e m b r a n e  potential  or  
m e m b r a n e  res is tance  ratio occur red .  
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In goldf ish  in tes t ina l  ep i the l ium,  drugs  tha t  ele-  
va t e  i n t r ace l lu l a r  c A M P  c o n c e n t r a t i o n  lead  to  (i) an 
i nc rea se  in t r ansep i t he l i a l  c o n d u c t a n c e ,  (ii) an in- 
c r e a s e  in bo th  un id i r ec t i ona l  C1 f luxes (the N a  + 
f luxes r ema in ing  u n c h a n g e d ) ,  and  (iii) a d e c r e a s e  in 
bo th  m u c o s a l  and  se rosa l  NaC1 d i lu t ion  po ten t i a l s  
[20]. In  c o m b i n a t i o n  with  the  l ack  o f  an  ef fec t  on 
m u c o s a l  m e m b r a n e  C I -  c o n d u c t a n c e ,  these  obse r -  
va t ions  sugges t  tha t  the  c A M P - i n d u c e d  CI -  c onduc -  
t ance  is l o c a t e d  in the  t ight  j u n c t i o n s .  

H o w e v e r ,  the  ef fec ts  on  C1- f luxes,  d i lu t ion  po-  
ten t ia l s  and  t r an sep i t he l i a l  r e s i s t ance  resu l t  f rom 
the  en t i re  ep i the l i a l  cell  p o p u l a t i o n ,  w h e r e a s  the  
m e a s u r e d  m e m b r a n e  po ten t i a l s  might  on ly  ref lect  
the  p r o p e r t i e s  o f  the  cel ls  tha t  a re  a c c e s s i b l e  to mi- 
c r o e l e c t r o d e  i m p a l e m e n t s  a n d / o r  have  s tab le  mem-  
b r a n e  po t en t i a l s .  E v e n  t hough  fish in tes t ine  is m o r e  
h o m o g e n o u s  in cel l  t y p e s  than  m a m m a l i a n  smal l  in- 
t es t ine  (e .g . ,  t he re  a re  no c r y p t s  in fish in tes t ine) ,  it 
c anno t  be  c o m p l e t e l y  e x c l u d e d  tha t  c A M P  induces  
the  open ing  o f  C1- channe l s  in the  m e m b r a n e ( s )  o f  a 
smal l  s u b p o p u l a t i o n  o f  the  ep i the l ia l  cel ls ,  wh ich  
was  o v e r l o o k e d  in m i c r o e l e c t r o d e  e x p e r i m e n t s .  In  
these  cel ls ,  c A M P  w o u l d  then  e i the r  open  C1 chan-  
nels  in bo th  the  ap ica l  and  the  b a s o l a t e r a l  mem-  
b r a n e  o r  o p e n  C1 c h a n n e l s  in the  cel l  m e m b r a n e  
o p p o s i n g  the  m e m b r a n e  wi th  a n o r m a l l y  v e r y  large 
C1- c o n d u c t a n c e  (cf. the  m i t o c h o n d r i a - r i c h  cel ls  in 
a m p h i b i a n  sk in  [13, 25] o r  C1- cel ls  in fish ope rcu -  
lum [121). 

W e  d e s i g n e d  e x p e r i m e n t s  to u n e q u i v o c a l l y  as-  
sign the  c A M P - i n d u c e d  i n c r e a s e  in t r ansep i the l i a l  
CI -  c o n d u c t a n c e  to e i the r  the  t ight  j u n c t i o n s  o r  the  
cell  m e m b r a n e s  o f  spec ia l  cel ls .  

In  s ec t ion  I I I . A ,  w e  show the  ef fec t  o f  modu la t -  
ing the  r e s i s t a n c e  o f  the  la te ra l  i n t e rce l lu l a r  spaces  
on the  c A M P - i n d u c e d  i n c r e a s e  in t r ansep i the l i a l  
c o n d u c t a n c e .  The  resu l t s  d e m o n s t r a t e  tha t  the  
c A M P - i n d u c e d  c o n d u c t a n c e  is l o c a t e d  in ser ies  
wi th  the  l a te ra l  i n t e r ce l l u l a r  spaces ,  in a g r e e m e n t  
wi th  a change  in t ight  j u n c t i o n  c o n d u c t a n c e .  

In  s ec t ion  I I I . B ,  we  s h o w  tha t  d i rec t  c u r r e n t  
p a s s a g e  a c r o s s  goldf ish  in tes t ine  l eads  to so-ca l led  
t r a n s p o r t  n u m b e r  ef fec ts  due  to the  (under  no rma l  
cond i t i ons )  c a t i on  s e l ec t i v i t y  o f  the  t ight  j unc t i ons .  

W h e n  ce l lu la r  c A M P  is i n c r e a s e d ,  the  t r a n s p o r t  
n u m b e r  ef fec ts  a re  c o m p l e t e l y  abo l i shed .  This  is ev-  
idence  for  a c A M P - i n d u c e d  C1- c o n d u c t a n c e  in the  
t ight  j u n c t i o n s ,  i n s t e a d  o f  a C1 c o n d u c t a n c e  in a 
nove l  ce l lu la r  p a t h w a y ,  spa t i a l ly  s e p a r a t e d  f rom the  
t ight  j u n c t i o n s .  

In  s ec t ion  I I I . C ,  w e  e x a m i n e d  the  ef fec t  o f  
c A M P  on d i lu t ion  po t en t i a l s  in N a  § sal ts  o f  va r ious  
an ions ,  and  on  m a n n i t o l  f luxes.  W e  show tha t  the  
c A M P - i n d u c e d  i n c r e a s e  in t ight  j u n c t i o n  conduc -  
t a n c e  is speci f ic  fo r  C1- and  Br  . 

In  s ec t ion  I I I . D ,  we  show e x p e r i m e n t s  in which  
we e x a m i n e d  the  ef fec t  o f  c y t o c h a l a s i n  D on t rans-  
ep i the l ia l  r e s i s t a n c e ,  on  NaCI  and  N a g l u c o n a t e  di- 
lu t ion po ten t i a l s ,  and  on  c u r r e n t - i n d u c e d  t r a n s p o r t  
n u m b e r  ef fec ts .  The  resu l t s  ind ica te  that  c y toc ha l a -  
sin D l eads  to a m o r e  gene ra l  p e r m e a b i l i t y  i nc rea se  
than  e v o k e d  by  c A M P .  W e  s p e c u l a t e  tha t  the  ac t ion  
o f  c A M P  is a l so  m e d i a t e d  by  the  c y t o s k e l e t o n ,  
t hough  in a m o r e  sub t l e  w a y  than  in the  case  o f  the  
c y t o c h a l a s i n s .  

W e  have  p r o v i d e d  e v i d e n c e  tha t  the  epi the l ia l  
cel ls  in goldf ish  in t e s t ine  a re  c a p a b l e  o f  regula t ing  
t ight  j u n c t i o n  CI -  c o n d u c t a n c e  by  changes  in the  
in t r ace l lu l a r  s e c o n d  m e s s e n g e r  c A M P .  

II. Materials and Methods  

Goldfish intestinal mucosa was stripped of its underlying muscu- 
lar layers and mounted in tissue holders as described previously 
[19] leaving an exposed area of 0.2 cm 2. The tissue holders were 
clamped between two Lucite chambers with a volume of 0.5 ml, 
which were continuously perfused. Solutions containing 8-Br- 
cAMP, forskolin or cytochalasin D were recirculated, the total 
volume being 2 ml. Potential changes were measured using 3M 
KCI agar bridges connected to Ag-AgCI electrodes. Resistance 
was calculated from the voltage changes caused by current 
pulses of + 10 and -10/xA of l-sec duration. Corrections were 
made for the resistance of the perfusion solutions. The input 
resistance of the amplifiers used was higher than 109 fL To study 
the effect of direct current passage, a constant current source 
was connected to the current passing electrodes used for resis- 
tance measurements. This made it possible to follow the trans- 
epithelial resistance during direct current passage. 

In the flux experiments, mucosal strips mounted on tissue 
holders were used to separate two compartments filled with 3 ml 
of the desired solution. A stream of humidified 95% 02 and 5% 
CO2 was continuously passed over the solutions. The solutions 
were stirred by magnetic buttons. After addition of 36C1- (NaCI, 
the Radiochemical Company) and ~4C-mannitol (NEN Research 
Products), a 45-rain period was allowed to reach a steady flux. 
After four aliquots (0.1 ml) at 15-min intervals were drawn, 
theophylline (1 mM) was added to the serosal solution and ali- 
quots were drawn for four consecutive 15-min periods. Six mu- 
cosal strips were used in one experiment, allowing for time con- 
trols in which no theophylline was added. 

In some experiments, membrane potentials were measured 
with intracellular microelectrodes as described earlier [1]. 

The perfusion solutions were used at room temperature and 
were gassed by 95% 02 and 5% CO> The composition of the 
control NaC1 Ringer's was (in mR): NaC1 117.5, KCI 5.7, 
NaHCO 3 25, NaH2PO 4 1.2, CaCI2 2.5, MgSO4 1.2, and mannitol 
27.8. The pH was 7.3. All chemicals used were of analar grade. 
In the glucose Ringer's, mannitol was replaced by glucose. As 
compared to the control Ringer's, the isotonic low NaC1 Ringer's 
contained 80 mM less NaC1, which was osmotically compensated 
for by mannitol. The hypotonic low NaCl Ringer's was identical 
with the isotonic low NaC1 Ringer's in ion composition, but con- 
tained no extra mannitol; the osmolarity was 170 mOsM. In the 
Ringer's with various mouovalent anions, NaCI and KCI were 
replaced by the Na + and K + salt of the anion, and CaCI2 was 
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replaced by CaSO4. In the sulfate Ringer's, NaCI and KC1 were 
replaced by half the concentration of Na2SO4 and K2SO4, while 
mannitol was used to attain the normal osmolarity. Dilution po- 
tentials were evoked by replacing 59 mM of the Na* salt of the 
p(esent anion (39 mM in the case of Na2SO4) by 111 mM mannitol. 
In NMG + Ringer's, Na + was replaced by N-methyl-D-glucamine 
and the bicarbonate buffer by 10 mM Tris-HEPES, pH 7.3. All 
Ringer's, except the hypotonic Ringer's, had an osmolarity of 
310 mOsM. Forskolin (Sigma Chemical) was used at a concentra- 
tion of 0.01 raM, theophylline (Sigma) at 1 raM, 8-Br-cAMP 
(Sigma) at I raM, and cytochalasin D (Sigma) at 5 /xg/ml in 
DMSO (the final DMSO concentration was 0.25%). 

Table 1. Effect of cAMP (1 mM 8-Br-cAMP) on transepithelial 
conductance (G~) under isotonic and hypotonic conditions a 

Isotonic Hypotonic 

(;ms 29.7 -+ 0.9 15.9 _+ 0.7 
Gins, cAMP 36.1 -+ 1.7 17.7 _+ 0.8 
n 12 6 
AGms +6.4 -+ 0.9 +1.8 + 0.2 b 

a Values in mS cm 2. 
b Significantly different from AG,,s under isotonic conditions at 
P < 0.001. 

III. Results 

A. EFFECT OF HYPOTONICITY ON THE 

c A M P - I N D U C E D  CHANGE IN TRANSEPITHELIAL 

CONDUCTANCE 

The transepithelial conductance equals the sum of 
the paracellular and the transcellular conductance. 
The paracellular conductance is determined by the 
tight junctions in series with the lateral spaces; the 
transcellular conductance is determined by the mu- 
cosal membrane in series with the serosal mem- 
brane. 

The "leakiness" of an epithelium depends on 
its relative shunt conductance: the paracellular (or 
shunt) conductance as a percentage of the total 
transepithelial conductance. 

As the relative shunt conductance in leaky epi- 
thelia is typically 90% or larger, the transepithelial 
conductance primarily reflects the paracellular con- 
ductance. An observed change in transepithelial 
conductance is, therefore, usually interpreted as a 
change in paracellular conductance. In particular, a 
decrease in transepithelial conductance, which ex- 
ceeds the transcellular conductance (as observed in 
hypotonic bathing solutions, see below), must pri- 
marily result from a decreased paracellular conduc- 
tance. 

An increase in conductance, however, could be 
due to an increase in either paracellular or transcel- 
lular conductance. (As the transcellular conduc- 
tance represents the lumped conductance of all 
cells, an increase in transcellular conductance may 
be equivalent with the addition of a novel cellular 
conductance.) 

An obvious way to trace the origin of an experi- 
mentally evoked increase in transepithelial conduc- 
tance is to examine the effect of varying one partic- 
ular conductance (tight junction, lateral space, 
mucosal membrane, or serosal membrane) on the 
evoked increase in conductance. 

We used this approach to gain insight in the 
location of the cAMP-induced increase in trans- 

epithelial conductance in goldfish intestine. Since 
the lateral spaces can be excluded as a site of direct 
action of cAMP (see Discussion), we examined the 
effect of modulating the lateral space resistance on 
the cAMP-induced conductance increase. 

As the lateral spaces represent a resistance in 
series with the tight junctions, the contribution of 
the tight junction conductance to the paracellular 
and, hence, the transepithelial conductance can be 
influenced by varying the lateral space resistance. 

We expect, therefore, that if cAMP activates a 
novel cellular conductance, the contribution of this 
conductance to the transepithelial conductance will 
be independent of the resistance of the lateral 
spaces, since a transcellular conductance by-passes 
the series array of the tight junction and the lateral 
space. 

If, on the other hand, cAMP increases tight 
junction conductance, the increase in transepithe- 
lial conductance due to cAMP will be attenuated 
when the width of the lateral spaces has been re- 
duced. It should be noted, however, that the latter 
conclusion is only valid when the paracellular and 
transcellular pathway can be viewed as distinct and 
separate conductive pathways, and if one assumes 
that the effect of cAMP on either the tight junction 
or the transcellular conductance does not depend 
on the experimental technique used to modulate lat- 
eral space width (see Discussion). 

The most obvious ways to modulate lateral 
space width is by using hypotonic solutions. More- 
over, from previous experiments, we learned that 
goldfish enterocytes respond osmometrically to hy- 
potonicity, and that there is a linear relationship 
between cell volume and transepithelial resistance 
in goldfish intestine [18]. This indicates that the lat- 
eral spaces gradually decrease in diameter with in- 
creasing hypotonicity. 

Table 1 shows the effect of cAMP on the trans- 
epithelial conductance (Gins) in isotonic and hypo- 
tonic low NaC1 Ringer's. The two solutions were 
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Fig. 1. Time course of the change in transepithelial potential 
difference ('I~ms) in stripped intestinal epithelium of the goldfish 
caused by a direct current of  100 /xA from mucosa to serosa 
(m ~ s) and serosa to mucosa (s ~ m) in NaCI Ringer's and in a 
Ringer's where all Na + has been replaced by NMG +. Vertical 
excursions in the ~,,,, trace are due to current pulses of  + 10 and 
- 10 p~A superimposed on the direct current. Indicated values for 
the transepithelial resistance (in f~) were corrected for the resis- 
tance of the solutions, which was 35 [~ in NaCI Ringer's and 75 ft  
in NMGCI Ringer's.  Open circles indicate the value of  ~m~ ex- 
pected from the ohmic IR drop 

CI- conductance. This is in agreement with an ef- 
fect of cAMP on the tight junctions. 

However, although the results are in favor of a 
tight junction effect, we cannot completely exclude 
a conductive pathway in the membranes of a subset 
of the epithelial cells. The experiments described 
below use an entirely different approach to locate 
the cAMP effect. Therefore, the combined results 
permit us to decide whether the site of action of 
cAMP is in the tight junctions or in special CI- con- 
ducting cells. 

B.  TRANSPORT N U M B E R  E F F E C T S  

Current passage through a barrier to ion diffusion 
will generally lead to accumulation and depletion of 
salt on the respective borders of that barrier. This 
occurs because the transport number of an ion (i.e., 
the current carried by that ion as a fraction of the 
total current) in general differs between the barrier 
and the aqueous solution (see Barry and Diamond 
[5] for an overview). Therefore, current passage 
through a compartment with boundaries differing in 
transport number will, depending on the direction 
of the current, result in accumulation or depletion 
of salt in the compartment. The mucosal border (the 
cation-selective tight junctions) and the serosal bor- 
der (a free solution boundary) of the lateral intercel- 
lular space differ in transport numbers so that upon 
serosa to mucosa (s ~ m) current passage the lat- 
eral spaces will be depleted and collapse, leading to 
an increase in transepithelial resistance. The col- 
lapse of the lateral spaces depends on the difference 
in transport numbers between the two boundaries, 
and will, therefore, depend on the cation selectivity 
of the tight junctions. 

identical in ion composition and differed only in 
mannitol concentration. 

In normal NaC1 Ringer's, the relative shunt 
conductance of goldfish intestine is 95% [1]. Assum- 
ing that by lowering the NaC1 of the Ringer's the 
decrease in paracellular conductance is at most pro- 
portional to the decrease in conductivity of the solu- 
tion and that the transcellular conductance does not 
increase, the relative shunt conductance in low 
NaC1 Ringer's can be estimated to be larger than 
90%. Therefore, the 46% decrease in Gins due to 
hypotonicity can only result from a decrease in 
paracellular conductance (i.e., a reduction in lateral 
space width). 

The observed attenuation of the cAMP-induced 
increase in transepithelial conductance under hypo- 
tonic conditions shows that the effect of cAMP can- 
not unequivocally be assigned to a novel cellular 

1. Lffect o f  Current on Transepithelial PD and 
Resistance in NaCl and NMGCl Ringer's Solution 

The effect of passing current through goldfish intes- 
tinal epithelium is shown in Fig. 1. This is a typical 
recording of the changes in transepithelial PD (~ms) 
and transepithelial resistance (Rms) induced by the 
passage of a current of 100 txA from mucosa to ser- 
osa (rn --~ s) and from serosa to mucosa (s --~ m), 
respectively. The recording shows a progressive in- 
crease in t),,s due to s --~ m current. This was mainly 
due to an increase in R .... although the change in 
gtms exceeded the change expected from the voltage 
drop across Rm~ (further denoted as ~ drop"). 
This difference represents the polarization poten- 
tial, which reflects the depletion of NaC1 in the lat- 
eral spaces. In fact, this is the driving force for wa- 
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ter movement  out of  the lateral spaces, which leads 
to the collapse and the rise in Rms. 

Mucosa to serosa current did not change Rms. 
The deviation of  the change in ~m~ from the ex- 
pected 1R drop may again be accounted for by a 
polarization potential, now of the opposite polarity 
as due to s --+ m current.  

These results agree with the effects expected 
from the difference in transport  numbers between 
the cation-selective tight junctions and the free so- 
lution. 

To confirm that the observed effects depend on 
the ion selectivity of  the tight junctions,  experi- 
ments were performed in which Na + was replaced 
by the less permeable cation N-methyl-D-glu- 
camine. F rom dilution potentials across the 
stripped epithelium (7.8 -+ 0.5 mV; n = 6) and 
across a free solution boundary (5.9 mV; n = 2), we 
deduced that the transport  number of  C1 is larger 
than that of  NMG + in the tight junctions,  and that 
the C1 transport  number  in the tight junctions,  
when bathed in NMGC1 Ringer's,  is larger than in 
free solution. So in NMGC1 Ringer's,  the tight junc- 
tions are in fact anionselective,  and as shown in 
Fig. 1, the effects of  passing current  are reversed. 
Now, a secondary voltage change due to an in- 
crease in transepithelial resistance with time re- 
sulted from a mucosa to serosa current,  whereas no 
change in resistance was observed upon s ~ m cur- 
rent. 

In NaC1 Ringer 's,  a s ~ m current of 100/~A 
increased Rms in 5 min from 19 - 1 to 30 -+ 2 ~ c m  2 
(n = 5). In NMGC1 Ringer's,  a 100/zA m ~ s cur- 
rent increased the resistance in 5 rain from 44 _+ I to 
58 -+ 3 ~ c m  2 (n = 5). (The average resistance in- 
crease is given for a period of  5 rain of  current flow, 
because the resistance continued to increase for 
prolonged periods of time, and we did not wait for 
the resistance to attain a plateau value.) 

2. Effect  o f  s ~ m Current on the 
Glucose-Evoked Potential 

Similar effects have been reported for frog gallblad- 
der by Bindslev, Tormey  and Wright [8]. There is 
little doubt that in the flat gallbladder epithelium the 
increase in Rms induced by s --~ m current is caused 
by a collapse of  the lateral spaces. However ,  the 
increase in Rms in goldfish intestine could, due to the 
folded structure, partially result from a collapse of 
the subepithelial tissue. To answer this question, 
we studied the effect of mucosal glucose during s --+ 
m current.  

Figure 2 shows the effect of switching the mu- 
cosal perfusate to a glucose-containing solution on 
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Fig. 2. Redrawing of an original recording of the transepithelial 
PD (~,,s) and resistance (Rms) in an experiment in which the effect 
of mucosal glucose (indicated by G) was measured under control 
conditions and during a serosa to mucosa direct current (100 ~A 
s ~ m). R~s was determined every 30 sec by +10 and -10 /zA 
current pulses of 1-sec duration, and was corrected for the resis- 
tance of the solutions (451)). As Rms is plotted at a 10 times 
compressed scale, and the current was 0.1 mA, the trace also 
represents the contribution of the IR drop (in mV) to ~ms during 
direct current flow 

~ms and Rms before and during current flow from 
serosa to mucosa.  During s ~ m current,  an in- 
creased glucose-evoked potential (GEP) was ob- 
served. Under  open circuit conditions, glucose in- 
duces an intraepithelial current. The effect of 
glucose o n  ~ms can be equated with the voltage 
drop across the paracellular resistance caused by 
this current.  The effect of  glucose on the intracellu- 
lar PD was equal under control and s ~ m current 
conditions (not shown), indicating that no consider- 
able change in glucose-evoked current occurred. 
Apparently,  the increased GEP during s ~ m cur- 
rent is caused by an increase in the resistance of the 
paracellular pathway.  A collapse of the subepithe- 
lial tissue in the folds would represent  an increase in 
a resistance in series with the epithelium. Such an 
increase could not have led to a larger GEP.  

Moreover ,  in contrast  with control conditions, 
glucose also enhances the resistance increase. This 
could be due to the contribution of  the glucose-in- 
duced current to the s ~ m current  and/or  to cell 
swelling, which would now increase R/is, since the 
lateral spaces are already partially collapsed. 

Therefore,  both the enhanced GEP and the ad- 
ditional increase in Rms during s ~ m current leaves 
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Table 2. Mean values -+ SEM of  four exper iments  for transepithe- 
lial resis tance R,~,, the glucose-evoked potential  change (GEP), 
and for the glucose-evoked change in R.,~ (ARms,c) under  control 
condit ions and during 100 A~A s --~ m current  

Control 100/zA s ---> m Ratio 

R,,s ( f tcm 2) 25 +_ 2 71 -+ 18 2.7 + 0.5 a 
GEP (mV) 2.6 _+ 0.5 4.5 _+ 1.3 1.6 • 0.2 a 
ARms,G (%) 0 --+ 2 +8 --+ l b 

a Significantly different f rom 1 at P < 0.02. 
b Significantly different f rom 0 at P < 0.02. 

no doubt that the current-induced resistance in- 
crease is caused by a collapse of the lateral spaces. 

The average of  four experiments in which the 
effect of glucose is compared under control and s 
m current conditions is given in Table 2. 

Rms 
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Fig. 3. Time course  of the change in transepithelial resistance 
(Rms) induced by serosa  to mucosa  (s--> m) current  in the absence 
and presence of  forskolin. The curves  represent  the mean  + SE~4 
of five exper iments .  In the presence of forskolin, the current  was 
increased to 140/~A so that  the 1R drop equaled the initial IR 
drop in the absence  of forskolin. The length of the time gaps in 
the recording is about  10 min 

3. cAMP Abolishes Transport Number Effects 

If cAMP increases the C1- conductance of the tight 
junctions,  one would expect  a reduction of  the cur- 
rent-induced transport  number effects. If, on the 
other hand, cAMP induces a C1- conductance in 
special cells spatially separated from the Na + con- 
ductive tight junctions,  one would expect  that the 
transport  number effects would still occur, pro- 
vided that the transepithelial current is increased to 
compensate  for the extra conductance through the 
presumed special cells. 

Figure 3 shows the effect of  s ~ m current on 
Rms in the absence and presence of forskolin (a di- 
rect activator of  adenylate cyclase). In the presence 
of forskolin, a s ---> m current  of 140 /xA had no 
effect at all o n  Rms. The current was increased to 
140/xA to evoke an IR drop across the epithelium 
equal to the initial IR drop (due to 100/xA) under 
control conditions, thereby assuring that in the 
presence of forskolin the current through the tight 
junctions is at least as large as under control condi- 
tions. Further  increasing the current to 200 p.A (n = 
5) or 350 /xA (n = 2) had no effect o n  Rms. After 
forskolin had been washed away, s ---> m current did 
induce an increase in Rms showing that the cAMP 
effect is fully reversible. In the presence of  forsko- 
lin, both s ---> m and m ---> s current caused changes 
in grms, which remained constant during current 
passage and equaled the IR drop. 

Apparently,  an increase in cellular cAMP can 
completely, but reversibly abolish the transport  
number effects. It may, therefore,  be concluded 
that cAMP affects the cation selectivity of the tight 
junctions.  

C .  S E L E C T I V I T Y  OF T H E  c A M P - I N D U C E D  

C O N D U C T A N C E  

Table 3 shows the effect of a rise in intracellular 
cAMP (induced by 1 mM theophylline) on the para- 
cellular conductance and the dilution potential in 
Ringer's solutions containing Na + salts of  various 
anions. The paracellular conductance was deter- 
mined from the measured transepithelial resistance 
after correct ion for a subepithelial series resistance 
of 24% of the control  value [1], and by assuming a 
95% relative shunt conductance under control con- 
ditions [1]. F rom the dilution potentials, the trans- 
port  numbers for the various anions were calculated 
using the Henderson  equation. From these values, 
it can be deduced that cAMP changes the selectivity 
sequence of the tight junctions from SO 2- = NO3 > 
C1- = Br-  = I-  = Gluconate-  to C1- = Br-  > SO 2- 
= NO3 > I-  = Gluconate- .  

From the change in selectivity sequence and the 
observed increase in paracellular conductance,  it 
may be concluded that cAMP specifically increases 
the conductance for C1- and Br- .  

Double-label experiments in which 36C1- and 
14C-mannitol s ---> m fluxes were measured showed 
that the mannitol flux remained unchanged in the 
presence of theophylline, while the C1- flux in- 
creased threefold (Table 4). Also, no correlation be- 
tween the mannitol and CI- fluxes could be de- 
tected, either under  control  conditions or in the 
presence of cAMP. 

D. E F F E C T S  OF C Y T O C H A L A S I N  D 

Similar to the effect of cAMP, cytochalasin D (5/xg/ 
ml) decreased the transepithelial resistance to 74 +- 
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Table 3. Effect of  1 mM theophyll ine ( " t h e o " )  on paracellular conductance  and dilution potential in Ringer ' s  containing Na  salts of  
various anions a 

Anion Paracellular conduc tance  (mS cm -2) n Dilution potential (mV) Anionic t ranspor t  
number  

- t h e o  + theo A - t h e o  + theo  - theo + th eo  

CI- 43 -+ 3 57 -+ 5 14 + 1 b (11) - 8 . 4  -+ 1.2 -1 .1  -+ 0.2 0.15 0.42 c 
Br-  34 -+ 4 40 -+ 5 6 -+ I b ( 4 )  - 7 . 5  _+ 0.5 - 0 . 7  -+ 0.1 0.18 0.42 c 
I- 37 -+ 4 38 +- 5 0 + 1 ( 5 )  - 7 . 7  -+ 0.4 - 7 . 6  -+ 0.5 0.17 0.17 
NO3 39 -+ 2 45 -+ 2 5 -+ 1 b ( 8 )  - 4 . 7  -+ 0.4 - 3 . 9  -+ 0.4 0.28 0.31 
SO~ 42 -+ 3 44 -+ 3 3 -+ 1 ( 6 )  - 6 . 2  -+ 0.3 -6 .1  -+ 0.3 0.31 0.32 
Glucona te -  37 -+ 2 40 -+ 3 3 -+ I ( 5 )  - 8 . 3  -+ 0.4 - 8 . 2  +- 0.4 0.15 0.15 

a The paracellular conduc tance  was derived from the measured  transepithelial resis tance as indicated in the text.  The  dilution poten- 
tials were corrected for the change in liquid junct ion potential across  the 3M KC1 agar bridges. The  t ranspor t  n u m b e r  of  the tight 
junc t ions  for the various anions was calculated from the dilution potential using Hende r son ' s  equation.  Only Na*,  K + and CI or the 
subst i tut ing anion were taken into account .  Including HCO3 (with a transport  number  equal to that in the Ringer 's)  in the calculat ions 
did not  change the selectivity sequence  under  either control or cAMP conditions. The ionic mobilities needed for the calculations were 
taken from Robinson and Stokes [35], and for gluconate (Ugl . . . . .  t e  = 2.88 x 10 -4 cm 2 sec -~ V -I) f rom Zuidema,  Dekker  and Siegenbeek 
van Heuke lom [37]. 8-Br-cAMP (1 raM) instead of theophylline was used in the iodide exper iments .  
b Significantly different from 0 at P < 0.01. 

Significantly different f rom control at P < 0.01. 

2% of the control value (n = 7) and the dilution 
potential to 22 -+ 1% (n = 7). Cytochalasin D (and in 
earlier experiments cytochalasin B (10/xg/ml)) also 
abolished current-induced transport number ef- 
fects. 

However, whereas cAMP acts instantaneously 
(< I min), the time required to attain a maximal ef- 
fect of cytochalasin D was 10 to 30 min. Further- 
more, the action of cytochalasin D appeared to be 
irreversible. 

In contrast with the effect of increasing intracel- 
lular cAMP (see Table 3), the effect of cytochalasin 
D in NaGluconate Ringer's was a reduction of the 
transepithelial resistance to 73 -+ 2% (n = 6) and of 
the dilution potential to 22 -+ 1% (n = 7). This indi- 
cates that cytochalasin D induces a more general 
increase in permeability than cAMP. 

IV. Discussion 

The present paper reports the results of our studies 
on the localization of the cAMP-induced C1 con- 
ductance in goldfish intestinal epithelium. 

First we will discuss the interpretation of the 
change in transepithelial conductance due to cAMP 
under isotonic and hypotonic conditions. Secondly, 
we will consider the effects evoked by transepithe- 
lial direct current flow and the influence of cAMP 
on these effects. Finally, we will address the selec- 
tivity of the cAMP-induced conductance, the possi- 
ble underlying mechanisms and the physiological 

Table 4. Effect of  1 mM theophyll ine on serosa  to mucosa  
36Cl-(Jcl.~,n) and 14C-mannitol ( J  . . . .  itoLsm) fluxes a 

Control Theophyll ine (1 m s )  P 

J c l ,  sm 3.0 --+ 0.5 8.6 +--1.5 <0.01 
Jm~nnitot,,~ 0.36 -+ 0.10 0.37 +- 0.07 NS 

Values (in /zmol cm 2 hr-~) represent  the mean  -+ SEM of 10 
exper iments .  Leas t  squares  analysis  of  the data showed no cor- 
relation between C1- and manni tol  fluxes (R = 0.14). 

significance of the modulation of tight junction per- 
meability. 

A .  T H E  c A M P - I N D U C E D  C O N D U C T A N C E  IS 

L O C A T E D  IN SERIES W I T H  T H E  L A T E R A L  SPACES 

The lateral spaces can be excluded as a site of 
action of cAMP, because the resistance of the lat- 
eral spaces under control conditions is too small to 
account for the observed decrease in transepithelial 
resistance [4]. A simple calculation based upon 
morphological and electrophysiological data shows 
that, provided that the diameter of the lateral spaces 
is larger than 0.05/xm, the resistance of the lateral 
spaces is maximal 25% of the tight junction resis- 
tance [3]. Experimental evidence for a negligible 
contribution of the lateral spaces to the paracellular 
resistance is provided by the observation that m ~ s 
direct current, which will distend the lateral spaces, 
does not lead to a decrease in Rm~. (see section 
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III.B). Also, the cAMP-induced increase in conduc- 
tance in combination with the loss of cation selec- 
tivity [4] is incompatible with an effect of cAMP on 
lateral space width. 

As the increased Rms in isotonic low NaC1 Ring- 
er's as compared to normal Ringer's matches the 
value expected from the increased resistivity of the 
low NaC1 Ringer's, one may assume that the lateral 
space resistance remains negligible in the low NaC1 
Ringer's, which is used in the experiments de- 
scribed in section III.A. 

The hypothesis that cAMP acts on the tight 
junctions could have been rejected straight away if 
the observed increase in transepithelial conduc- 
tance due to cAMP had been comparable under 
isotonic and hypotonic conditions. Although the 
observation that hypotonicity attenuates the cAMP- 
induced increase in transepithelial conductance is in 
favor of this hypothesis, a definitive validation of 
the hypothesis also depends on the assumption that 
the cAMP effect per  se is comparable under iso- 
tonic and hypotonic conditions. Unfortunately, we 
cannot exclude that hypotonicity prematurely 
opens the conductive pathway, which is normally 
activated by cAMP. Studying dilution potentials in 
isotonic and hypotonic Ringer's would not give a 
clue, because the increase in lateral space resis- 
tance will in itself reduce the transepithelial cation 
selectivity [7, 21]. However, the linear relation be- 
tween transepithelial resistance and increasing hy- 
potonicity [18] does not suggest a sudden anoma- 
lous conductance increase. 

Moreover, an enclosure of special cells by the 
epithelial cells or effects of cable-like properties of 
the lateral spaces adjacent to these presumed spe- 
cial cells may add uncertainty to the conclusions. 

B. TRANSPORT NUMBER EFFECTS IN GOLDFISH 
INTESTINE ARE SUPPRESSED BY c A M P  

In leaky epithelia, the paracellular pathway con- 
ducts the greater part of transepithelial current. 
Therefore, the lateral spaces will be subject to 
transport number effects. The effects of direct cur- 
rent passage through a leaky epithelium with cation- 
selective tight junctions are well described for Nec-  
turus gallbladder [14] and frog gallbladder [8]. The 
changes in transepithelial eo caused by s --~ m cur- 
rent in these epithelia showed three distinct tran- 
sients: the first transient with a half time in the 
range of milliseconds is related to the electrical ca- 
pacity of the epithelium (due to the slow time scale 
not visible in Figs. 1 and 2), the second transient, 
with a half time in the range of seconds to minutes is 
the polarization potential due to the transport num- 

ber effect. The polarization potential reflects re- 
spectively the accumulation and depletion of salt on 
the mucosal and lateral space sides of the tight junc- 
tions. The depletion of salt in the lateral spaces is 
the driving force for water movement from the lat- 
eral spaces. The movement of fluid from the lateral 
spaces will lead to a collapse and increase in resis- 
tance of the lateral spaces, which causes the third 
transient in transepithelial PP. 

Indeed, it has been shown with morphological 
techniques [8, 14] that the resistance increase is as- 
sociated with a collapse of the lateral spaces. Re- 
cently, electrophysiological evidence has been pre- 
sented that in Necturus  gallbladder during s ~ m 
current the resistance of the lateral spaces increases 
depending on the density and the duration of the 
current [26]. 

NaC1 dilution potentials show that the tight 
junctions in goldfish intestinal epithelium are cation 
selective [4]. As expected, s --> m direct current 
flow through goldfish intestine led to an increase in 
transepithelial resistance. The polarization poten- 
tial is reflected by the difference between the calcu- 
lated IR drop and the observed change in 'trms (see 
Fig. 1). 

After replacing Na + by NMG +, the direction of 
the current had to be reversed (m ~ s) to induce a 
resistance increase. This is in agreement with the 
observation that the transport number of NMG + is 
smaller in the tight junctions than in free solution, 
which in fact means that the tight junctions are an- 
ion selective in NMGC1 Ringer's. Bindslev et al. [8] 
showed that the effect of current on transepithelial 
PD and resistance are reversed after La 3+ treatment, 
which renders the junctions anion selective. In 
goldfish intestine, La 3+ has nonspecific and irre- 
versible effects (e.g., decrease in GEP) suggesting 
that La 3+ is toxic to this tissue. 

Serosa to mucosa current flow across an epithe- 
lium with cation-selective tight junctions will lead to 
salt deprivation and subsequent collapse of the lat- 
eral spaces. In goldfish intestine, the correlation of 
the GEP and Rms during s --> m current demon- 
strates that the increase in Rms is indeed caused by a 
collapse of the lateral spaces. The smaller relative 
increase in GEP as compared to the relative in- 
crease in resistance (shown in Table 2) might be 
explained by the fact that a collapsed lateral space 
should be considered as a distributed resistance. 
The glucose-induced current, therefore, returns 
through this distributed resistance, with an equiva- 
lent value considerably smaller than the increase in 
resistance determined from transepithelial current 
pulses. 

It should be noted that in contrast to rat and 
hamster intestine, where glucose can alter tight 
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junction permeability [30], in goldfish intestine glu- 
cose does not alter Rms [l] or mannitol fluxes (see 
section IV.D). 

Our results show that in goldfish intestine, 
transport number effects are absent when intracel- 
lular cAMP is increased by forskolin. In the pres- 
ence of forskolin, even a current of 350/xA does not 
induce transport number effects, indicating that in 
the tight junctions the transport number for C1- has 
increased considerably. This is in agreement with 
the observed reduction in NaC1 dilution potential 
due to 8-Br-cAMP [4], from which an increase in 
transport number for C1 from 0.12 to 0.46 can be 
derived. 

C. SPECIFICITY OF THE cAMP-INDUCED TIGHT 
JUNCTION CONDUCTANCE 

We have used theophylline as a drug to increase the 
cellular cAMP concentration. Theophylline may in- 
crease both cAMP and cGMP, but because 8-Br- 
cGMP has no effect on transepithelial resistance or 
C1 fluxes [17], we can assign the effect of theoph- 
ylline to cAMP. The effect of cAMP on exclusively 
the transport numbers for C1- and Br-, combined 
with the increase in both unidirectional C1- fluxes 
[4] and the lack of an effect on Na + [4] and mannitol 
fluxes demonstrate .that cAMP specifically in- 
creases the tight junction conductance for the small 
anions C1 and Br . 

D. POSSIBLE MECHANISM OF REGULATION 
OF TIGHT JUNCTION PERMEABILITY 

In 1980, Bentzel et al. [6] suggested regulation of 
tight junction permeability by the cytoskeleton. The 
authors reported effects of plant cytokinins and two 
other cytoskeleton-active drugs cytochalasin B and 
phalloidin on tight junction ion permeability and 
structure in Necturus gallbladder. Duffey et al. [I0] 
reported similar effects due to cAMP, and sug- 
gested that cytosolic cAMP may act on cytoskeletal 
elements to regulate tight junction permeability. 

This hypothesis is corroborated by the finding 
that exposure of many cell types to cAMP results in 
an alteration of the actin component of the cytoskel- 
eton [29]. 

Our experiments with goldfish intestine show 
that the effect of cAMP is more specific than the 
effect of cytochalasin. Although, like cAMP, cyto- 
chalasin D increases transepithelial conductance, 
reduces NaC1 dilution potentials and abolishes 
transport number effects, these effects show a 
much slower onset, are not reversible and are not 
specific for C1 . A direct comparison between the 

effect of cAMP and cytochalasin in other intestinal 
epithelia is not available. Recently, Madara, Baren- 
burg and Carlson [27] have reported effects of cyto- 
chalasin D on tight junction structure and function 
in the guinea pig ileum. They observed an increase 
in transepithelial conductance and serosa to mucosa 
Na + and mannitol fluxes concomitant with a de- 
crease in cation selectivity. They do not present 
data on C1- fluxes. However, the increase in trans- 
epithelial conductance in conjunction with the de- 
crease in cation selectivity requires an increase in 
C1- conductance, which is even larger than the in- 
crease in Na + conductance. If it is assumed that 
cytochalasin D has no effect on the C1- conduc- 
tance of the apical membrane, then it must be con- 
cluded that the paracellular C1- conductance is in- 
creased, suggesting that goldfish and guinea pig 
enterocytes react to cytochalasin D in a similar 
way. 

Recent work of Pappenheimer, Reiss and Ma- 
dara [28, 30, 31] has drawn attention to cytoskele- 
ton-mediated regulation of the tight junction perme- 
ability for charged and uncharged solutes by 
activation of Na+-substrate cotransport. 

This mechanism could be responsible for the 
self-activation of absorption of sugars and amino 
acids through the paracellular pathway by solvent 
drag in rat and hamster intestine. However, mea- 
surements in both perfused isolated segments (simi- 
lar to the technique used by Pappenheimer) and 
stripped sheets of goldfish intestine show no effect 
of Na+-substrate cotransport on transepithelial re- 
sistance [1, 2] and mannitol fluxes (unpublished ob- 
servations). Although Pappenheimer [30] suggests 
that insufficient oxygenation might be the reason 
that changes in transepithelial resistance due to 
Na+-substrate cotransport have not been observed 
earlier, insufficient oxygenation in our preparation 
is highly unlikely, since the preparation remained 
viable (as judged from the GEP) for periods up to 6 
hr, and the experiments were performed at room 
temperature (assuring a 1.3-fold higher O2 content 
of the perfusate). The comparison between fish and 
rat or hamster intestine shows that modulation of 
tight junction permeability by activation of Na +- 
substrate cotransport is not a intrinsic property of 
the cotransport system. This suggests that a sec- 
ondary mechanism, probably mediated by intracel- 
lular messengers, is involved in this effect in the 
two rodents, which is not present in the goldfish. As 
far as we know, no ultrastructural studies of the 
effect of cAMP or other intracellular messengers 
have been made in mammalian or fish intestine. 
Such studies may give further information about the 
mechanism by which the enterocytes regulate the 
permeability properties of the tight junctions and 
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about the role of the cytoskeleton in this regulation. 
Because the tight junctions constitute part of the 
main diffusional pathway between the lumen and 
the interstitial space, the regulation of the proper- 
ties of this barrier is important for the modulation of 
transepithelial salt and water transport and paracel- 
lular solvent drag. 
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