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Effect of Different Bathing  Media on the Short -Circui t  Current Across  the Intest ine of the Rat and 
Guinea-P ig  
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Summary. The  changes  in shor t - c i r cu i t  c u r r e n t  occur r ing  w h e n  one or b o t h  so lu t ions  b a t h i n g  t h e  i n t e s t i ne  of r a t  or 
gu inea-p ig  m o u n t e d  in f lux  c h a m b e r s  were recorded.  The  resu l t s  w i t h  t he  gu inea-p ig  can  be exp la ined  in t e r m s  of dif- 
fusion po t en t i a l s  a r i s ing  f rom t h e  ionic rep lacements ,  a n d  a n  e lect rogenic  sod ium p u m p ,  sens i t ive  to  ouaba in ,  in  t h e  
c o n t r a l u m i n a l  m e m b r a n e  of t h e  cell. I n  t he  ra t ,  t h e  s i t ua t i on  is more  compl ica ted ,  a n d  t he  e n t e r o c y t e  p r o b a b l y  possesses 
a n  e lect rogenic  sod ium p u m p  in t he  b r u s h - b o r d e r  m e m b r a n e .  

The  shor t - c i r cu i t  c u r r e n t  t e c h n i q u e  has  been  v e r y  
he lpfu l  in  t he  u n d e r s t a n d i n g  of s o d i u m - p u m p i n g  mech-  
an i sms  in t h e  in te s t ine  2. Il l  pr inciple,  f u r t h e r  i n fo rma-  
t i on  on  t he  n a t u r e  of sod ium p u m p s  could be  o b t a i n e d  
b y  rep lac ing  t he  ions b a t h i n g  one of t h e  faces of t he  t i ssue  
a n d  reg is te r ing  t he  s u b s e q u e n t  changes  in  shor t - c i r cu i t  
cu r ren t .  Obvious ly ,  if a p e r m e a b l e  ion is used as a re- 
p l acement ,  a diffusion p o t e n t i a l  will ar ise  f rom t he  move-  
m e n t  of th i s  ion across t he  t i ssue  and  will  be  opposed  b y  a 
di f fus ion p o t e n t i a l  of sodium.  B u t  judic ious  con t ro l  of 
t he  d i f fe ren t  cond i t ions  shou ld  p e r m i t  i n t e r p r e t a t i o n s  of 
such  d a t a  in  t e r m s  of ac t ive  a n d  pass ive  i luxes.  

Methods. Segmen t s  of r a t  or gu inea-p ig  i l eum were  
opened  long i tud ina l ly ,  r insed  a n d  m o u n t e d  b e t w e e n  2 
plexiglass  hemi - chamb er s ,  f i t t ed  w i t h  e lect rodes  to  record  
the  p o t e n t i a l  a n d  t h e  shor t - c i r cu i t  c u r r e n t  across t h e  
t issue 2. The  c h a m b e r s  were a t t a c h e d  to  t h e r m o s t a t i c a l l y  
cont ro l led  reservoirs ,  and  f luid was c i rcu la ted  b y  m e a n s  
of a gasl i f t  sys tem.  

Af te r  m o u n t i n g  t h e  chambers ,  b o t h  faces of t he  t i ssue  
were f i r s t  b a t h e d  w i t h  a g lucose-con ta in ing  Krebs  
b i c a r b o n a t e  buffer  (119 m M  NaC1; 4.7 m M  KC1; 2.5 m M  
CaC12; 1.2 m M  KH2PO4;  1.2 m M  MgSO4; 25 m M  
NaHCO2;  11.1 m M  glucose), gassed w i t h  9 5 % / 5 %  
O2/CO 2. W h e n  t h e  p o t e n t i a l  difference a n d  shor t - c i r cu i t  
c u r r e n t  h a d  s tabi l ized,  read ings  were t aken ,  t he  so lu t ion  
a t  one or b o t h  faces of t he  in t e s t ine  was changed ,  a n d  t he  
new p o t e n t i a l  difference a n d  t he  shor t - c i r cu i t  c u r r e n t  
were recorded.  

Results and discussion. The  resu l t s  are p re sen ted  in t h e  
F igure  for conven ience  in t he  fo rm of p e r c e n t a g e  changes  
occurr ing  a f t e r  c h a n g i n g  t he  b a t h i n g  media .  Since t he  
p r inc ipa l  i n t e r e s t  of t h i s  s t u d y  is of a q u a l i t a t i v e  a n d  
c o m p a r a t i v e  na tu re ,  t he  c o n t r i b u t i o n  of j u n c t i o n  po- 
t en t i a l s  2 to  t he  resu l t s  h a v e  been  ignored ;  th i s  is jus t i f ied  
b y  t h e  absence,  in m o s t  ins tances ,  of equa l  a n d  oppos i te  
effects w h e n  t he  same  change  is m a d e  on  oppos ing  sides 
of t he  t issue.  B o t h  r a t  a n d  guinea-p ig  t i ssues  genera te  a 
p o t e n t i a l  of 6-9  m V  (serosa posi t ive)  u n d e r  t h e  con t ro l  
condi t ions ,  r equ i r ing  cu r r en t s  of 100-140 ~zAmps for 
nul l i f icat ion.  The  t i ssue  res i s tance  (R) va r i ed  w i t h  t he  
d i f fe rent  condi t ions ,  b u t  no  obv ious  p a t t e r n  emerged ;  
t he  va lues  w h e n  sod ium was  r e m o v e d  f rom b o t h  sides of 
t he  t i ssue  are c lear ly  n o t  rel iable.  

Pass ive  f luxes of ca t ions  occur  w h e n  d i f fe ren t  so lu t ions  
b a t h e  each  face of t he  m e m b r a n e ,  g iv ing  rise to  di f fus ion 
po ten t ia l s .  I n  addi t ion ,  sod ium p u m p i n g  mechan i sms ,  
if e lec t rogenic  in  na tu r e ,  would  genera te  po ten t i a l s .  The  
resu l t s  w i t h  t he  gu inea-p ig  can  be  exp la ined  in t e r m s  of 
2 di f fus ion p o t e n t i a l s  t o g e t h e r  w i t h  a se rosa l ly -o r i en ta ted  
e lect rogenic  sod ium p u m p ,  specific for  t h i s  ca t ion  and  
sens i t ive  to  ouaba in .  I f  a m u c o s a l l y - o r i e n t a t e d  p u m p  
exists,  as p roposed  b y  o t h e r  workers  4, i t  m u s t  be  e lectro-  
n e u t r a l  a n d  p r o b a b l y  una f fec t ed  b y  ouaba in .  I t  m u s t  also 
be  a s s u m e d  t h a t  t h e  t i ssue  is r e l a t ive ly  i m p e r m e a b l e  to  

chol ine  a n d  t h a t  i t  is more  p e r m e a b l e  to  p o t a s s i u m  t h a n  
to  sodium,  a fac t  t h a t  has  cons iderab le  e x p e r i m e n t a l  
bas is  5. 

Thus ,  in  these  te rms,  r e p l a c e m e n t  of t he  serosal  m e d i u m  
w i t h  a p o t a s s i u m  so lu t ion  leads to  a r e d u c t i o n  in shor t -  
c i rcui t  cu r ren t ,  s ince t h e  di f fus ion of p o t a s s i u m  t o w a r d s  
t he  mucosa  is g rea t e r  t h a n  t h a t  of sod ium towards  t he  
serosa. W h e n  o u a b a i n  is also a d d e d  to  t h e  serosa, t he  
po l a r i t y  is reversed  since t h e  e lec t rogenic  sod ium p u m p  is 
now abol i shed  and  t he  p o t a s s i u m  f lux exceeds  t h a t  of 
sod ium ( the f lux  ra t io  be ing  a. 1.5:1).  W h e n  chol ine  
b a t h e s  t he  mucosa ,  a r educed  b u t  f in i te  p o t e n t i a l  remains ,  
p r e s u m a b l y  i n d i c a t i n g  t h a t  t he  m a j o r i t y  of t he  sod ium 
t h a t  en te r s  t h e  e n t e r o c y t e  is p u m p e d  p re fe ren t i a l l y  b a c k  
to t he  serosal  solut ion,  r a t h e r  t h a n  di f fus ing t owards  t h e  
mucosa .  Th i s  e x p l a n a t i o n  is conf i rmed  w h e n  o u a b a i n  is 
added  to  t he  serosal  m e d i u m :  t h e  sod ium can  t h e n  no 
longer  be  p u m p e d  back,  so i t  passes  t o w a r d s  t he  mucosa ,  
caus ing  a n  inve r s ion  of t he  polar i ty .  Since no  o the r  electro-  
genie m e c h a n i s m  is ac t ive  u n d e r  these  condi t ions ,  t he  
sod ium dif fus ion p o t e n t i a l  is t h u s  seen to  be  of approx i -  
m a t e l y  t h e  same m a g n i t u d e  as t he  res t ing  po ten t i a l .  

Two o t h e r  po in t s  emerge  f rom these  resul ts .  F i rs t ,  
o u a b a i n  inh ib i t s  f rom b o t h  sides, t h o u g h  i t  is more  
effect ive  in t he  serosal  solut ion,  as i t  ac ts  a t  t h e  ou te r  face 
of t h e  c o n t r a l u m i n a l  m e m b r a n e  of t he  en te rocy te ,  a n d  o n l y  
passes  s lowly across t h e  cell 2. I n  some o t h e r  species, i t  
has  a p p a r e n t l y  no  ac t ion  w h e n  added  to  t h e  mucosa l  
m e d i u m  6. Secondly,  r e p l a c e m e n t  of ch lor ide  b y  s u l p h a t e  
on ly  inf luences  t he  c u r r e n t  w h e n  t h e  serosal  so lu t ion  is 
concerned .  Th i s  p r e s u m a b l y  ind ica tes  t h a t  t h e  an ions  do 
n o t  genera te  n o t a b l e  di f fus ion p o t e n t i a l s  a n d  t h a t  ch lor ide  
m o v e m e n t s  on ly  a c t i v e l y  c o n t r i b u t e  to  se rosa l -mucosa l  
fluxes,  in accordance  w i t h  t h e  concep t  of a n  e l ec t roneu t r a l  
p u m p  conce rn ing  Na  + + C1- in  t h e  l u m i n a l  m e m b r a n e  4. 
Thus ,  in  c o n f i r m a t i o n  w i t h  ear l ier  obse rva t i ons  7, t h e  
mucosa l  m e m b r a n e  of t h e  gu inea-p ig  in t e s t ine  appea r s  to  
be  r e l a t ive ly  p e r m e a b l e  to  su lpha te .  Never the less ,  n o t  
too  m u c h  emphas i s  shou ld  be  la id  on  t h e  i n t e r p r e t a t i o n  
of e x p e r i m e n t s  w i t h  t he  s u l p h a t e  m e d i u m ,  s ince t h e  
c o n c o m i t a n t  r e d u c t i o n  in ca lc ium ion ac t iv i t i e s  m a y  
p rovoke  cons iderab le  changes  in  m e m b r a n e  p e r m e a b i l i t y  s. 

1 Present address : D6partement de Chirurgie Exphrimentale, H6pital 
Cantonal Universitaire, CH-1011 Lausanne, Switzerland. 
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)ed in  f lux  c h a m b e r s  w h e n  e i the r  serosal  or  mucosa l  (or both)  so lu t ions  
were  rep laced .  R e p l a c e m e n t  so lu t ions  were  chlor ide-f ree ,  s u l p h a t e - s u b s t i t u t e d  buf fe r  (S or  Sulph) ,  sodium-free ,  p o t a s s i u m - s u b s t i t u t e d  buf fe r  
(K) or sod ium-f ree ,  c h o l i n e - s u b s t i t u t e d  buf fe r  (Ch or  Chol). All m e d i a  c o n t a i n e d  0 .2% glucose.  In  the  lower  2 pane ls ,  1 m M  o u a b a i n  was  
a d d e d  e i the r  to t he  serosal  or  to t he  mucosa l  m e d i u m .  Resu l t s  a re  p r e s e n t e d  as p e r c e n t a g e  of con t ro l  va lue  fol lowing r e p l a c e m e n t  of the  solu- 
t ion,  a n d  fo l lowing s tab i l i za t ion .  W h e r e  a n  obv ious  sp ike  p o t e n t i a l  occur red ,  fol lowed b y  l a t e r  s t ab i l i za t ion  a t  a d i f ferent  va lue ,  th i s  is  p re-  
s e n t e d  in  the  f o r m  of a doub le  c o l u m n .  T h e  va lues  a r e  the  m e a n s  4~ SIgM of a t  leas t  5 a u i m a l s  in  e a c h  ease. The  va lves  of  R refer  to t he  
firtal t i ssue  e lec t r ica l  res i s tance ,  c a l cu l a t ed  s i m p i y  as  the  r a t i o  of the  p .d .  to  the  shor t -c i rcu i t  cu r r en t ,  t he  con t ro l  be ing  cons ide red  as u n i t y  I6. 
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Some impor t an t  differences were encountered be tween 
the  behaviour  of ra t  and guinea-pig i leum, and the  results 
cannot  easily be explained in t e rms  of the  model  applied 
to the  guinea-pig. Rep lacement  of the  serosal solution 
wi th  potass ium abolished the  short-circui t  current ,  
indicat ing t h a t  the  po tass ium diffusion po ten t ia l  is equal  
to the  sum of the  sodium diffusion po ten t ia l  and the  
potent ia l  of the  electrogenic sodium pump.  This could 
imply  t h a t  the  difference in the  permeabi l i t ies  of the  
tissue for the  two ions is greater  t h a n  in the  guinea-pig, 
or t h a t  t he  p u m p  is less act ive  in the  rat .  Nei ther  of these 
explanat ions  could account  for the  main tenance  of an 
a lmost  normal  current  when potass ium bathes  the  mucosal  
face. This  la t te r  resul t  suggests the  existence of a mucosal-  
ly-directed etectrogenic sodium pump,  as confirmed by  the  
large inversion of po la r i ty  when the  mucosal  face is 
ba thed  wi th  choline. Thus the  serosal ly-orientated elec- 
t rogenic p u m p  appears  to  be less ac t ive  in the  ra t  and 
there  probably  exists an electrogenic mucosal ly-or ienta ted  
sodium pump.  Finally,  the  reduct ion  when sulphate  is 
placed in the  serosal chamber  suggests the  par t ic ipa t ion  
of a chloride diffusion potent ial ,  in accordance wi th  the  
low permeabi l i ty  of the  ra t  in tes t ine  to su lphateL or 
possibly the  existence of an electrogenic chloride secretion 
mechanism in the  luminal  membrane ,  analogous to t h a t  
of the  j e j unum 9, which would be inh ib i t ed  when sulphate  
bathes  the  serosa. However ,  t he  o ther  observat ions  suggest 
t h a t  a cat ion ra ther  t h a n  an anion is ex t ruded  electro- 
genically across the  brush border .  

Ouabain  par t ia l ly  inhibi ts  the  serosal ly-orientated 
electrogenic pump in the  rat ,  a species known to be ra ther  
insensit ive to cardiac glycosides 10. Indeed,  the  fact  t h a t  
ouabain affects the  short-circui t  current  w i thou t  influen- 
cing Na+-dependent  amino-acid t ranspor t  n const i tu tes  evi-  
dence in favour  of the  existence of a second sodium pump,  
independent  of a ouabain-sensi t ive  ATPase,  as argued 
elsewhere n. 

W h e n  potass ium + ouabain  ba the  the  serosal face of 
the  tissue, there  is an impor t an t  inversion of polar i ty ,  
p robab ly  as a consequence of the  h igh  permeabi l i ty  to 
potassium, coupled wi th  a par t ia l  inhibi t ion of the  Na  +- 
K+-ATPase  pump.  Unexpectedly ,  there  is no increase 

in the  inversed polar i ty ,  as occurred in the  guinea-pig, 
when ouabain  is added to the  choline med ium in the  
serosal chamber .  

Final ly ,  there  is an enormous inversion of po la r i ty  
when  the  mucosa  is ba thed  wi th  choline and ouabain,  
and the  sodium is re ta ined at  the  serosa. This  in t r iguing 
result,  which was conf i rmed repeatedly,  often using 
paired tissues, signifies t h a t  under  cer ta in  conditions,  
ouabain interacts  d i rec t ly  wi th  the  luminal  face of the  
mucosa, ~hough not  by  inhibi t ing a Na+-K+-ATPase  - 
dependen t  ion f lux (since in this  case, the  inver ted  
potent ia l  would be decreased, no t  increased). One 
possibi l i ty  is t h a t  an electrogenic recap ture  of sodium ions 
is inhibited.  I t  is known t h a t  the  coup!ed en t ry  of sodium 
ions and amino-acids or  monosacchar ides  is an electro- 
genic process ~2, ta  and there  is some evidence,  in cer ta in  
species 1~, t h a t  energy result ing f rom the  act ion of Na+- 
K+-ATPase  migh t  be involved  in the  process. The  fact  
t h a t  there  is no analogous occurrence when potass ium + 
ouabain  ba the  the  mucosal  face is consis tent  wi th  this  
explanat ion,  since the  events  surmised would  p robab ly  be 
inhibi ted  by  potass iumtK On the  o ther  hand,  t he  effect  
of the  mucosal  ouabain  is so huge t h a t  a pure ly  physical  
explanat ion,  such as a change in the  pe rmeab i l i ty  charac- 
terist ics of the  junct ion  complexes,  mus t  be considered. 
Ev iden t ly ,  the  influence of ouabain on the  luminal  mem-  
brane of the  ra t  in tes t inal  mucosa  would  repay  fur ther  
s tudy.  

9 B. G. MUXCK, J. Physiol., Lond. 223, 699 (1972). 
10 K. REPKE, M. IEsT and H. J. PORTIUS, Biochem. Pharmac. 74, 

1785 (1965). 
~t j .  W. L. ROmNSOl% Pfl~igers Arch. ges. Physiol. 29.4, 182 (1967). 
12 R. C. ROSE and S. G. SCI~OLTZ, Biochim. biophys. Acta 211, 376 

(1970). 
18 j .  F. W}IITE and W. McD. ARMSTRO>TG, Am. J. Physiol. 221, 194 

(1971). 
1~ G. A. KIM~IC~, Biochim. biophys. Aeta 300, 31 (1973). 
x5 j .  BGSA~KOVA and R. N. CRA~E, Biochim. biopllys. #_eta 102, 423 

(1965). 
~6 We are grateful to Sefior J. Maehfn for the preparation of this 

figure. 

Capi l lary  L e n g t h s  and A r e a s ,  and In tercap i l l ary  D i s t a n c e s  in T i s s u e  N e a r  the  H u m a n  Knee  1 

J. R. CASLEY-SMITI-I, ~VL A. SIMS and J .  L. HARRIS 

Electron Microscope Unit, University o/Adelaide, Adelaide (South Australia), 7 7 August 1975. 

Summary. Quan t i t a t ive  stereological  electron microscopy has been used to inves t iga te  the  capi l lary lengths,  surface 
areas and in tercapi l lary  dis tances  in the  tissues around the  h u m a n  knee, the  synovia l  membrane ,  synovia l  capsule, 
fa t  and tendon.  The  vascuIar i ty  of these regions was m u c h  less t h a n  in o ther  areas of t he  body,  especial ly muscle.  

" The principles of s tereology ~-4 have  no t  ye t  been 
extensively  applied to describing the  quan t i t a t i ve  mor-  
phology of blood capiilaries. Such applicat ions are es- 
sential  if the  findings of physiology are to be  in tegra ted  
wi th  those of morphology  in order to comprehend,  at  t he  
fine s t ruc tura l  level, the  detai led funct ioning of the var ious 
capi i lary- types  and the  tissues t h e y  serve. 

A s ta r t  has been made  in this  direction. I t  has been 
shown 5 t h a t  the  lengths, widths  and depths  of the  close 
junct ions  in dog skeletal  muscle allow one t o  calculate  
the  capi l la ry  f i l t rat ion and diffusion coefficients wi th  
ve ry  good agreement  wi th  those found by  exper iment ;  the  

vesicular  numbers ,  etc., give good agreement  wi th  experi-  
men ta l  results, using a Brownian-mot ion  model.  W i t h  the  
fenest ra ted capillaries of the  ea t  j e j unum 6, i t  was found 
t h a t  the  f i l t ra t ion and diffusion coefficients so calculated 
were m a n y  orders of magn i tude  g rea t e r ' t han  those  found 
by  exper iment .  This  indicated t h a t  these capillaries 
correspond to the  tunnel-capil lar ies  of INTAGLIETTA and 
DE PLOMB v; the  cont inuous capillaries of the  muscle are 
tube-capil laries,  where the  permeabi l i ty  is control led by  
the  endothel ium.  I n  tunnel-capi l lar ies  the  endo the l ium 
has no influence on permeabi l i ty ,  except  for ceils and the  
largest  macromolecules :  i t  is the  in ters t i t ia l  connect ive  


