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SUMMARY 

Na ÷ was ac t ive ly  t r anspo r t ed  from the mucosal  (secretory) to the  serosal  
(nutr i t ient)  side of the  i sola ted  frog gastr ic  mucosa  at  an 02 tension of 3oo m m  
Hg in the  ba th ing  solutions.  At  a high (7oo m m  Hg) and two lower (15o and  4 ° m m  
Hg) 02 tensions no act ive t r anspo r t  of Na  ÷ was observed.  

Al though no elut ion of L-lactate  into the  ba th ing  solut ions was detec ted ,  the  
appearance  of two impedance  loci at  02 tensions  of 3oo m m  Hg or lower was inter-  
p re ted  as evidence t ha t  the  frog gastr ic  mucosa  was in a somewhat  hypoxic  condi t ion  
when ac t ive ly  t r anspor t ing  Na  +. This  expe r imen ta l  f inding m a y  be of impor t ance  
with  regard  to the  eva lua t ion  of ac t ive  t r anspo r t  of Na  ÷ in the  i sola ted  m a m m a l i a n  
gastr ic  mucosa,  which was earl ier  found to have a considerable  p roduc t ion  of L- 
lac ta te ,  ind ica t ing  t issue hypoxia .  

Act ive  t r anspo r t  of Na + in the  hypoxic  gas t r ic  nmcosa  is suggested to be due 
to an a symmet r i c  d i s t r ibu t ion  of the  Na  ÷ pump,  common to most  cell membranes ,  
in the  acid-secret ing cells. 

INTRODUCTION 

I t  has been es tabl i shed  t ha t  there  are two sys tems  for ac t ive  t r a n s p o r t  of ions 
in the  i sola ted  amph ib i an  gas t r ic  mucosa,  one for C1- (refs. 1,2) and  one for H + 
(ref. 3). T ranspor t  of posi t ive  ions o ther  t han  H ÷ has been thought  to depend,  
essent ial ly ,  upon  passive diffusion. 

In  mammals  the  s i tua t ion  has been repor ted  to be different.  Several  au thors  4-7 
have  d e m o n s t r a t e d  t ha t  ac t ive  t r anspor t  of Na  + from the  mucosal  (secretory) to 
the  serosal side takes  place in the  s tomach  wall  and  mucosa  isola ted  from different  
m a m m a l i a n  species. The Na  + t r anspor t  con t r ibu tes  to the  electrogenic proper t ies  
of the  mucosa  in the  same d i rec t ion  as the  ne t  t r anspo r t  of C1- (refs. 5, 6). 

This  difference in t r anspor t  has been suggested to be a species difference ~,8. 
I t  should be noted,  however,  t ha t  it  is difficult to ob ta in  sa t i s fac to ry  oxygena t ion  
in exper iments  wi th  isola ted m a m m a l i a n  t issues.  DAVENPORT AND JENSEN CHAVRE 9 
found t ha t  t hey  had  to raise the  02 tens ion to a value  as high as 3200 m m  Hg in 
order  to minimize  lac ta te  product ion  and obta in  m a x i m a l  H + secret ion in the  isola ted 
mouse s tomach.  Thus i t  would not  seem improbab le  t ha t  in previous  exper iments  
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on Na + t ranspor t  nmcosae and  stomach walls isolated fronl mammals  have been 
in a somewhat  hypoxic state. 

As a consequence of this it was considered of interest  to s tudy  the Na* t ranspor t  
in the isolated frog gastric mucosa at different low oxygen tensions. A pre l iminary 
report  of some of the results has been reported elsewere 1°. 

M E T H O D S  

Frogs of the species Rana te,@oraria were kept in a t ank  conta in ing tap 
water at a tempera ture  of 6 IO °. Each animal  was given approximat ive ly  125 mg 
of liver once or twice a week by manual  force-feeding. No food was supplied dur ing 
two days preceeding an experiment.  

The t ime for isolation and moun t ing  of the nmcosa as a membrane  between 
two perspex chambers as a rule did not  exceed 6 rain. The nmcosal area was 1.8 cm 2. 
There was 2o tnl of solution on each side which was changed 3 4 ti lnes during a 
2o-min period before the experiments  were started. The serosal side solution had 
the following composit ion:  81.0 mM NaC1, 3.2 mM KC1, 1.8 mM CaC12, o.S mM 
MgSO4, o.8 mM KH2PO~, I7.8 mM NaHCOa, 3.0 mM sodium bu ty ra te  and  2.o mM 
glucose. On the mucosal side a silnilar ~1 but  tmbuffered solution was used. His tamine  
dihydrochloride was added on the serosal side to a concentra t ion of o.6 [zM at the 
beginning of an experiment.  At the same t ime cont inuous infusion of h is tamine 
at a rate which gave the same amoun t  of h is tamine  in one h was started. Both 
colnpar tments  were gassed with 5 % CO., plus different concentrat ions of O,, from 
95 % down to 5 %, the rest being N2. All experiments  were performed at 2o ~ o . I .  

The rate of H ~- secretion was measured cont inuously  12, the pH on the mucosal 
side being kept constant  at 4.7o by infusion of a recorded volume of a 15 mM NaOH 
solution. The equil ibr ium open circuit electric potent ia l  difference was measured 
every IO min via two matched calomel electrodes. Short-circuit  current  was applied 
to the mucosa from an external  source via two Ag-AgC1 electrodes, separated from 
the circulating solutions by two thick cellophane membranes.  No correction was 
made for the potent ia l  drop between the calomel electrodes and the surfaces of the 
mucosa during short-circuiting. The d.c. resistance was determined from the 
equi l ibr ium change of the open circuit potent ia l  when a fixed current  (3o /~A/cm 2) 
was passed through the mucosa in the same direction as the short-circuit  current .  
In  some experiments,  a.c. impedance measurements  according to a modified method 
described by I;I.EMSTR6M H were performed. The phase angle and the impedance 
in the frequency range 2o Hz-5o kHz were determined by a vector impedance metre 
(Hewlet t -Packard 48oo A) and recorded on an X-Y recorder, hnpedance  locus 
diagrams were drawn from the recordings. 

In  experiments  with radioactive tracers, IOO #C of 24Na was added to the 
solution on the mucosal or the serosal side and 2o #C of 22Na on the other, o.5 ml 
of sample was taken from each side every 6o min for analysis in a gammaspect rometer  
of good s tabi l i ty  1~. 24Na was counted immedia te ly  in a high energy channel  present.  
22Na was counted after two weeks when the 24Na ac t iv i ty  had become negligibly 
small. For the lowest count ing rate the error of a single radioact ivi tv  de terminat ion  
was -p: 4-35 o . 

L-lactate was analysed enzymat ical ly  14. The reagents were obta ined from 
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Boeringer and Soehne, GmbH, Ingelheim, Germany. The method permit ted deter- 
ruination of L-lactate down to a concentration of 50 #M. The coefficient of variat ion 
was ~ 1.2 % at I raM. 

R E S U L T S  

Stability conditions in a control material 
ALONSO et al. ~5 showed that  short- and medium-chain fa t ty  acids s t imulated 

H + secretion by the isolated gastric mucosa of the bullfrog (Rana catesbeiana). 
FLEMSTROM H demonstrated that  acetate, propionate and L-lactate in the presence 
of histamine increased the H + secretion in the frog (Rana temporaria) gastric mucosa 
in vitro. Butyrate  has been used by HEINZ AND LINDENSTRUTH (personal communi- 
cation) to obtain good long-term stabi l i ty  of H + secretion. 

T A t 3 L E  I 

H + SECRETION AND SHORT-CIRCUIT CURRENT DURING THREE CONSI~CUTIVE HOURS AT THE SAME 
0 .  2 TENSION OF 7OO m m  H g  

T h e  n a e a n  v a l u e s  d u r i n g  t h e  l a s t  3 ° r a i n  i n  e a c h  h o u r  ± S .D .  a r e  g i v e n .  T h e  n o r m a l i z e d  f i g u r e s  
w e r e  o b t a i n e d  b y  d i v i s i o n  o f  t h e  r e s u l t s  o f  e a c h  e x p e r i m e n t a l  h o u r  b y  t h e  m e a n  r e s u l t s  fo r  t h e  
t h r e e  c o n s e c u t i v e  h o u r s  in  t h e  s a m e  e x p e r i m e n t ,  n = 9. 

3leasured Normalized 

H "  s e c r e t i o n  I s t  h 3 .o8  ~ i . o o  i . o i  ~ 0 .05  
( u e q u i v / h  p e r  c m  2) 2 n d  h 3 .12 ~ o .96  1.o2 ~ o . o i  

3 r d  h 3.Ol ~ o .99  o .98  4 o .o  4 

S h o r t - c i r c u i t  c u r r e n t  i s t  h 1.98 ± o .39  1.o9 ~ o .13  
( u e q u i v / h  p e r  cn l  2) 2 n d  h r . 7 6  ± o .41 o .97  ± o .15  

3 r d  h 1.72 ± o .33  o .95  _-- o .o8  

In tile present s tudy the solution of the serosal side contained glucose, 
butvra te  and histamine. Table I shows the mean values for H + secretion and short- 
circuit current during three consecutive hours at the same high 02 tension (700 mm 
Hg). The coe~cient  of variat ion was large. This was not due, however, to variat ion 
within each experiment but  to differences between the individual mucosae, as 
can be seen from the normalized values. I t  is thus evident that  the H + secretion 
rate and electric properties within each experiment were at a satisfactory s teady 
state. The stabi l i ty  conditions were the same for the d.c. resistance and the electric 
potential  difference. The differences between the individual mucosae made it advan- 
tageous to use each experiment as its own control, which was possible with the 
good stabi l i ty  conditions shown. 

Na ~ transport at different O~ tensions 
The unidirectional fluxes of Na + were studied when the transmucosal electric 

potential  was reduced to zero. The experiments were performed during three 
consecutive hours. During the first and third hour the 0 2 tension was 700 mm Hg. 
These hours were used as controls. During the second hours the O~ tension was reduced 
to different levels. The first samples for flux studies were taken io  rain after the 
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addi t ion  of t racers  (e2Na and 2~Na). Dur ing  the  exper iments  wi th  t racers  the  short-  
c ircui t  cur rent  was not  d i sconnec ted  for po ten t ia l  and  resis tance measurement .  

The resul ts  are given in Table  I I .  At  an 02 tension of 3oo m m  Hg the flux 
from the mucosal  to the  serosal side was s ignif icant ly  grea ter  (o.oi  > P > o.o2) 
than  the  flux in the  opposi te  direct ion.  At  an 02 tension of 7oo m m  Hg there  was 
no significant difference between the  two unid i rec t ional  fluxes. Nor  was there  any 
difference when the  O2 tension was reduced  to 15o or 4 ° m m  Hg. The net  Na  + flux 
at  3oo n lm Hg was, on the  average,  2o % of the  shor t -c i rcui t  cur rent  in the  same 
exper iments .  The  Na  + fluxes at  an 02 tension of 7oo m m  Hg were not  s ignif icant ly 
different  if t hey  were measured  before or af ter  a per iod at  an O2 tension lower than  
7oo m m  Hg. These values  are therefore  combined  in the  table.  In  three  exper iments  
significant differences between the unid i rec t ional  Na  + fluxes were not  found during 
two consecut ive hours  at  an 02 tension of 7oo m m  Hg. 

T A B L E  I I  

N a  + FLUXES AT DIFFERENT O 2 TENSIONS (pO2) IN THE BATHING SOLUTIONS 

T h e  f l ux  r a t i o  is c a l c u l a t e d  as  t h e  r a t i o  b e t w e e n  t h e  f l ux  f r o m  t h e  m u c o s a l  (m) t o  t h e  s e r o s a l  
(s) s ide  a n d  t h a t  in  t h e  o p p o s i t e  d i r e c t i o n  in  e a c h  e x p e r i m e n t .  

pO 2 N a  ~ f l u x  ( i tequiv/h per  cm 2 ± S .E . )  f l u x  ratio 
(ram Hg) " ~ .";.h:. 

I;~1 - +  S S ~ -  I~1 ~ e t  .t:tlt .r 

H I - ~  S 

700 0.38 ± 0.03 o .3 I  ~: 0.02 0.06 ± 0.03 1.2I ± 0.09 24 
300 o .6 I  ± o.o8 0.29 ~ 0.04 0.32 ± 0.07 2.32 ~ 0.24 6 
i5o  o.32 ± 0.05 0.30 ± 0.04 0.02 ± 0.03 I.O 7 :: o . l o  5 

4 ° o.28 o.23 o.o 5 1.2o 2 

The flux ra t io  equat ion  of TEORELL 16 and U s s l x o  I7 is often used for differen- 
t i a t ion  be tween act ive t r anspor t  and  passive diffusion of ions. In the  absence of elec- 
t rochemical  po ten t ia l  g rad ien ts  and  a bulk  flow of water  the  ra t io  will be I.OO for 
an ion t ha t  moves  by  passive diffusion alone. The equat ion  was or iginal ly  der ived  
for ion fluxes in an uncharged  membrane .  Biological  membranes  such as the  gastr ic  
mucosa  m a y  have  fixed charges. As po in ted  out  by  TEORELL (see ref. 18, pp. 32o 
and 346), the  flux ra tes  will change with  the  charge of the  membrane .  The flux 
ra t io ,  however,  will be independen t  of this  factor.  

Dur ing  the shor t -c i rcui t ing  procedure  in this  s t u d y  no correct ion was made  
for the  electric po ten t ia l  drop  between the calomel electrodes and  the surfaces of 
the  mucosa.  Fo r  this  reason, when the electrode po ten t ia l  was reduced to zero the  
t r ansmucosa l  po ten t ia l  was not  comple te ly  reduced to zero. This was preferable  
to an a t t e m p t e d  complete  reduct ion  of the  t r ansnmcosa l  po ten t ia l  wi th  the a id  
of an es t ima ted  value  of the  va ry ing  mucosal  d.c. resistance,  as a possible short-  
c ircui t  overshoot  would have  induced a passive ne t  flux of Na  + from the mucosal  
to the  serosal side. I t  can be ca lcu la ted  from the flux ra t io  equat ion  t ha t  the  ma x ima l  
error  so induced  would  have given a ra t io  io  % to low. 

The flux ra t io  a t  an 02 tension of 3oo m m  Hg was 2.32, however.  This is thus  
in te rp re ted  as an ind ica t ion  of ac t ive  t r anspo r t  of Na  + from the  mucosal  to the  
serosal side of the  i sola ted  frog gastr ic  nmcosa  at  this  O., tension. 
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H + secretion and electric parameters at di~erents 0 2 tensions 
The Oz tensions  were va r ied  in the  same w a y  as dur ing  the  Na + flux exper iments .  

The resul ts  are given in Table  I I I .  
At  an O2 tension of 3oo m m  Hg the H+ secret ion was smal ler  t han  in the  

preceding control  hour  ( P <  o.oi) .  No significant changes occurred in the  shor t -  
c ircui t  current ,  the  d.c. res is tance or the  electric po ten t ia l  difference. The H + 
secret ion in the  second control  hour,  af ter  exposure  to an O 2 tension of 3 o o m m  
Hg, was smal ler  than  in the  first control  hour  (P < o.oi) .  There  were no signif icant  
changes in shor t -c i rcui t  current ,  d. c. resis tance or electric po ten t ia l  difference be tween 
the  first and  second control  hours.  

"I 'ABLI~ 1I [ 

t ~  + S E C R E T I O N ,  S H O R T - C I R C U I T  C U R R E N T ,  D . C .  R E S I S T A N C E  A N D  E L E C T R I C  P O T E N T I A L  D I F F E R E N C E  

I N  E X P E R I M E N T S  P E R F O R M E D  D U R I N G  T H R E E  C O N S E C U T I V E  H O U R S  

T h e  ()~ t e n s i o n  in  t h e  f i r s t  a n d  t h e  t h i r d  h o u r  w a s  a h v a y s  700  m m  H g  a n d  t h a t  in  t h e  s e c o n d  
h o u r  w a s  300 ,  15o o r  4 ° n ln l  H g .  T h e  m e a n  v a l u e s  d u r i n g  t h e  l a s t  3 ° m i n  of  e a c h  h o u r  -L S .E .  
a r e  g i v e n .  

pO,,. H+ secretion Short-circuit D.c. resistance Electric 
current potential 

difference 
( r am Hg) (l~equiv/h per cm 2) (t, equiv/h per cm ~) (ohm. c m  2) (mV) 

7o0  2 .98  ~ o .22  2.18 ~ o .13  365 ~z 21 24 .2  ± 1. 7 
3oo  2 .42 - 0 .22  2 .17  ± 0 .56  4 l o  ~= 56 27-2 :]2 1.5 
700  2.61 j= 0 .24  1.97 i o . t i  404  ~ 24 24. 4 ~ 1. 4 

7 ° 0  2 .78  ~2 o -4 I  1.95 ~_ o .14  442  i 45 23 .9  32 I-4 
15o 1.19 ~ o .25  1.48 ± o-17  57 ° ~ 64 22 .7  -E 2.2 
700  2 .o  4 ± 0 .40  2 .00  ± o .16  378  ± 20 24. 3 ~ 2 .0  

700  3 .46  ~_ 0 .35  2 .o i  ± 0 .20  371 ± 38 22. 7 ~ 2. 7 
4 ° 0 .27  ± O. t l  0 .42  i o .  I I  724  ± 59 IO. t  ± 1.8 

7 oo 1.9 ° -c 0 .39  1.78 ± o . I  5 481 ± 82 24 .8  ± t .8  

17 

I2 

At an 02 tension of 15o m m  Hg the H + secret ion and  the  shor t -c i rcui t  cur ren t  
were smal ler  t han  dur ing  the  preceding control  hour  (P < o .o i  for both) .  There  was 
an increase in the  d.c. res is tance (P < o.oi)  bu t  no significant change of the  electr ic  
po ten t ia l  difference. The H + secret ion was lower (P < o.oi)  in the  second than  
in the first control  hour. The shor t -c i rcui t  current ,  the  d.c. resis tance and  the electr ic  
po ten t i a l  difference did  not  change signif icantly.  

At  an 02 tension of 4 ° m m  Hg the H + secret ion rate,  the  shor t -c i rcui t  cur ren t  
and  the electric po ten t ia l  difference decreased and the  d.c. res is tance increased 
when compared  with  the  preceding control  hour  (P < o .o i  for all). In  the  second 
control  hour  the  H + secret ion ra te  was lower (P < o.oi)  and  the d .c . res is tance 
higher  (o.oi  < P < o.o2) than  in the  first. There  was no signif icant  change in the  
shor t -c i rcui t  cur rent  or the  electr ic  po ten t i a l  difference. 

P rov ided  t ha t  the  shor t -c i rcui t  cur rent  is equal  to the  ne t  t r anspor t  of CI-  
mimes the  secret ion of H+ ions (CI- > H+) a p ropor t iona l  reduc t ion  of bo th  ionic 
t r anspo r t s  would  resul t  in a concomi tan t  decrease of the  shor t -c i rcui t  current .  
The decrease of bo th  H + secret ion and shor t -c i rcui t  cur rent  found at  02 tensions  
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of 15o and 4 ° mm Hg may thus indicate that there is a mutual relationship between 
the active conlponent of C1- flux and the H + secretion in the frog gastric mucosa 
when the nmcosa is made increasingly anoxic, as suggested by FORTE 19. 

At an O2 tension of 3oo mm Hg, however, the short-circuit current remained 
unchanged although the H + secretion decreased. This could indicate the contribution 
of the active transport of some other ion to the short-circuit current at this 0.2 
tension and would thus reflect the observed active transport of Na + from the mucosal 
to the serosal side at this O 2 tension. 

A transmucosal pH difference has been shou~n to decrease somewhat the rate 
of secretion of H + ions in experiments with the isolated frog mucosa, probably due 
to diffusional escape of H + along the chemical potential gradient n. No influence 
of a pH difference upon the short-circuit current was, however, found H. As the trans- 
nmcosal differences in the experiments reported here and also by FORTE 19 were 
held constant in all experiments, they may be considered to be of no importance 
for the occurence of a reduction in the rate of H + secretion in hypoxic conditions. 

In this study significant increases in d.c. resistance were found at Oe tensions 
of 15o and 4 ° mm Hg, thus indicating some degree of hypoxia in the mucosa. At 
an 02 tension of 300 mli1 Hg, however, the increase in the d.c. resistance was not 
significant. In order to obtain more complete information on the condition of the 
isolated gastric mucosa with different O2 tensions in the surrounding solutions, 
the L-lactate production was measured and the impedance properties determined. 

Determination of L-lactate production at different 02 tensions 
In the anoxic gastric mucosa (i.e. with no O~ in the bathing solutions) DVRBIN 2° 

found a rate of elution of lactate into the solutions of approximately 8o nvmloles/g 
per rain and 9O-lOO % of the lactate appeared on the serosal side. In the present 
experiments the L-lactate concentrations in the mucosal and the serosal solutions 
were determined after the end of experiments performed during I or 4 h at a constant 
02 tension. In the 4-tl experiments the volume of the solutions was 15 ml (otherwise 
20 ml was always used). An elution rate of L-lactate of I #mole/h into the serosal 
side solution (i.e. roughly corresponding to that found by DUI~BIN 2°) would have 
resulted in a final concentration of 260 ,uM after 4 h. No L-lactate was detected, 
however, in any of the experiments performed during I or 4 h at 02 tensions of 700, 
300, 15o or 4 ° nlm Hg. 

This does not exclude, however, the possibility of a considerable L-lactate 
production in the preparation at a low O 2 tension. Due to the difference in lengths 
of the diffusion pathways of 02 the inner parts or the gastric mucosa in vitro are 
probably less well oxygenated than the peripheral parts. L-lactate stimulates H+ 
secretion in the frog gastric nmcosa ~ and it is probable that L-lactate produced 
by the nmcosa can be metabolized locally. In the thicker nmmmalian stomach 
wall it might be expected that the hypoxic regions would be relatively larger, and 
thus L-lactate production more easily detected. 

Determination of the impedance properlies at different 02 lensions 
The reason for undertaking these determinations was that the impedance 

at a series of different frequencies (i.e. an impedance run) gives more complete 
information on the electric properties of the mucosa than the mere d.c. resistance 
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determination. Furthermore, it cannot be excluded that the d.c. resistance may 
depend upon the current density used, as shown earlier for charged membranes 
by TEORELL (see ref. 18, p. 339) although such a phenomenon was not evident from 
the present results. 

The O 2 tension was varied in the same manner as during the tracer experiments. 
Fig. I shows a typical experiment, where the O2 tensions during three consecutive 
hours were 7oo, 4 ° and 7oo mm Hg, respectively. As previously shown 21, the impedance 
run at an O 2 tension of 7oo mm Hg forms part of a semicircle and the nmcosa can 
be approximately represented by the equivalent circuit shown in Fig. 3A. 

At lower O~ tensions, however, the run formed parts of two semi-circles, 
indicating the appearance of two impedance loci, incompletely separated from each 
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Fig. i. I m p e d a n c e  runs  o b t a i n e d  in an e x p e r i m e n t  per formed dur ing  three  consecut ive  hours  
wi th  0 2 t ens ions  of 7oo, 4 ° and  7oo nlm Hg, respec t ive ly .  The t i m e  when each run was m a d e  
is g iven  in the  figure. 
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300 

200 "2 
, i 

!~300 
20 t 30 ~ 2 C  

~ ~  20 40 
100 . ~0~0~0 j 30 . ~ ' 4030 

,oo O ,o o O 

0 100 0 100 0 100 100 ( o h r n - c m 2 )  

Fig. 2. I m p e d a n c e  runs  o b t a i n e d  15 and  45 min  a f te r  change  of the  02 t ens ion  from 700 to 3o0 m m  
Hg  in two sepa ra te  e x p e r i m e n t s  (A and  B). I n  the  p reced ing  hours  a t  an Os t ens ion  of 700 m m  
I-Ig the  runs  had  the  form of a s ingle semicircle.  
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other.  The separa t ion  poin t  was at  a f requency in the range 5o - I6o  Hz. The radius  
of the  semicircles ob ta ined  at  low frequencies was grea ter  than  tha t  ob ta ined  at  
higher  frequencies. The impedance  run,  which was par t  of two semicircles at  an 
O2 tension of 40 mm Hg showed a t endency  to reverse to the  single semicircular  
form when an O 2 tension of 7oo nnn Hg was reestabl ished.  The occurrence of s inmlar  
complex impedance  loci is known from other  biological  mater ia l s  22 and from collodion 
membranes  2a. Dur ing  2 out  of 18 exper imenta l  hours at  an 0 2 tension of 7oo rain 
Hg not  preceded by  a low O,, tension the impedance  locus showed devia t ions  from 
the single semicircular  form and became complex.  This was also found dur ing 5 out  
of 6 exper iments  a t  an O,, tension of 3oo m m  Hg and in all exper iments  a t  0 2 tensions 
of I5o or 4 ° nnn Hg. In Fig. 2 impedance  d iagrams  from two exper iments  a t  an O 2 
tension of 3oo nnn Hg are shown. The changes in the form of the  in lpedance  run 
typ ica l  for the  lowest O., tensions a l r eady  at  an 02 tension of 3oo mm Hg seem 
to indicate  tha t  the  frog gastr ic  mucosa was in a somewhat  hypoxic  s ta te  when 
it ac t ive ly  t r anspor t ed  Na~. 

The "pola r iza t ion  c a p a c i t y "  of a t issue is to a grea t  ex ten t  due to the capac i ty  
of double  layer  membranes  but  " r e l axa t ion  processes" due to o ther  proper t ies  of 
the t issue are also of importance22,"L No definite conclusions can be drawn about  
the  cellular  locat ion of resis t ive and capac i t ive  e lements  in such a complex membrane  
as the  gas t r ic  nmcosa.  An increase in the  d.c. res is tance of a t issue under  anoxic 
condi t ions  is often in te rp re ted  as a decrease of the  ex t race l lu la r  space due to cellular 
swelling 2'~. 

An equiva lent  electric circuit  for the  case of a high O 2 tension 2' is shown 
in Fig. 3 A. Several  equiva len t  electric circuits  wi th  capaci t ive ,  resis t ive and induct ive  
componen t s  could represent  a p p r o x i m a t e l y  the  frog gastr ic  umcosa  at  low O 2 tension.  
A possible circuit ,  t ha t  has the  advan tage  of being simple,  is shown in Fig. 3B. 
Fo r  conlpar ison the  impedance  d iagrams  of the  two electric c ircui ts  in Figs. 3 A 
and  B are given in Figs.  4 A and B. The values of the  electr ic components  used are 
given in the  figures. As ('an be seen, two impedance  loci, incomple te ly  separa ted ,  
will resul t  if a smal l  res is tance is connected  in series wi th  pa r t  of the  capacity,.  
The change of the  inrpedance run when an O., tension of 300 mm Hg or less was 
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"" ) . ( /~-  ~ 

Fig. 3. Electric equivalent circuits as suggested for the frog gastric mucosa at a high tension 
(A) and at lower tensions (B). 
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used might be interpreted as the occurrence of a resistive element in series with 
a capacitive element and thus undetectable by d.c. resistance determination. One 
possible location of such a resistive element might be within the cell or in its mem- 
branes. The equivalent circuit in Fig. 3 B might explain why a change in the impedance 
diagram but no significant increase in d.c. resistance at an O 2 tension of 3oo mm 
Hg took place. 

Resistonce 
(ohm) A B 

k 

RI= I0~ 1o R 1 = IOQ 
;,00 R. z =210Q ~ -  2o R2 =400Q 

P = 3.3p.F 4 ~ o 4 o  R3= 50~ 
P'= 3t./F 
P"-- 3.3p.F 

300 I 

t00 
20 40 

200 50 60100 140 

140 

180 3/o025 o 180 
250 250 

lOO 
350 ~500 

750 500 2 5 ~  0 

I II I IIm Reoctance 
100 0 100 200 (ohm) 

Fig. 4. I m p e d a n c e  d i ag rams  for the  electr ic  e q u i v a l e n t  c i rcui ts  in Figs. 3A (A) and  3 B (B). The 
va lues  for the  electr ic  componen t s  are g iven  in the  figures. R 1 is the  mean  of the  h igh  f requency  
res i s tances  ob ta ined  in 6 e x p e r i m e n t s  a t  O 2 t ens ions  of 7oo (A) and  4 ° (B) m m  Hg. R 2 is the  
mean  of the  d.c. res i s tances  in the  same e x p e r i m e n t s  m i n u s  R 1. R a, P ,  P" and  P "  are no t  cal- 
cu la ted  from exper iments .  

Boundary phenomena at the interfaces between membranes and surrounding 
solutions will contribute to the total membrane capacity in the low frequency 
region necessary for such determinations in the frog gastric mucosa 26. For this reason, 
the capacity was not determined and the values of the electric components chosen 
in Figs. 4A and B need not represent the physiological ones. The principal appearance 
of the impedance runs will, however, be the same if other values for the same com- 
ponents are chosen. 

DISCUSSION 

Na + was found to be actively transported from the mucosal to the serosal 
side of 300 mm Hg in the bathing solutions. The short-circuit current remained 
unchanged although the H + secretion decreased when the 0 2 tension was reduced 
from 700 to 300 mm Hg which might be interpreted as a contribution of the active 
transport of Na + to the short-circuit current. 
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i n  agreement  wi th  HOe;BEN ~, no act ive t r anspo r t  of Na  + was found, at  an 0 2 
tens ion of 7oo m m  Hg. Nei ther  was such t r anspor t  observed at  the  lowest 02 tensions 
of I5o and 4 ° m m  Hg. 

Al though  no produc t ion  of L-lactate  was detec ted ,  impedance  de ternf ina t ions  
p rov ided  evidence t ha t  the  frog gas t r ic  mucosa  was in a somewhat  hypoxic  s ta te  
when ac t ive ly  t r anspor t ing  Na +. These exper imen ta l  findings might  be of impor tance  
in eva lua t ions  of exper iments  on the isola ted m a m m a l i a n  gastr ic  nmeosa  and 
s tomach ,  which have been found to produce large quant i t i es  of L-lactate ind ica t ing  
t issue hypoxia .  Accordingly ,  in the  m a m m a l i a n  gastr ic  mucosa  under  condi t ions  
in vivo no appreciable  ac t ive  t r anspor t  of Na + has been shown27, 2s. 

I t  is accepted  fa i r ly  genera l ly  t ha t  a (Na + + K+)-dependent  membrane  ATPase  
with  a p H  o p t i n m m  of about  7.4 par t i c ipa te s  in the  ou tward  t r anspor t  of Na + and 
the inward  t r anspo r t  of K + common to most  cell membranes  29. (Na + q -K+) -depen  - 
den t  ATPase  ac t i v i t y  has been demons t r a t ed  in the  ra t  a and the cat  3° gastr ic  mucosa.  
In  the  frog gastr ic  nmcosa  such ATPase  ac t i v i t y  has not  been founda~, 32. MOZSlK 
AND OrE aa, however,  p repared  (Na + + K+)-dependent  ATPase  in the h u m a n  gas t r ic  
mucosa  by  t r e a t m e n t  wi th  sodium iodide. In  un t r ea t ed  p repara t ions  the  ac t i v i t y  
of the  enzyme was p r o b a b l y  masked  by  o ther  ATP-hydro lyz ing  systems.  This  might  
also be the  case for the  frog gastr ic  mucosa,  in which an increase of the  mucosal  
content  of N a -  was observed when ouaba in  was admin i s t e red  on both  sides 34. 

KASBEKaR AND DURBIN m d e m o n s t r a t e d  an ATPase  with a p H  o p t i n m m  of 
8.3 and o ther  a c t i v i t y  charac ter i s t ics  in the  frog gastr ic  mucosa.  This  enzyme was 
s t i nmla t ed  bv  HCO a and hal ide  ions and was ouabain- insens i t ive ,  bu t  was inh ib i t ed  
by  SCN , which is a much s tud ied  inh ib i tor  of HC1 secretion.  I t  is not  i lnprobable  
t ha t  this  ATPase  is associa ted  with the  C1- t r anspor t  mechanisma'L 

No deta i led  knowledge abou t  the  p H  in the  cells l ining the gastr ic  lumen 
is avai lable .  Since one b ica rbona te  ion is del ivered to the serosal side of the  nmcosa  
for each H ~ ion appear ing  on the mucosal  side, it  can p robab ly  be assumed tha t  
there  is an in t race l lu lar  l ibera t ion  of base dur ing  H + secret ion (@ TEORELLa'~). The 
p H  in the aeid-se' , ' reting cells, long known to be acidophi l ic  cells, m a y  thus  be high. 

Assuming  tha t  the  mucosal  side of the  acid-secret ing cells is a specific HC1- 
secre tory  memhrane,  as has been suggested earl ier  a~ and for this  reason has no Na  ~ 
t r anspor t  mechanism,  the  following hypothes i s  for ac t ive  Na  + t r anspor t  from the 
mucosa[ to the  serosal side is proposed.  Under  condi t ions  of full oxygena t ion  the 
Na  + pump  is less effective due to an in t race l lu lar  p H  which is high and  well above  
the p H  o p t i m u m  of the  (Na + + K+)-sensi t ive ATPase.  When  the O2 tension is moder-  
a te ly  reduced  there  would be a smal l  reduc t ion  of in t race l lu lar  p H  thus  favour ing 
the ATPase  and s t imula t ing  the Na + pump  mechanism (hut inh ib i t ing  the  ac t ive  
t r anspo r t  of C1 ). On account  of an a symmet r i c  d i s t r ibu t ion  of the  Na-~ pump  
(i.e. presumed not  to be present  on the  mucosal  side of the  cells) th is  would resul t  
in act ive t r anspo r t  of N a -  ions from the mucosal  to the serosal side. When  the O2 
tension is fur ther  reduced,  both  N a -  and C1 t r anspor t  are inh ib i ted  together  with 
all o ther  aerobic  cell act ivi t ies .  

This hypothes i s  would be in good agreement  wi th  the results  ob ta ined  in this  
s t u d y  and the finding 6 tha t  ouaba in  depressed the electr ic po ten t ia l  difference more 
effect ively when added  on the  serosal than  on the mucosal  side of the  isola ted cat  
gast r ic  nmcosa.  
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