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Carbonic anhydrase is known to play a major role in red blood cells where it assists 
in moving carbon dioxide from the tissues into the blood and from the blood into the 
expired air 1, 2, a. It is also believed to play a role in the mechanism of hydrochloric acid 
production by the stomach 4,s,6, hydrogen ion production 7,8,9 and also ammonium ~°, 
sodium~, ~2 and potassium ~a ion excretion in the kidney, and in bicarbonate formation 
by the pancreas u. ~5. 

The cortex of brain and kidney contains carbonic anhydrase 16, iv and also maintains 
concentration gradients and exchanges of both sodium and potassium between the cells 
and the surrounding fluid in the intact animaP 8,~9,2°, 2~ and in tissue slices 22, 23. The 
experiments described below were undertaken to test whether carbonic anhydrase in 
brain and kidney is connected with the transport of ions. Similar experiments have been 
carried out independently by MUD(;E 24, 25. 

A preliminary account of this work was presented at the 2nd International Congress 
of Biochemistry in I(~5 226. 

EXPERIMENTAL 

Meterial and procedure. Guinea pigs were stunned, bled from the carotids and the 
brain or kidneys removed immediately. The cortex of these organs was dry sliced by the 
method of DEU'rSCH 2v and incubated in bicarbonate saline ~ at 37 ° as previously de- 
scribed29, a°,aL Either Io mM-L-glutamate or Io mM-a-oxoglutarate was present in the 
salines as substrate for brain and kidney slices respectively in order to maintain steady- 
state ionic concentration gradients in the slices 22, 29. The tissue was transferred to saline 
containing 2~Na or 42K after a pre-incubation of 4 ° min when the rate of exchange of 
sodium and potassium in the tissue was measured 22, 23, a~. 

p-Toluenesulphonamide 32, was used as an inhibitor in all experiments; benzothia- 
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zole-2-sulphonamide and 2 - ace ty l amino - I : 3 :4 - t h i ad i a z o l e -5 - su lphona mide  33 were also 
used in p re l imina ry  exper iments  wi th  brain.  

Ra tes  of resp i ra t ion  were measured  in W a r b u r g  manomete r s  in the  usual  way  and  
the  carbonic  anhydrase  a c t i v i t y  of the  slices was measured  by  the me thod  of KREBS 
AND R O U G H T O N  34. 

METHODS 

The concent ra t ions  of the  sodium and  po tass ium in samples  of t issue and med ium 
were measured  b y  a flame pho tome te r  and  the  rad ioac t iv i t i es  in a l iquid counter  by  the 
methods  prev ious ly  descr ibed 29, 30, 31. 

RES ULTS  

Net movements o/ sodium and potassium. Pre l iminary  exper iments  showed tha t ,  as 
in the  case of i so la ted  gastr ic  mucosa  35 and frog-skin a6, high concent ra t ions  of carbonic  
a n h y d r a s e  inhibi tors  were requi red  to  inhib i t  ion t r anspor t .  Table  I shows tha t  the  
normal  loss of po ta s s ium from bra in  cor tex  slices in the  first five minu tes  of incuba t ion  
was unaffected by  p- to luenesu lphonamide ,  bu t  t ha t  the  subsequent  po tass ium up t ake  
was prevented .  Similar  resul ts  were ob ta ined  wi th  benzoth iazole-2-su lphonamide  and  
2 -ace ty lamino-1 :3 :4 - th i ad iazo le -5 - su lphonamide .  I t  is technica l ly  easier  to  measure  
sodium movements  in k idney  cor tex  slices which do not  swell as much as bra in  slices in 
sal ine solut ions  37. 

TABLE I 

EFFECT OF p-TOLUENESULPHONAMIDE ON THE POTASSIUM CONTENT 
OF GUINEA-PIG BRAIN CORTEX SLICES 

(Slices of tissue, ca. o.i g, incubated in 2.0 rnl of bicarbonate saline; pH 7.4; 38°; 0.02 M-glucose: 
o/ 02.) IO m M - g l u t a m a t e ;  g a s s e d  w i t h  5 % COg a n d  95 /o 

A mount o[ potassium in tissue (t*moles/g tissue) 
Period o[ incubation 

(rain) Control With 13 mM 
p-toluenesulphonamide 

o l o I  lOI 

5 53 5 I 
12 64 49 
22 66 4 2 
3 ° 79 4 ° 
4 ° 98 39 

Table  I I  shows t h a t  p - to luenesu lphonamide  caused bo th  a loss of po tass ium and a 
gain of sodium b y  this  t issue. Both  these changes are down concent ra t ion  gradients .  

Steady-state exchanges o~ sodium and potassium. The whole of the  in t race l lu la r  pot-  
ass ium of bra in  and k idney  cor tex  slices was found to exchange un i formly  at  3 8o 22, 23, 31 
a l though at  lower t empe ra tu r e s  it  exchanges  wi th  at  least  two ra tes  25, 31. The s t eady - s t a t e  
exchange ra te  a t  3 80 (~moles/g t issue/min) of the  po tass ium of bra in  cor tex  slices was 
lower in the  presence of p - to luenesu lphonamide  than  in control  slices wi thou t  the  inhib-  
i tor  (Table I I I ) .  However ,  when the  resul ts  are expressed as ~moles / Ioo  / ,moles in the  
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T A B L E  I I  

EFFECT OF p-TOLUENESULPHONAMIDE ON THE SODIUM AND POTASSIUM CONTENTS 
OF GUINEA-PIG KIDNEY CORTEX SLICES 

(Slices of t i ssue  (o. 1-o.2 g) i ncuba t ed  in 2.o nil of b i ca rbona te  sal ine;  p H  7-4; 37 °; con ta in ing  lO m M -  
a - o x o g l u t a r a t e  and  gassed wi th  5 % CO2 and 95 o//o 02.) 

Period o/ Concentration o/ A mounts o/cations in tissue (ttmoles'g tissue) 
incubation p-toluenesulphonamide 

(rain) in medium be/ore 
incubation (raM) Na+ l f  + Na+ ~ K+ 

o 

35 
4 ° 
50 

35 ] 
4 ° 
5 ° . J  
5 ° 

62.6 75-7 138-3 
91.8 71.3 163.I 

o 88.1 71.2 159. 3 
87.6 71.8 159. 4 

1o 3 58.6 161.6 
17 1Ol 52.4 153. 4 

89.o 64.7 153.7 
99-9 58-1 158.o 

* I n h i b i t o r  a d d e d  a f t e r  35 rain incuba t ion .  

T A B L E  I I I  

STEADY-STATE EXCHANGES OF POTASSIUM IN GUINEA-PIG BRAIN CORTEX SLICES ON INCUBATION" 
i n  Uil~'O AT 380 WITH AND WITHOUT p-TOLUENESULPHONAMIDE 

(Slices of t issue, ca.  ioo  mg i n c u b a t e d  in 2.0 ml of b i c a rbona t e  sal ine;  p H  7.4; con ta in ing  20 raM-  
glucose and  io  m M - L - g l u t a m a t e  and gassed wi th  5 % CO2 and 95 ~o 02- After  a p r e l i m i na ry  4 ° rain 
per iod of i n c u b a t i o n  the  slices were placed in a s imi la r  sal ine con t a in ing  42K for up  to  6 min.  T h e  

t u r n o v e r  ra te  of K + was  ca lcu la t ed  accord ing  to KREBS et al.22.) 

Concentration of p-toluenesulphonamide (raM) 

o io 

Content o / K +  Exchange rate Turn(over rate Content o / K +  Exchange rate Turnover rate 
(Itmoles/g (Itmoles/g Itmoles/ (ltmoles~g (l*moles/g (t~moles/ 

tissue) tissue~rain) ioo Itmoles/min) tissue) tissue~rain) ioo Izmoles/min) 

99 5-3 5.4 61 3-4 5.6 
lO3 5.4 5 .2 7 ° 4 .1 5-9 

96 6.3 6.6 69 3.9 5.7 
- -  -- 61 3.6 5.9 

Average  ioo  5.7 5.7 65 3.8 5.8 

tissue/min there is no significant difference between the rates, Similarly the steady-state 
exchange rate of the potassium in kidney cortex slices was reduced by the inhibitor whilst 
the turnover rate was unchanged. The turnover rate of sodium was also unchanged by 
the inhibitor. Furthermore, since there was only a slight increase in the sodium content 
the exchange rate for this ion was only slightly higher in the presence of the inhibitor 
(Table IV). 

Oxygen uptake. The oxygen uptakes of brain and kidney slices were inhibited 40-5 ° % 
by 17 mM-p-toluenesulphonamide. A similar effect has been found with toad kidney 
slices 35. 

Carbonic anhydrase activity. The brain and kidney tissues were found to contain 
the normal quantities of carbonic anhydrasO 6,17 before and after incubation but no 
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residual activity was detectable in tissue slices which had been incubated in the presence 
of the inhibitors. Since there is less of this enzyme in brain than in kidney this result 
means that the enzyme in brain was inhibited at least 99 % and in kidney at least 99-9 %. 

T A B L E  IX" 

STEADY-STATE EXCHANGES OF SODIUM AND POTASSIUM IN GUINEA-PIG KIDNEY CORTEX SLICES 
ON INCUBATION i n  YitYo AT 37 ° WITH AND WITHOUT p-TOLUENESULPHONAMIDE 

(Slices of t issue,  ca. 200 mg, i n c u b a t e d  in 2.0 nil  of b i c a rbona t e  sal ine;  p H  7.4; con t a in ing  Io m M -  
a - o x o g l u t a r a t e  and  gassed w i t h  5 % CO2 and 95 % Oz. After  a p r e l i m i n a r y  4o rain per iod of i n c u b a t i o n  
the  slices were p laced  in  a s imi la r  sal ine con ta in ing  e i the r  24Na+ or *2K+ for up to  6 min  and  the  
u p t a k e  of r a d i o a c t i v i t y  measured .  The t u r n o v e r - r a t e  of K +, ca lcu la t ed  accord ing  to  KREBS et al.2~; 
the  t u r n o v e r - r a t e  of Na  +, af ter  a l lowance  for the  r a p i d l y  exchang ing  " e x t r a c e l l u l a r "  fract ion,  was  

measu red  accord ing  to ~VHITTAM AND DAVIESal.) 

Concentration o! p-toluenesulphonamide (mM) 

o 17 

Cation Na + K+ Na + K+ 

Conten t  
(/*moles/g/tissue) 99.5 76.3 I o6 57.9 

E x c h a n g e  ra te  
(/~moles " i n t r a c e l l u l a r "  

ca t ion /g  t issue/rain)  3.9 12. i 4. i 9.8 

T u r n o v e r  r a t e  
(#moles / loo /~moles /min)  16.2 15. 9 I6.2 16.9 

DISCUSSION 

The lowering of the concentration gradients in brain and kidney slices would be 
expected if carbonic anhydrase inhibitors interfere with the transport mechanisms which 
move sodium and potassium ~. Previous failures to observe these effects may be ascribed 
to the use of lower concentrations of inhibitor 24, 39 which did not affect the rate of 
respiration. 

The effects of this inhibitor on the exchanges of these ions are also similar to the 
effects of anoxia, low temperature and 2 : 4-dinitrophenol on kidney slices ~5, 31 in that the 
turnover rates, or rate constants, of the "intracellular" sodium and potassium (~moles 
of ion excanging/Ioo ~moles present/min) are independent of the concentration of the 
ions in the tissue. This means that the exchange rates (/~moles of ion exchanging/g tissue/ 
min) are lower for potassium but higher for sodium. Thus in all these cases the turnover 
rates of these ions, in contrast to their concentrations, remain unaffected by the exper- 
imental conditions. This result is not entirely unexpected since kinetic and thermo- 
dynamic data show that  some of these steady-state ion exchanges cannot be the result 
of an active transport and a passive leakage 4°; exchanges of the same ion and of different 
ions may be energetically coupled. 

Although the inhibitory effects of p-toluenesulphonamide on net movements of 
sodium and potassium, and on the carbonic anhydrase activity in brain and kidney 
cortex slices are similar to those already described for other tissues 1 16, this fact does 
not prove that the action of the inhibitor is a consequence of its action on carbonic anhy- 
drase. It  may be significant that  when ion transport is inhibited by carbonic anhydrase 
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i n h i b i t o r s  t i s s u e  r e s p i r a t i o n  is a lso  i n h i b i t e d  aS. T h i s  w o u l d  be  e x p e c t e d  if  t h e  c a r b o n i c  

a n h y d r a s e  is r e q u i r e d  to  m a i n t a i n  t he  a c i d / b a s e  b a l a n c e  of t h e  t i s sue  as. H o w e v e r ,  t h e  

ef fec ts  on  ion  t r a n s p o r t  m a y  n o t  be  r e l a t e d  d i r e c t l y  to  t h e  d e c r e a s e  in a c t i v i t y  of c a r -  

b o n i c  a n h y d r a s e  b u t  m a y  r a t h e r  be  a c o n s e q u e n c e  of t h e  i n h i b i t i o n  of r e s p i r a t i o n  b y  

a non- spec i f i c  a c t i o n  of t h e  i n h i b i t o r .  A l t h o u g h  t h e  r e s p i r a t i o n  of s o m e  t o a d  t i s s u e  w a s  

u n a f f e c t e d  b y  t h e  i n h i b i t o r  aS, FUHRM~N a6 h a s  s h o w n  t h a t  c o n c e n t r a t i o n s  of p - t o l u e n e -  

s u l p h o n a m i d e  w h i c h  d e p r e s s  t h e  r e s p i r a t i o n  of f rog (Ranc~ temporaria) a b d o m i n a l  sk in  

a lso i n h i b i t  a c t i v e  s o d i u m  t r a n s p o r t .  S ince  n o  c a r b o n i c  a n h y d r a s e  a c t i v i t y  c o u l d  be 

d e m o n s t r a t e d  in t h e  f rog sk in  i t  s e e m s  t h a t ,  in  t h i s  case  a t  l eas t ,  t h e  effects  m u s t  be  due  

to  r e a c t i o n s  o t h e r  t h a n  t h o s e  c a t a l y s e d  b y  c a r b o n i c  a n h y d r a s e .  

T h u s  t h e  e v i d e n c e  t h a t  c a r b o n i c  a n h y d r a s e  is i n v o l v e d  in  ion t r a n s p o r t  in  b r a i n  a n d  

k i d n e y  is p r e s u m p t i v e  on ly ,  a n d  c a n n o t  be  p r o v e d  so le ly  b y  e x p e r i m e n t s  on  t h e  effect  

of i n h i b i t o r s ,  w h i c h  m a y  n o t  be  c o m p l e t e l y  specific.  T h e  s a m e  c o n s i d e r a t i o n  also a p p l i e s  

to  t he  ef fec ts  of c a r b o n i c  a n h y d r a s e  i n h i b i t o r s  on ion t r a n s p o r t  in o t h e r  t i s sues .  

SUMMARY 

I. When guinea-pig brain and kidney cortex slices were incubated in the presence of the carbonic 
anhydrase inhibitor, p-toluenesulphonamide, the steady-state tissue concentration of sodium was 
increased and tha t  of potassium was decreased. 

2. Although no residual carbonic anhydrase activity could be detected in the presence of the 
inhibitor and the oxygen uptake was reduced, the steady-state turnover  rates (or rate constants) 
of sodium and potassium remained constant.  However, the exchange rates (/~moles/g/min) were 
increased for sodium and decreased for potassium. 

3. These results are in accordance with, bu t  do not prove, the assumption tha t  carbonic an- 
hydrase plays a role in ion t ranspor t  in brain and kidney cortex. 

Ri~SUMI:; 

I. Lorsque des coupes de cerveau et de rein de cobaye sont incub6es en presence de p-tolu~ne- 
sulfonamide, inhibiteur de l 'anhydrase carbonique, la concentration ~t l '6quilibre du sodium des tissus 
augmente et celle du potassium diminue. 

2. Quoiqu'aucune activit~ rtSsiduelle de l 'anhydrase carbonique ne puisse 6tre d6tect6e en 
pr6sence de l ' inhibiteur et que la consommation d'oxyg~ne soit r6duite, les vitesses /t l '6quilibre 
(ou les constantes de vitesse) de renouvellement du sodium ou du potassium restent  constantes. 
Cependant, la vitesse des 6ehanges (/,moles/g/min) augmente dans le cas du sodium et diminue dans 
le cas du potassium. 

3-Ces r~sultats, qui ne const i tuent  pas une preuve, sont en accord avec l 'hypoth~se scion 
laquelle l 'anhydrase carbonique joue un r61e dans le t ranspor t  des ions dans le cerveau et dans le 
cortex reinal. 

ZUSAMMENFASSUNG 

I. Bei Inkubat ion  von Meerschweinchengehirnschnitten und Nierenrindenschnit ten in Gegen- 
wart  von dem carboanhydrasehemmenden p-Toluensulphonamid, konnte  man im Gleichgewichts- 
zustande eine erh6hte Natr iumkonzentra t ion der Gewebe beobachten, w~thrend die Kaliumkonzen- 
t ra t ion abnahm. 

2. Obgleich keine restliche Carboanhydraset'Xtigkeit in Gegenwart des hemmenden Faktors 
entdeckt  werden konnte und die Sauerstoffaufnahme niedrig war, bleiben die fiir den Gleichgewichts- 
zustand giiltigen Umsetzungsgeschwindigkeiten (oder Geschwindigkeitskonstanten) yon Natrium und 
KMium unver/indert.  Die Austauschgeschwindigkeiten (/~Mol/g/Min) erh6hten sich jedoch ffir 
Natr ium und sanken fiir Kalium. 

3. Diese Ergebnisse st immen mit  der Annahme /iberein, ohne jedoch dieselbe zu beweisen, dass 
Carboanhydrase im Ionentransport  des Gehirns und der Niere eine Rolle spielt. 

Re/ere~ces p. 4.39. 
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