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SUM.MARY 

I. The in terac t ions  of K + and ouabain  oll k idney  ceil resp i ra t ion  and Na + 
ex t rus ion  were studied.  The influence of in t racel lu lar  Na  + on k idney  cell respi ra t ion  
was compared  with  i ts effect {}n K ~ t ranspor t .  

2. Omission of K ! from the medium in which k idney  slices are incuba ted  causes 
a reduct ion  in Na~ ext rus ion and respi ra t ion  COlnparable to  tha t  caused by  max ima l  
ouaba in  inhibi t ion.  

3- The effect of ouabain  in K ~-free medium on respirat ion,  Na ~ ext rus ion and 
t issue K + concent ra t ion  is g rea t ly  enhanced over  its effect in the  presence of K=. 
Na t ex t rus ion  is v i r t ua l ly  b locked;  t issue K ~ falls to  ex t rao rd ina r i ly  low concentra-  
tions. In  hams te r  k idneys  which are normal ly  insensi t ive to ouaba in  the  sens i t iv i ty  
to  low concen t ra t ions  of ouaba in  is increased in the  absence of K +. 

4- At  5 '~ the  omission of K + from the medium has a slight effect on respi ra t ion  
in slices of k idneys  of ground squirrels but  not  in those of hamsters .  The combined 
effects of K ~ removal  and  ouabain  on Na + ext rus ion at  5 ° are similar  to those at  38°. 

5. Slices of hamste r  k idney  loaded  with Na  + and  incuba ted  with Na ~ respire 
more rap id ly  at  5 than  slices leached of Na +- and incuba ted  in Na~-free medium.  

6. Na+qoaded  slices ill Na+-free mediuin  also have a high O 2 consumpt ion  
re la t ive  to slices wi th  no Na~, showing tha t  it  is in t racel lu lar  Na~ tha t  s t imula tes  
respira t ion.  Slices loaded with 30 lnM Na and incuba ted  in Na+-free lnedium at 
5 ° respi red  at  a ra te  midway  between tha t  of Na+-rich and Na~-deple ted  slices. This 
f inding is in accord with  the  fact t ha t  the  ra te  of K + t r anspor t  from slices loaded with 
3o mM Na  + is also hal f -maximal .  

7. The findings with regard  to K~, ouaba in  and Na ~ effects on respi ra t ion  and 
t r anspor t  are discussed in terms of four recent ly  suggested hypotheses .  I t  is concluded 
tha t  on the  basis of avai lable  evidence the  results  m a y  be best  expla ined by  the exis- 
tence of long diffusion p a t h w a y s  between the site of the ca t ion pump  and the external  
medium.  

8. I t  is fur ther  concluded tha t  while t issue respi ra t ion  is governed  p a r t l y  and 
specifically by  the ra te  of to ta l  Na~ t ranspor t ,  it  is difficult to ob ta in  a t ru ly  basal,  
non- t r anspor t  re la ted  metabol ism.  This m a y  also be because of the  existence of local 
pools  of ca t ion  in the v ic in i ty  of the  pump ac t iva t ion  sites. 
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INTRODUCTION 

Studies of the interaction of cation t ranspor t  and metabolism in renal cortical 
slices have shown tha t  (i) removal of Na + from the medium inhibits a fraction of 
cellular respiration and the uptake  of K + from the medium, and (ii) ouabain in the 
medium inhibits an equivalent fraction of respiration and also inhibits K + uptakO.  
These findings are consistent with the view tha t  cation t ranspor t  by  kidney cells 
stimulates their respiration, possibly by influencing the cellular concentrat ion of 
ADPL".  Curiously, however, the hypothesis  seems not  to have been further tested 
in this tissue by comparing the effects of removal of K + in the medium on metabolism 
and transport ,  as has been tried in other tissues. The question of the effect of K + in 
the medium is of particular interest with regard to kidney slices because of the 
observation that  only a par t  of Na + extrusion from kidney cells depends on K-~ in 
the medium a, ~. To what  then does respiratory regulation correspond: linked N a + - K  - 
t ranspor t  or total  Na + t ranspor t  ? 

With regard to the effect of Na + (point i above) it nlay also be noted tha t  
removal of Na"  from the medium does not  unequivocally demonstrate  an effect of 
intracellular Na + on the respiration of kidney cells. 

The initial purpose of the present s tudy therefore was to fill these two gaps in 
our information about the metabolic aspects of cation t ranspor t  in kidney slices: the 
effects of external K+ and the effects of intracellular Na +. In s tudying the additional 
influence of temperature  and cardiac glycosides on the pr imary effects of Na + and 
K+, results have been obtained which cast further light upon the nature of the 
K+-independent,  ouabain-insensitive fraction of Na + extrusion reported by WHITTEM- 
BURY a, KLEINZELLER AND KNOTKOVA 5 and WILLIS 4. 

METHODS 

The methods employed were the same as those described in the preceding 
paper s . The experimental animals were Syrian (golden) hamsters and thirteen-lined 
ground squirrels. Three incubation media were used: (a) "S tandard  Na + med ium":  
NaC1, 14o mM; CaC12, 3 mM; MgSOI, I. 5 mM; potassium phosphate buffer, 2.1 mM 
(providing a K * c o n c n .  of 3.7 mM); and glucose xo mM. (b) "Na+-free, choline 
med ium" :  Same as (a) except tha t  choline chloride was used to replace NaC1. (c) "Na  +- 
free, Tris med ium" :  Same as (a) except tha t  Tris buffered to pH 7.4 was used to 
replace NaC1. (d) "K+-free med ium" :  Same as (a) except tha t  sodium phosphate  re- 
placed potassium phosphate  buffer. 

There were three "leaching media",  one "Na+-rich '', the others "Na+-free ' '  
which were the same as (a), (b) and (c) respectively except tha t  they contained no 
glucose and were gassed with N 2. 

RESULTS 

The effecfs of K + 
Leached slices incubated at 38o 
The omission of K+ from medium in which slices of kidney cortex from ground 

squirrels were incubated caused a reduction in tissue respiration from 16.1 td O2/mg 
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T A B L E  l 

I';IrlrECT Of" I( ~ IN MEDIUM ON RESPIRATION, I(" UIYFAKF AND ~'a + EXTRUSION Of,- L;ROLINI) S~UIRREI~ 

I < I I ) N E Y  CORTEX 

Slices  were  l eached  for i z  rain at 38: in N a  4 m e d i u m  then  i n c u b a t e d  for I h in media  wi th  ()2 at 
3 s . Means  are s h o w n  w i t h  S .E.  for t h o s e  w i t h  6 o r  m o r e  cases .  N a  + v a l u e s  b a s e d  o n  l imited  
s a m p l e  o t  4 t o  6 pairs  of sl ices.  

('ln~([ilions A'znnber  (Qo,2 "l'iss/te 1£i collc~l. ] ' /ss l tc  ~ \ ' a  co;gcn. 

q[ sa~nph's (i,d O,,/'mg dry z~,t. (l~qltiv/,~, d G, z~'t.) (tu'qttiz,/,~, d O, ~,t.) 
M'r h) 

(a) I . e a c h e d  ~z r a in  in 
N a "  m e d i u m  ~() - 87 ! 5 58z  :': ~o 

{1)) I n c u b a t e d  i h in 
s t a n d a r d  N a  + m e d i u n l  25 I6 .  i :2  0. 3 205  :: 8 29() 

(c) l~iS-free m e d i u m  15 12.7  n: 0 ,3  55 8 _t5 o :~ 15 

t',dl i £ < f r e e  m e d i u m  

25 ti.M o u a b a i n  6 9.~ a. 0.3  34 --- 8 54 ° : : I  

(e) 1"21 - f r ee  m e d i u m  -]- 
625  # M  o u a b a i n  5 8.(3 

( f )  (e) a n d  (d)  c o m b i n e d  i ~  8. 9 : -  0. 3 - -  

dry wt. per h (Qo2) to 12. 7 (Table I). The tissue Na + concentration ill slices after 
leaching was 5SI t~equiv/g dry wt. and in those which were then incubated with K i 
this value fell to -o96 /~equiv/g dr 5' wt. while in K!-free medium it only fell to 45o 
/~equiv/g dry wt. (Table I). Thus, the tissue Na~ content and the Qo., of slices in- 
cubated in K ,-free medium were similar to those of slices incubated with an optinmlly 
effective concentration of :?5 /zl~l ouabain (439 ~- I4 and 11. 9 ~ 0. 4/xequiv/g dry  wt. 
respectively6). The tissue i( I concentration of slices in K Lfree medium fell during 
incubation (Table I). 

In kidney slices of hamsters the Qo,a in K,-free medium was 13.7 compared 
with that of x6. 7 in slices incubated with K : (Fig. 1). The difference, though statistical- 

x 8 
75 

o 
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0 I0 I00 I000 I0,000 

Ouoboin concenlralion { ~1M ) 

Fig. I .  Effect  of o u a b a i n  on  resp irat ion  of l d d n e y  c o r t e x  s l ices  of h a m s t e r s .  Sl ices  were  l eached  
i z rain in Na+-r ich  l e a c h i n g  m e d i u m  w i t h  i1o K+, no  O2, and  no g lucose .  T h e y  were  trans ferred  to  
Na+-r ich  m e d i a  e i ther  w i t h  4 m M  I(~ ( O )  or  w i t h o u t  If+ (O)  and  i n c u b a t e d  for I h w i t h  02  and  
g lucose  at  380 . 
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T A B L E  I I 

EFFECT OF OUABAIN ON TISSUE ~ a  + CONCENTRATION OF HAMSTER KIDNEY CORTEX INCUBATED IN 

t ( + - F R E E  MEDIUM AT 38  ° 

Slices  t r e a t e d  as  in  T a b l e  I. M e a n s  --  S.E.  a re  i n d i c a t e d .  

Proced~tre Nz tmber  

samples  

T i s sue  N a  ~ conch. (tLeqltiu/g dry z~4.) 
Oztabain . . . . . . . . . . . . . . . . . . . . . . . . . .  
conch. (! t3/)  : o 25 125 625 3125 

(a) L e a c h e d  17 

(b) I n c u b a t e d  I h 
in 1,7.+-free n l e d i a  6 - i  3 
N e t  e x t r u s i o n  
(a  - b )  

(c) L e a c h e d *  17 

(d) h a c u b a t e d *  I h in  
s t a n d a r d  m e d i u m  
w i t h  4 mM I(  + 6 - i  3 
N e t  e x t r u s i o n  
(c d) 

* S a m e  e x p e r i m e n t s  a re  r e p o r t e d  in  ref. 6. 

6 5 I  ~ ~9 

507 ~ 1I 534  ~ I3 529  ~ 14 565  ~ S ~ 9  ± I o  

I 4 4  I I  7 I22  86 32 

609  ± I4  

332 ± 6 3 2 9 - k  7 36O ± 6 438 2-- ~O 469 ± 16 

277 280 249 171 140 

ly significant (P < o.oz), is not  as great as tha t  caused by 625 or 3125 t,M ouabain 
which resulted in a Qo~ of 12.o and IO.5 respectively (Fig. z and ref. 6). As reported 
previously ~ omission of K+ from the medium causes a decrease in extrusion of Na + 
from hamster  kidney slices. In the present s tudy the loss of Na + from slices in medium 
containing K + was 277 t~equiv/g dry wt. and in K+-free medium it was I44 t~equiv/g 
dry wt. (Table II).  The latter figure corresponds to the Na + extrusion observed in 
slices incubated with 3x25 t~M ouabain in a K+-rich medium (I37 t~equiv/g dry  wt.). 
Thus, neither ouabain nor K+-free incubation acting alone reduces Na + extrusion 
by  more than half. 

The effect of ouabain in K+-free medium at 38° 
Since removal  of K+ appeared to be equivalent to full ouabain inhibition of 

Na t t ranspor t  and, in ground squirrels, of respiration, it was of interest to see whether 
the two effects would be additive. That  is, would ouabain cause any further effect in 
K+-free medium? Slices of kidney cortex of ground squirrel were, therefore, incubated 
in K ~-free medium at 38 ° with 25 ~M ouabain, and with the results tha t  the Qo.~ was 
reduced to a new low value of 9.x (Table I) while the t ranspor t  of Na~ was ahnost 
total ly blocked (Table I). The latter result had not previously been achieved at 3S ~ 
with any  concentrat ion of ouabain in media containing K+ (ref. 6). In addition, the 
tissue K: concentrat ion also fell below that  of the leached value to 34 t~equiv/g dry wt. 
In  no previous circumstances had such a profound further decrease occurred (i.e. 
under anaerobic incubation, ouabain inhibition in K + medium, or incubation in 
K+-free medium). 

Kidney slices of hamsters responded in a similar manner  to the combinat ion 
of ouabain and K+-free incubation. In  Fig. I the dose-response of the respiration of the 
slices to ouabain in K+-free medium is compared with tha t  of slices in medium with 
K + (same data  as in ref. 6). 
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Because the sensitivity of hamster tissue to ouabain is so low G, it was of interest 
to discover wtlether in the absence of K+ tile kidney cells would become more sensitive 
to low concentrations of the glycoside. In Fig. I it nlay be seen that the curves tend 
to converge slightly. If one sets tlle inhibition in 3125 /,M ouabain as mo°.o, then in 
medium with K +, 25 /~M ouabain causes an effect only 19°,o of tile total and the 
difference in respiration Ironl that of uninhibited slices is not significant statistically 
(P > o.o5). Further, in medium with K ~, I25 /,M ouabain causes 48°{; inhibition. 
By contrast in K+-free medium a concentration of only 25 /~M ouabain causes a 
reduction in respiration which is highly significant (P < o.oI) and represents 48°0 
of the total. Ttms, renloval of K ~ exerts not only an added effect to that of ouabain, 
but also causes a slight increase in tile relative sensitivity' to ouabain. 

As in the ground squirrel kidney, Na~ transport in kidney cortex of halnsters 
is almost entirely inhibited by high ouabain concentration in the absence of K ; 
the tissue Na + concentration of slices incubated in 3125 /~M ouabain (6I 9 ± IO 
/,equiv/g dry wt.) is not significantly different from the initial leached value (65I _~ 19 
/,equiv/g dry wt.). Also, as in ground squirrel, ouabain in tile K+-free nledium causes 
the tissue K + content to fall to tile unusually low value of 36/,equiv/g dry wt., a value 
never previously observed with any adverse set of conditions. 

UJdeached slices at 3 S~ 
The previous experiments showed that if Na'--loaded, K~--deficient slices were 

deprived of K~ in the nledium, thereby preventing K + uptake and part of Na- 
extrusion, the respiration of the slices remained unstimulated. This finding then 
raises the question of whether the metabolisnl of KT-rich slices with relatively low 
Na + content would be so affected by K+-free treatment. Interest in this question is 
enhanced by the consideration that the nletabolic effects of low K ~ in the earlier 
experiments nlay have been mininlized by the anaerobic leaching process which niight 
have tended to raise the cellular concentration of ADP, and therefore the rate of 
respiration toward a nlaxinmm. 

Slices of hanlster kidney were therefore made which were transferred directly 
(i.e. witllout leaching) to incubation flasks containing medium with and without K~ 
(Table llI).  The Qo~, of the four pairs of such slices in K~-free mediunl was found to 

T A B L E  I I I  

E F F E C T  O F  O M I S S I O N  O F  f ( I -  O N  QO2 O F  S L I C F S  O F  K I D N E Y  C O R T E X  O F  H A M S T E R  \ V I T H  H I G H  K + 
C O N T E N T  

Slices w e r e  t r a n s f e r r e d  d i r e c t l y  to  i11cubatioll f lasks  (i.e. w i t h o u t  l each ing)  a n d  w e r e  i n c u b a t e d  
I h a t  3 8 '  . 

K,rpt. Qo2 F i n a l  F i n a l  
No .  (l*l 02~rag dry  wt. per  h) t issue K co~cm * m e d i u m  l~ ~ concm 

(12equiv/g dry  wt.) (raM) 

4 m~lI 1,5~ o 4 m 3 I  1£ + o 4 m . l l  K + o 

285 18.8 18. 5 274 208 4.5 1.3 
286 10.2 18. 9 375 256 4.7 i .o  
287 tO. 4 17. 7 20o i88  4.6 1. 3 
288 16.9 17. 7 253 169 4.2 1.t 
M e a n  17- ~ 18.2 279 205 4.5 I.  2 

* C o n c e n t r a t i o n  of K + of t w o  slices in san le  ser ies :  331 t, e q u i v / g  d r y  wt .  
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be no different from that  of a like number  of slices incubated in medium with K ~ 
(Table I I I ) .  I t  was of interest to note tha t  while the loss of K + during incubation 
from the slices incubated without  K * was about  twice as great as tha t  of slices with 
K + in the medium, the final tissue concentra t ion (205 /zequiv/g dry wt.) was well 
above tha t  commonly  observed in leached slices (about 12o t*equiv/g dr3- wt.). This 
loss of K+ in the slices incubated in the initially "K+-free ' '  medium raised the con- 
centrat ion in the medium to 1.2 mM by the end of the experiment. 

Effect of A "+ at 5 ° 
Gromzd sqztirrels. When slices of kidney cortex from ground squirrel were 

incubated at 5 ° wi thout  K +, their Qo2 (0.7 • 0.04) was midway between that  of 
slices incubated with K + (0.8 ± 0.04) and tha t  of slices incubated with K + and 
ouabain (0.6 =L 0.04) and it was not  statistically different from either (Table IV). 

T A B L E  IV 

EFFECT OF K+-FREE INCUBATION ON RESPIRATION AND TISSUE N a  ÷ CONCENTRATION OF GROUND 
SQUIRREL KIDNEY SLICES AT 5 ° 

Slices w e r e  l e a c h e d  a t  3 8~ in N a  + w i t h  no  g lucose ,  t h e n  i n c u b a t e d  2 h a t  5 ~. M e a n s  --  S .E.  a r e  
i n d i c a t e d .  N u m b e r  of slices is 14 for  all  cases.  

Conditions 

K +in  mediz~m (4m3I):  + + o o 
Oztabain in medium (625 ~nM): o + o + 

Qo., (/,1 O 2 / m g  d r y  wt .  pe r  h) 
T i s sue  N a  + c o n c n . *  ( /~equiv/g  d r y  wt . )  

0.8 ~ 0.04 o . 6 ± o . o  4 0. 7 ~ o . o  4 o.6:_f: 0.04 
4o0 ~ 18 572 ~ 19 534 ~ 19 6 t 2  c 17 

* In i t i a l  c o n c e n t r a t i o n  of l e a c h e d  slices = 586 ± 12. 

The Qo2 of slices incubated wi thout  K+ but  with 625 I~M ouabain was the same 
(0.6 4- 0.04) as those t reated with ouabain in the presence of K+. Omission of K+ 
from the medimn caused a retent ion of Na + (534 ± 19/~equiv/g dry  wt.) about  equal 
to tha t  caused by  ouabain (572 i 19 /zequiv/g dry  wt.), and both  procedures rep- 
resent a greater relative inhibition of Na + extrusion than at 38°. The combinat ion 
of K+-free incubat ion and ouabain inhibition, however, again led to complete blocking 
of Na + extrusion (612 ± 17 /~equiv/g dry  wt. compared with an initial tissue Na + 
concentra t ion of 586 -1- 12 /zequiv/g dry  wt.). 

Hamsters. The Qo2 of slices of kidney cortex of hamsters which were incubated 
at 5 o in K+-free medium (0. 9 i 0.05) was identical with tha t  of slices incubated with 
K+ (Table VI). Ouabain in high concentrat ions of 625 and 3125 tzM caused the same 
decrease in Qo2 to 0. 7 as observed in slices incubated with K+ and ouabain. At 5 °, 
as at 38°, the extrusion of Na + in slices t reated both  with 3125 tzM ouabain and with 
K+-free incubat ion was diminished further than  in slices t reated with either ouabain 
or omission of K + alone. 

Effects of Na  + 
"Vectorial" effect on metabolism;preliminary considerations 
WHITTAM AND WILLIS a observed tha t  decreasing the Na + concentra t ion in the 

medium by  replacement with choline caused a progressive decrease in Qo2 of rabbit  
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kidney slices. Since this effect was parallel with reduction of final tissue N a  con- 
centration and of final tissue K -  concentrat ion the not  unreasonable conclusion was 
drawn tha t  the effect of decreasing Na: in the medium was secondary to the lowering 
of intracellular Na + concentra t ion which in tu rn  diminished the rate of t ranspor t  of 
cations. Obviously, since changes in the cell and mediunl  were roughly prot)ottional, 
the al ternat ive possibili ty that  the pr imary  effect of Na was external to the cell 
membrane  could not  be rigorously excluded. Subsequent  findings ~ have shown that  
extracellular Na i does have effects on events within the cell, so that  this al ternat ive 
explanat ion is at least conceivable. \VILLIS 4 has found that  at l()w temperature,  
hamster  kidney slices will accumulate  K + in a Na--free medium if the slices have 
been preloaded with Na~ and that  such slices will extrude Nav into a Na ~ free medium 
by a mechanism which is sensitive to K + or to nletabolic inhibitors in the luediuln. 
A natura!  sequel to these two previous studies, therefore, was to determine the el~fects 
of N a  on metabolism of Na -loaded slices in Na~-frce mediunl  at low temperature  
in the slices of hamster.  Before doing this, however, it is necessary first to consider 
whether the s t in lula tory  eflects on respiration of N a  in the medimn at 38'' are 
apparent  and similar to those of rabbit .  Another  previous s tudy 7 showed that  replacing 
Na ! in the medium with choline caused a lowering of respiration from I6.2 ~ 0. 5 t{, 
I{).2 ± 0. 3. The former figure is in good agreement with tha t  ~)f 16. 7 observed in 
control slices in this s tudy (Fig. I), and the value of lO.2 ~ o. 3 for Na!-free incubat ion 
is close to tha t  of lO. 5 ~ 0. 4 observed for slices inhibi ted with 3125 >M ouabain 
(Fig. I). Table V shows that  in four sets of slices the addit ion of ouabain to N a  free 
nledium does not  lower the respiration appreciably below that  of slices in Na~-free 
medium with no ouabain.  

TABLF~ V 

E F F E C T  OF N a S - F R E E  I N C U B A T I O N  ON R E S P I R A T I O N  OF S L I C E S  OF K I D N E Y  CORTI,:N OF I I A M S T E R S  

Sl ices  w e r e  l e a c h e d  12 r a in  in m e d i a  w i t h o u t  (),, o r  g l u c o s e  t h e n  i n c u b a t e d  I h a t  38" w i t h  ()e a n d  
g l u c o s e .  M e a n s  a r e  s h o u n  w i t h  S .E .  fo r  t h o s e  w i t h  m o r e  t h a n  6 c a s e s  o r  r a n g e s  for  t h o s e  w i t h  less. 

Conditions el i~zcubatiou Number . f  
sct~z~[t's 

S t a n d a r d  N a  + m e d i u m *  IS 
N a + - f r e e ,  c h o l i n e  m e d i u m *  15 
N~t+-free, c h o l i n e  m e d i u m  -I 

N a  ~-free c h o l i n e  m e d i u m  q- 625  ttM o u a b a i n  -I 

Q)o2 
(.t~l O.,/~ng dry zvl. /)vr 12) 

I 0 . 2  Z- O,D 

I O . 2  7 0 .  3 

9.5 (7.9 ~o-3) 
9.0  (7 .9 -~o .3 )  

* D a t a  f r o m  ref .  7- 

Effect of  internal N a  + 
The rate of respiration of Na+-rich slices previously leached at 3 S~ in Na ~ and 

then incubated  at 5 ° in Na + medium was found to be o. 9 ± o.o 5 compared with tha t  
of 0. 5 ± o.o 4 found in Na!-det)leted slices leached in and incubated with Na=-free 
choline media (Table VI). Slices which were leached in Na i at 38 ~' and then incubated 
in Nal-free, choline mediuln  at 5':' exhibited a Qo,, of 0.8 _~ 0.06 a value which was 
not  signiticantly different (P > o.o5) from that  of Na:- r ich  slices incubated in Na I 
but  which was significantly above tha t  of Na~-depleted slices leached in and incubated 
in Na:-free,  choline medimn (P < o.ox). 
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T A B L E  VI  

E F F E C T  OF E X T R A C E L L U L A R  K + AND OF I N T R A C E L L U L A R  AND E X T R A C E L L U L A R  ~ & +  ON R E S P I R A T I O N  

OF H A M S T E R  K I D N E Y  CORTEX 

Slices w e r e  l e a c h e d  in m e d i a  as i n d i c a t e d  w i t h  no  g lucose  or  O 2 for  12 m i n  a t  380 a n d  i n c u b a t e d  
2 h a t  5 ° in m e d i a  i n d i c a t e d .  I n  N a + - f r e e  m e d i a ,  cho l ine  r e p l a c e d  N a  +. i n  I<+-free n l ed i a  sod iun i  
p h o s p h a t e  bu f f e r  w a s  used .  

Expt. Procedure Number Qo., 
of samples (l~l 02ling dry wt. per h) 

Leaching Incubation 
medium medium 

Na ~ conch. (raM) Na + conch. (raM) I f  + c o n c n .  (raM) 

A I4O I_tO 4 4 ° 0.9 ± 0.05 
l~ 1 4 o  I 4 O  o 2 I  0.  9 ± 0 . 0 6  

C I4 o o 4 19 o.S _t: 0 .06 
l )  o o 4 I 9  0.5 ~__ 0.04 
l;, o i 4o  4 7 0.7 ± 0.04 
F 3 ° 3 ° 4 6 o.8 ± 0.05 
(;  3 ° O 4 19  0. 7 ± O.O0 

St,qtistica! co,zparisons : 

A vs. D P < o .o i  
A z's. ]{ P < o . o i  * 

1£ vs. 1) P < o .o i  
A vs. F P < o.o2 
I)  vs. F P < o.oI 

* Di f fe rence  iu F is h i g h l y  s ign i f i can t  for  t w o  s a m p l e s .  0 u a s i - " T  ' '  t e s t  a p p l i e d  as d e sc r i b ed  
in ref. 23. 

\VILLIS 4 found tha t  when slices were leached in a choline med ium with 3 ° lnM 
N a -  their  Na + concen t ra t ion  af ter  leaching (in / ,equiv/ml  t issue water)  was 38 ~ 2. 
When incuba ted  in Na ~-free med ium these low Na + slices accunmla ted  K + at  an 
ini t ia l  ra te  half t ha t  of slices loaded  with  14o mM Na and  incuba ted  in Na+-free 
medium. To see how such a low Na ~- concen t ra t ion  would influence metabol i sm,  slices 
were leached at  33° in a med imn  with  3o mM Na  + and I I o  mM choline (Table VI).  
Dur ing I h at  incuba t ion  following t ransfer  to  Na+-free, choline medium the  up take  
of O 2 bv  these slices was o. 7 ~ o.o6, half  way  be tween tha t  of slices leached and 
incubated  wi thout  Na + (o.5) and  those  leached and incuba ted  with 14o mM Na + 
(0.9). The average Qo2 of seven pairs  of slices leached in 3o mM Na  + at  38o and in- 
cuba ted  in 3o mM Na + at  5 ° was o.8 5_ o.05. 

Effect of external Na  + 
The converse exper iment  to  showing t ha t  a l t e ra t ions  in in t race l lu lar  Na + a lone 

cause the  full effect p rev ious ly  observed  with  changes in ex te rna l  Na  +, is to  tes t  
whether  high ex te rna l  Na  + at  low t e m p e r a t u r e  has any  effect on respi ra t ion  of slices 
dep le ted  of Na  +. Slices which had  been leached in Na+-free choline med ium were, 
therefore,  incuba ted  in the  s t a n d a r d  Na+-rich (14o raM) med ium at 5 °. The Qoe of 
these slices (o. 7 52 o.o8) was s ignif icant ly below (P < o.oi)  t ha t  of Na+-rich slices 
leached in Na  + and incuba ted  with  Na  +, bu t  it  was also above  t ha t  of slices leached 
in and incuba ted  in Na+-free media  (Table VI). The e levat ion  of me tabo l i sm over the  
basa l  level could of course have resul ted  from inward  leakage of Na + from the large 
ex te rna l  pool  in to  the  re la t ive ly  smal l  vo lume of the  cells. 
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Effect of  Xa+-free media on ground squirrel k idney cortex 
In  o r d e r  t o  c o m p a r e  t h e  dec r ea se  in Qo2 cau s ed  b y  o u a b a i n  a n d  b y  o mi s s i o n  of 

K + in t h e  m e d i u m  w i t h  t h a t  c aused  b y  omi s s ion  of N a  ~- f r o m  the  m e d i u m ,  slices of 

k i d n e y  c o r t e x  f r o m  g r o u n d  squ i r re l  were  l e ached  in Na+- f ree  cho l ine  m e d i u m  a n d  

t h e n  i n c u b a t e d  in Na+- f ree  cho l ine  a t  3 8 °. R a t h e r  s u r p r i s i n g l y  t h e  Qo2 of t h e s e  slices 

(14.9 ~c 0.4, T a b l e  VII )  was  o b s e r v e d  to  be on ly  s l i gh t ly  less t h a n  t h a t  of slices 

i n c u b a t e d  in N a -  (16.7) a n d  it was  well  a b o v e  t h e  m i n i n m m  va lue  o b t a i n e d  w i t h  

o u a b a i n  in m e d i a  w i t h  K + (11. 9, ref. 6). I t  was  f u r t h e r  o b s e r v e d ,  h o w e v e r ,  t h a t  

a d d i t i o n  of o u a b a i n  to  t h e  N a  F-free, cho l ine  m e d i u m  did  n o t  f u r t h e r  inh ib i t  t h e  res- 

p i r a t i o n  of slices (Table VI I ) .  I t  w o u l d  s e e m  t h e r e f o r e  t h a t  t h e  p r e v i o u s  r e su l t  occurs  

n o t  neces sa r i l y  as a c o n s e q u e n c e  of lack of s t i n l u l a t o r y  effect  of Na  ~, bu t  r a t h e r  as 

an i n d i c a t i o n  of t h e  p r e s e n c e  of a non-spec i f i c  s t i m u l a t o r v  effect  of cho l ine  on  t h e  

p r e v i o u s l y  de f ined  1 " b a s a l "  r a t e  of m e t a b o l i s n l .  

TABLE VI 1 

EFFECT OF Na ÷ oN RESPIRATION, I( ¢ AND .~a ~ OF KIDNEY CORTEX SLICES OF GROUND SQUIRRELS 

Slices were leached for I2 nlin in N 2 then incubated for i h in media with ().2. Means L S.E. are 
indicated. 

Conditions Number (~o.2 Tissue 
of (lzl 02ling 1~( ~ co*Ic~z. 
samples dCv wl. per h) (#eq~dv/g 

do' wt.) 

Leached 12 lnin in Na + medium* 26 
Incubated i h in Na + medium* 25 
I.cached 12 min in Na+-free choline 

medium io 
Incubated i h in Na~-free. choline 

medium ~ 4 
Incubated i h in Na~-free, choline 

medium + 125 /,M ouabain 7 
Leached I h in Na'-free Tris medium 18 
Incubated I h in Na+-free Tris medimn I9 
Incubated i h in Na+-free Tris + 

125 /*M ouabain 8 
Leached 12 min in Na + -b 

Tris medium"" 8 
Incubated i h in Na + ± Tris medium*" 8 

* Same data as in Table I. 
** Na + conch, in 70 mM. 

16.1 - 0. 3 

14.9 ~ 0.4 

I3. 4 ± 0.2 

9.7 :: 0.6 

iO.2 ~ 0.~ 

15.4 c 0.4 

Tisszfe 
N a  + c o i z c t l .  

(l~eqzliv/g 
dry wt.) 

87 L 5 581 L:_ [O 
205 L ,S 296 

163 ~ 7 59 ~ 12 

r3I :L 3 25 ± 5 

124 ± 6 27 L IO 
123 I 4 24 ± 3 
64 =[: 4 13 ~ 4 

72 ± 4 13 ± 4 

lO 5 ± 8 253 L 18 
143 ± 6 165 ~= 13 

As a f u r t h e r  a t t e m p t  t o  d e t e r m i n e  a " b a s a l "  r e s p i r a t i o n  in Na+- f ree  m e d i u m ,  

slices of k i d n e y  c o r t e x  of g r o u n d  squ i r re l s  were  l e ach ed  a n d  t h e n  i n c u b a t e d  at  380 

in Na+-f ree  Tr is  m e d i u m  (Medium c). T h e  Qo,~ in t h i s  m e d i u m  (Table VI I )  was  9.7 

a n d  w i t h  125 /,M o u a b a i n  it was  lO.2, a d i f fe rence  w h i c h  was  n o t  s t a t i s t i c a l l y  s ignif-  

i can t .  I n  o r d e r  to  e s t i m a t e  w h e t h e r  Tr is  m i g h t  h a v e  a d e p r e s s a n t  effect  u p o n  m e t a b -  

ol ism,  slices were  l e a c h e d  a n d  i n c u b a t e d  in a m e d i u m  m a d e  u p  ha l f  of Na+-f ree  Tr is  

a n d  ha l f  of t h e  s t a n d a r d  N a  + m e d i u m .  T h e  Na  + c o n c e n t r a t i o n  of th i s  m i x t u r e  was  

a b o u t  7 ° raM, which ,  if Tr is  h a d  no  g e n e r a l l y  de l e t e r ious  effect ,  s h o u l d  g ive  n e a r l y  

m a x i m a l  s t i m u l a t i o n  of r e s p i r a t i o n .  The  r a t e  of 02  c o n s u m p t i o n  in t h i s  so lu t ion  
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(Table I) was in fact 15. 4, a value not  significantlylower than the rate of 16.1 observed 
in control  slices (Table VII) .  

D I S C U S S I O N  

A discussion of the interactions of Na~,K -~, ouabain and respiration can be very 
confusing. Table V I I I  shows tha t  among these four factors, considered both as 
dependent and independent variables, there are about  twenty-one possible combina-  
tions of interaction, without  even separating the effects of intracellular and extracellu- 
lar Na + and K+. Of this number  about  twen ty  interactions have actually been ob- 
served, thirteen of these in kidney cortex. Of this thirteen, nine interactions are 
directly relevant to the present discussion. These are: (I) The activation of K + 
uptake  by Na + within the cell I, 4. (2) K + act ivat ion of about  one half of Na + extrusion 3,4. 

T A B L E  V I I I  

POSSIBLE INTERACTIONS BETWEEN N a ~ ,  K +, OUABAIN AND RESPIRATION 

-+- - -  a c t i v a t e s  o r  is  r e q u i r e d ;  I - -  i n h i b i t s .  

Independent Dependent variables 
variables 

Na+extrusion K + uptake Ouabain inhibition Respiration 

Na+extrusion IC e uptake Respiration 

N a  + + + ( + ) *  ( + ) *  ( + ) *  + 
K + + -¢- 1 ? I + 
O u a b a i n  I 1 . . . . .  I 
R e s p i r a t i o n  + + ( + )  * ( + )  * ( + ) * 

* cf .  r e f .  9 .  

(3) Ouabain inhibition of net  K ~ uptake  I& (4) Ouabain inhibition of about  half of 
Na + extrusion in media with K + (refs. 5 and 6). (5) Excess inhibition of Na + extrusion 
by  ouabain in K+-free medium (ref. IO; Tables I and II).  (6) Ouabain inhibition of a 
fraction of respiration l& (7) Increased inhibition of respiration by  ouabain in media  
without  K + (Table I, Fig. I). (8) Inhibit ion of par t  of respiration by  omission of Na + 
from the medium 1 and, more important ly ,  f rom the cell (Table VI). (9) Part ial  
inhibition of respiration by  removal  of K+ from the medium (Table I, Fig. i). 

Five of these findings are difficult to explain on the basis of an unmodified 
hypothesis  of a simple Na+-K + exchange pump. These are the persistence of Na + 
t ranspor t  both in the absence of K + in the medium (2) and also in the presence of 
ouabain with K + in the medium (4), the inhibition of only a par t  of the ouabain- 
sensitive fraction of respiration by  removal of K+ from the medium (9), and the 
increased inhibitory effect of ouabain on Na + extrusion and respiration in the absence 
of K + (5 and 7). In  order to account  for such discrepant results two modifications of 
the simple hypothesis  have been proposed explicitly for kidney cortex and two others 
may  be adapted from the studies of other tissues. These proposed modifications are 
illustrated in Fig. 2 and m a y  be summarized as follows: (A) Two parallel Na + pumps,  
one requiring K + and exchanging Na + for K+, the other a non-coupled (electrogenic) 
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Na + pump 11. (B) Contract ion of leached and swollen kidney cells which causes 
extrusion of cellular fluid including Nat-  K-! and C1 (ref. 5). (C) A linked Na -i--K 
pump in which Na + m a y  exchange for Na + when external concentrat ion of K+ is 
decreased (see ref. 12). If normally two Na~ exchange for one K ~, then in the absence 

A 'Two- pum~ hypot hesis C. "Nd substitution" hypothesis 

K ~  Na+ 
Na ÷ 

Na~ o÷ 

B "Cell contraction'hypothesis D. "Cryptic pump"hypothesis 

Iqg.  2. F o u r  p r o p o s e d  m o d i f i c a t i o n s  of a s i m p l e  N a h - K  ~ e x c h a n g e  m e c h a n i s n l  in l d d n e y  sl ices.  
(A) t w o - p u m p  h y p o t h e s i s n ;  (B) c e l l - c o n t r a c t i o n  hypothes i s '5 ;  (C) N a + - s u b s t i t u t i o n  h y p o t h e s i s  
(based  on ref. 12); (D) c r y p t i c - p u m p  h y p o t h e s i s  ( ba sed  on  refs. 13, i4) .  For d e s c r i p t i o n  see t e x t .  

of K + net Na + extrusion would be reduced by  about  half. (D) A coupled Na J---K i t)um p 
which operates in contact  with a restricted extracellular space between tubular  cells 
or within infoldings of the cell membrane  (see refs. 13 and 14). Because of the long 
diffusion pa thway  between this "crypt ic  p u m p "  and the outside medium the K -  
concentrat ion in the vicinity of the pump could very well be different from that  in the 
medium. In  particular, the K t concentrat ion of this space in slices incubated with 
K+-free nlediuin would tend to be above zero. Swelling of cells under conditions 
adverse for t ranspor t  would tend to close the channels (@ ref. 14) nlaking t ranspor t  
sites less accessible to inhibitors such as ouabain. 

T A B L E  I X  

SUMMARY OF THE EFFECTIVENESS OF FOUR MODELS TO ACCOUNT FOR FIVI£ ANOMALOUS RESULTS 

For  d e t a i l s  see t e x t  a n d  Fig .  2. x --- n lode l  a c c o u n t s  for f i n d i n g ;  x x  = n lode l  does  n o t  a c c o u n t  for 
f i nd ing  ; ( ) = u n c e r t a i n t y  a b o u t  p r e d i c t i o n  of mode l .  N u m e r a l s  be fo re  f i nd ings  re fe r  to  l i s t  in t e x t .  

Anomalous findi~*g i~IodU 

(2) K + a c t i v a t e s  1/2 N a  + e x t r u s i o n  x x 

(t)  O u a b a i n  i n h i b i t s  1/2 N a  + e x t r u s i o n  
(in p r e s e n c e  of K +) x x 

(5) O u a b a i n  i n h i b i t s  a l l  N a  + e x t r u s i o n  in  
a b s e n c e  of K + x x  x x  

(7) O u a b a i n  e x e r t s  a d d e d  i n h i b i t i o n  on  02  
c o n s u m p t i o n  in  a b s e n c e  of K + x x  x x  

(9) K+  i n h i b i t s  I /2  N a  + s e n s i t i v e  O~ 
u p t a k e  (in p r e s e n c e  of N a  +) x x x  

A 13 C D 

Two Cdt Na 4 Cry/~tic 
pump contraction substitz#io~7 p~,J@ 

X X 

XX X 

XX) X 

(X) X 

XX X 
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Tile adequacy  for each of these proposa ls  to  account  for the  d iscrepant  obser-  
va t ions  out l ined above  are summar ized  in Table  IX.  Three  models  account  equal ly  
well for the  excess Na ~ ext rus ion  in ouaba in  or the  absence of K +. The " two p u m p "  
and "cell  con t rac t ion"  hypotheses  were proposed  specifically for this  purpose.  The 
"cryptic-pump" hypothes i s  would suggest t ha t  removing K+ from the  med ium does 
not  remove all K+ from the re levant  ac t iva t ing  site on the membrane ,  hence Na + 
t r anspo r t  and  e leva ted  me tabo l i sm would cont inue at  a reduced rate.  The par t ia l  
effect of ouabain  in K+ med ium would be a result  of a high Ko at  the  site of a t t a c h m e n t  
resul t ing in an interference with the  b inding  of ouaba in  15. 

The " N a  + subs t i tu t ion"  model  accounts  for Na  + ext rus ion in the  absence of 
K+, but  it  cannot  explain  the  pa r t i a l  effect of ouabain  on Na + ext rus ion in K+ med ium 
wi thout  an ad hoc a m e n d m e n t  (e.g. ouabain  increases the  affinity of the  sys tem for 
ex t race l !u lar  Naq ). 

The enhanced effect of ouaba in  on Na + ext rus ion  and respi ra t ion  in the  absence 
of K + are no t  accounted  for by  ei ther  the " t w o - p u m p "  or the  "ce l l -cont rac t ion"  
hypothesis .  There is no reason why  K + should necessar i ly  pro tec t  a uni la teral ,  non- 
coupled pump  from ouabain.  I t  is even less appa ren t  why a "cel lular  con t r ac t ion"  
should suddenly  become sensi t ive to ouaba in  in the  absence of K +. Fu r the rmore  
KLEINZELLER AND KNOTKOVA 5 ind ica ted  tha t  this  process was appa ren t ly  not  coupled 
rec iprocal ly  to  respira t ion,  so t ha t  even if the  ext rus ion of Na  + b y  squeezing were to  
become ouabain  sensit ive,  the  increased inhibi t ion  of respi ra t ion  would stil l  have to  
be accounted  for. 

The same observa t ion  can be made  with equal  force regarding the effect of 
removing K+. There is no appa ren t  reason why,  if the  excess Na  + ext rus ion is a resul t  
of non-specific cont rac t ion ,  removal  of K + should have less of an effect on respi ra t ion  
than  ouaba in  inhibi t ion or removal  of Na  +. 

Al though  the  c ryp t i c -pump  hypothes is  could account  for all the  observa t ions  
noted,  the  o ther  three  suggest ions are not  unreasonable ,  and  i t  is a l toge ther  possible 
t ha t  more  than  one of these mechanisms  is operat ive .  

Other  observa t ions  can also be considered bu t  in general  these are less con- 
clusive.  

Chloride. WILLIS 4 found t ha t  the  ra t io  of Na  + ex t ruded  to C1- ex t ruded  from 
leached k idney  slices of hams te r  remained  the  same regardless  of whether  ex t rus ion  
was into med ium with  or wi thout  K~. On the  face of it, this  observa t ion  would seem 
to diminish the  t w o - p u m p  hypothesis ,  since one would suppose t ha t  in the  absence 
of N a + - K  + exchange the Na+/C1 - ra t io  would increase. WHITTEMBURY TM, however,  
has r epor ted  t h a t  removal  of K + from the  med ium does not  a l ter  t i le kinet ics  of 
C1- ext rus ion.  This d i sc repancy  awai ts  resolut ion.  

Tissue water. One might  expect  t ha t  under  the  "super  inh ib i t ion"  of Na + 
ex t rus ion  caused b y  ouaba in  in the  absence of K+ (ref. zo, Tables  I and  II)  t ha t  there  
would be no loss of water .  This is not  t i le case. KLEINZELLER AND KNOTKOVA 5 and  
MacKNmI~T ~° found ex t rus ion  of wate r  in k idney  slices t r e a t e d  with  ouabain  in 
K+-free medium.  In the  slices incuba ted  in K+-free med ia  in this  s tudy  there  was less 
loss of wate r  in those with ouaba in  than  in those wi thout ,  bu t  there  was a net  decrease 
in t issue wa te r  from the value of leached slices, in bo th  cases. This pers is tent  loss of 
wate r  m a y  be ascr ibed to  the  increased loss of K + repor ted  by  MACKNIGHT 1° and in 
Table  I and  Fig. I.  
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Residual K +. I t  is usual ly  not  possible to remove all K s from k idney  cor tex  
slices by  leaching and metabol ic  inhibi t ion.  The observa t ion  t ha t  ouaba in  in K+-free 
mediunl  causes a drast ic ,  a lmost  to ta l  loss (ref. Io, Table  I) tends  to confirm the view 
of BURG AND ORLOFF 17 tha t  this  residual  re ten t ion  is due to t ranspor t .  At  the  same 
t ime,  the  observa t ion  m a y  suggest t ha t  under  o ther  condit ions,  closure of the ext ra-  
cel lular  channels  leads to reduct ion  in the  loss of K% 

Ethacrynic acid. WHITTEMBURV ~l has repor ted  an intfibition of the  ' ex t r a '  
( supposed ly  non-coupled)  Na + ext rus ion  by  e thacrynic  acid. The significance of this  
is not  clear. HOFFMAN AXD K~{EGE.','OW ~8 found t ha t  e thacrynic  acid inhib i ted  a 
f rac t ion of Na- ext rus ion  in e ry th rocy te s  which did not  require ext racel lu lar  K ~ but  
d id  depend  upon  ext race l lu lar  Na~. Other  evidence suggests, however,  t ha t  the  drug 
is an inh ib i tor  of (Nar--K+)-act ivated ATPase  though less specific than  ouabainlE 
WHITTEMBUIO:'S finding therefore  m a y  only  reflect an addi t ive  inh ib i tory  effect of 
e thac ryn ic  acid on the  same mechanism tha t  is also inhibi ted  by  ouabain.  

Species and lemperature effecls. Variances in results  have been repor ted  by  
groups  working  with k idney  cor tex  slices in different species and at  var ious  t empera-  
tures.  Such d ivergent  findings include differential  ouaba in  sens i t iv i ty  among different 
species  ( .~ .  see e ~, ref. 6), differences between species in max ima l  effectiveness of ouaba in  
on  Na s extrusion (cf. ref. 6 on ground  squirrel  and  ref. 5 on rabbi t ) ,  and  at  different 
t empera tu re s  6, and differences in the effectiveness of ex te rna l  K s with t empera tu re  
(Tables I and  IV). Many of these differences might  be accounted  for merely  by  the 
g e o m e t r y  of the  tissue, i.e. the length and to r tuos i t v  of the  ext racel lu lar  diffusion 
pa thways ,  and  by  the balance  between membrane  pe rmeab i l i ty  to K- ,  all of which 
would t end  to influence the  t rue  ext race l lu lar  concent ra t ions  of K ,  Na ~ and ouabain.  
1;or example ,  the  grea ter  effect of ouabain  on Na ~ extrusion in k idney slices of g round  
squirrels  at  low temt)era ture  than  at  high t empe ra tu r e  might  be expla ined  ei ther  by  
decreased menlbrane  pe rmeab i l i ty  or more open channels  to the  outside, leading to  
lower in terspace  K + concent ra t ion .  

Qo2. l : inally,  to re turn  to the original  quest ion posed in IN'rI~ODUCTION, it is 
appa ren t  t ha t  the  "basa l "  O 2 consumpt ion  (i.e. t ha t  not  l inked with  t ranspor t )  is 
nlore difficult to es t imate  than  previously  supposed~,L I t  seems fair ly clear t ha t  
ouaba in  in K ,-free med ium exer ts  a grea ter  inh ib i tory  effect than  in lnedia  wi thout  
K s, in accord with the greater  inhibi t ion of Na"  ext rus ion  under  the  same condit ion.  
(In hamste rs  the  difference between 8.5 in .3125 p.M ouabain  with o mM K~ is signifi- 
c an t l y  less (P < o.oi)  than  tha t  of Io.5 in 3125 /zM ouaba in  with 41rim K :. In  ground 
squir re l  k idneys ,  the  values for slices in K ~-free nlediunl  of 9.I  in 25 ~M ouabain  and 
8.6 in 625 txM ouabain  can be compared  with ~o. 9 and io.  3 for the  slices incuba ted  
in comparab le  ouabain  concen t ra t ions  with K % In the previous  s tudy  ~ the  Qo2 of 
max ima l ly  inhib i ted  slices, i.e. those in 25 /,M ouabain  was 11.2, but  the  controls  in 
tha t  series also had  a higher  rate  of respira t ion.  In  the present  s tudy  the conglomerate  
ave rages  for slices in ouabain  were Io. 7 ~ o. 3 and 8. 9 2_ o.3 for K and K~-free 
medium,  respect ively.  This difference is highly significant s ta t i s t ica l ly  (P < o.oi) .)  
W h a t  then of the  (~o., of slices in Na~-free media? in  previous  studies ~.7 the  ra te  of 
resp i ra t ion  in NaS-free medium has been t aken  to be the  same as in ouaba in  media  
wi th  K ~. Yet the l a t t e r  now seelns to give a value too high, and  one should expect  the  
former, i.e. removal  of Na~, to be a very effective ineans of blocking Na~ t ranspor t .  
The results  of this  s t u d y  are anfl)ivalent on this  score. The resp i ra tory  ra te  in Na"-free  
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media of 9.7 in kidney slices of ground squirrels is not significantly different (P > o.o5) 
from the respiratory rates of slices in ouabain with K+ (lO.7) or without K + (8.9). 
The same could be said of the hamster kidney slices, in which the Qo2 of 9.5 in Na+-free 
nredium compares with lO.5 in ouabain plus K + and with 8.5 in K---free ouabain. It  
should be noted, however, that a larger series of determinations in hamster gave a 
Qoe of lO.2 =t= 0.3 in Na+-free mediumL 

It is conceivable, however, that removal of Na + yields a respiratory rate slightly 
greater than truly "basal". Even slices leached of Na + retain some Na + (roughly 2 to 
IO mM in tissue water, see Table I). If this Na + were concentrated near the membrane 
and extruded into a similarly restricted extracellular compartment, an appreciable 
stimulation of respiration might result. 

To summarize, then, although the stoichiometric relationship between K + and 
Na + transport in kidney slices remains obscure, most of the evidence still indicates 
a close correspondence between Na + transport and 02 consumption. Whenever Na + 
extrusion is decreased, whether by ouabain, by removal of K-, by the combination 
of these two, or by removal of Na +, respiration is diminished in proportion. The one 
exception to this rule is the result with hamster kidney slices at 5 ° in which omission 
of K + from the medium does decrease Na + extrusion 4 but not respiration (Table VII). 
Although the small O 2 consumption at 5 ° is near the limits of determination of the 
respirometer, the large number of consistent observations prevents the discounting 
of this observation. Neither can it be supposed that respiration is not coupled to Na ~ 
extrusion in this species, for a comparatively large decrease is seen in Na+-free medium. 
While it is difficult to reconcile this finding with those at 3 8o in hamster and with the 
results with ground squirrel kidney cortex, it does suggest again that a fraction of 
"internal transport" can occur within the slices which is not detected by measure- 
ment of net changes. 

If, as it seems, respiration is coupled to the entire Na + extrusion, rather than 
merely to the fraction which is inhibited by omission of K ~- or presence of ouabain, 
then the Na+/O., ratio would be about twice that of the K~/O2 ratios previously 
observedi, 6 and would range between 7 and 16, in better agreement with results 
obtained in intact tissues 2°-22. 
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