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SUMMARY 

I. Membrane  t r anspor t  of sugar  in " i n t a c t "  ra t  hemid i aph ragm in  vitro was 
s tud ied  by  measur ing  fluxes of 3-0-methyl-D-  HC~glucose in and out  of the  in t ra-  
cel lular  water .  

2. The s t imula t ion  of influx in a K+-free medium,  de mons t r a t e d  earlier, was 
corre la ted  with  the  dura t ion  of exposure  to K+-free med ium and pers is ted for some 
t ime af ter  t ransfer  of t issue to a normal  medium.  The t ime  course of this  effect 
was paral le l  to tha t  of concomi tan t  changes in in t race l lu lar  Na + and K + levels 
due to inhib i t ion  of the  Na  + pump.  

3. Efftux of sugar  from the t issue was s t imu la t ed  under  all condi t ions  which 
s t i nmla t ed  influx. The effect of K+-free medium also showed the same gradua l  
onset  and  pers is tence af ter  t ransfer  of the  t issue to no rma l  medium.  

4- These effects are not  consis tent  with t r anspor t  regula t ion  through binding 
or co- t ranspor t  of K + on the sugar  carrier,  nor do they  suppor t  a direct  l ink between 
sugar  t r anspo r t  and the ac t i v i t y  of the  Na + pump  as such. The d a t a  suggest  t ha t  
the  increased Na + or decreased K* level in the cell, or both,  caused by  Na + pump  
inhibi t ion,  enhances sugar  t r anspo r t  in and  out  of the cell to an equal  extent .  

INTRODUCTION 

The insul in-sensi t ive sugar  t r anspor t  sys tem is s t imu la t ed  in  vitro under  
condi t ions  which inhibi t  sodium t ranspor t ,  e.g. the  presence of ouaba in  or t i le 
omission of K + from the incuba t ion  medium.  These effects were d e m o n s t r a t e d  in 
ra t  d i aph ragm muscle ' ,  2 and  in adipose t issue and isola ted ad ipocytes  a 8. Two mecha-  
n isms for this  s t i n m l a t o r y  effect have been suggested.  According  to LETARTE et al.< v 

t i le insul in-sensi t ive sugar  carr ier  is thought  to b ind  co- t ranspor t  Na + and /o r  K +, 
not  unl ike the  carr ier  which is thought  to media te  ac t ive  sugar  t r anspo r t  in the  intes-  
t ine  (for review see ref. 9). The in t e rp re ta t ions  advanced  by  CLAUSEN 1,8 and from 
this  laboratory2,  TM are less specific bu t  favour  an indirect  effect of in t racel lular  

* A p r e l i m i n a r y  repor t  ~° of these  resul ts  was made  to the  4 th  In t e rna t i ona l  Congress on Phar-  
macology,  Basel  Swi tzer land ,  J u l y  14 iSth,  i969. 
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Na ÷ or K +, or bo th  on the sugar  carrier.  These two models  lead to different  predic t ions  
regard ing  the effect of changes in ionic levels inside and outs ide  the  cell on the influx 
and  efflux of sugar.  Specifically,  the  first model  predic ts  t ha t  var ia t ions  in ionic 
levels a t  one side of the  membrane  should affect sugar  t r anspor t  from tha t  side 
and do so wi thou t  de lay ;  th is  effect should be asymmet r i c ,  wi th  flux in the  opposi te  
d i rec t ion  renmining  unaffected.  The second or indi rec t  model  does not  exclude a 
lag per iod and accommoda tes  a symmet r i ca l  and  equal  effect on both  unid i rec t ional  
fluxes, such as is also observed with  insulin. We repor t  here exper iments  designed 
to tes t  these pred ic t ions  and to provide  more in format ion  on the na tu re  of the  inter-  
ac t ion  between ions and insul in-sensi t ive sugar  t ranspor t .  

MATERIALS AND METHODS 

The de ta i led  procedure  for p repa ra t ion  and  incuba t ion  of t issues and analys is  
of samples  has  been descr ibed previous ly  2. Briefly, " i n t a c t "  ra t  hemid iaphragms  n 
were i ncuba ted  at  37 ° in 5.o ml of subs t ra te- f ree  KREBS-HENSELEIT b ica rbona te  
buffer 12, p H  7.4, bubb led  wi th  95 °o 02-5  % CO2 and conta in ing  o.8 % bovine sermn 
a lbumin,  3-O-methyl-D-E14C~glucose (o.o625 ~C/ml,  5 mM), t racer  amoun t s  of D-FaHI - 
manni to l ,  serving as ex t race l lu la r  marker ,  and  other  add i t ions  as indica ted .  In  the 
K+-free med ium all K + was rep laced  b y  choline. The r a d ioa c t i v i t y  of a l iquots  of 
t issue ex t rac t s  and  media  was de te rmined  by  double- label  l iquid sc in t i l la t ion  spec- 
t r ome t ry .  

Sugar  influx was e s t ima ted  s emi -quan t i t a t i ve ly  from the percent  pene t ra t ion  
(sugar in in t race l lu la r  water ) / ( sugar  in medimn)  ~< IOO reached wi thin  IO rain. 
As was po in ted  out  prev ious ly  2, th is  value expresses net  up take  and is not  an accura te  
measure  of und i rec t iona l  influx because i t  also conta ins  a var iable  con t r ibu t ion  
from sugar  efflux. Thus the  pene t r a t ion  values unde re s t ima te  influx to t ha t  ex ten t  
and  are only  s emiquan t i t i t a t i ve  in na ture .  Fo r  e s t ima t ion  of efflux hemid iaph ragms  
were " l o a d e d "  by  3o min incuba t ion  in IO mM 3-methyl~l~C~glucose, followed 
by  a IO min  " w a s h o u t "  per iod in sugar-free medium,  and the amoun t  of radio-  
a c t i v i t y  left in tbe  t issue was de te rmined .  The loss dur ing  washout  was expressed 
as percent  of the  sugar  content  of the  pa i red  control  hemid i aph ragm which was 
loaded bu t  not  washed out. This  percent  loss is also not  an accura te  reflection of 
ex i t  ra tes  since i t  is uncor rec ted  for loss from the ex t race l lu la r  space. I t  does permi t ,  
however,  a compar ison  of effects on efflux caused by  the var ious  exper imen ta l  t r ea t -  
ments .  For  de t e rmina t ions  of ionic content  t issue ex t rac t s  were homogenized with 
a teflon pestle and  depro te in ized  with  Ba(OH)2-ZnSO4 ~a. Na  + and K ÷ levels were 
measured  b y  a tomic  absorp t ion  s p e c t r o p h o t o m e t r y  and the  resul ts  corrected for 
the  lnanni to l  space de te rmined  in the  same sample.  S ta t i s t i ca l  eva lua t ion  of d a t a  
was done by  S tuden t ' s  t test  appl ied  to pa i red  t issues from the same animal ,  unless 
o therwise  indica ted .  

RESULTS 

Pre l imina ry  resul ts  ind ica ted  t ha t  the  sugar  t r a n s p o r t  s t imula t ing  effect of 
ouaba in  or omiss ion of K + from the med ium is g radua l  in onset  and  re la ted  to the 
du ra t i on  of exposure  to these condi t ions .  The effect of p r e t r e a t m e n t  on subsequent  

Biochim. Bzophys. Acta, 225 (1971) 56 63 



5 ~ I. BIHLER, P. C. SAWH 

T A B L E  1 

EFFECT OF I ( + - F R E E  MEDIUM ON UPTAKE OF 3-METHYLGLUCOSb; 

T i s s u e s  were preincubated fi/r 3 ° rain in sugar-free medium and then incubated with 5 mM 
3-methylglucose for IO rain. G °o penetrat ion is the mean of differences ~_ S.E. between paired 
hemidiaphragms expressed as percentage penetra t ion into the intracellular water  space. The 
number  of pairs for each figure is given in brackets.  

Pre incuba t ion  
m e d i u m  

(A) Normal  

(B)  K+-frce 

(C) Normal  
K+-free 

o Pe~¢etration '~i, Change hwz tba t ion  ~ o 
m e d i u m  

Normal 
K~-free + 3-4 i 0.7 (3)* q I43.o '** 

Normal  
l(+-free ] 4 .1 ~-- ° '5  (4)** + 97.5*** 

Normal  
Normal  } 2.6 ± o. 4 (6)** + 45.o 

* P <  o.o 5 (paired comparison).  
* *  P <  o.ooo 5 (paired comparison).  

*** Magnitude of effects in A and B differs significantly ( P <  o.o2 5, unpaired comparison). 

sugar transport was, therefore, measured. Incubation or preincubation, or both, 
in a K+-free medium was used, as ouabain is washed out of the tissue with difficulty 
and its effect on the sodium pump would not be rapidly reversed. 

Table I shows that sugar transport in a K+-free medium was significantly 
increased, regardless of the presence (Expt. A) or absence (Expt. B) of K + during 
preincubation. However, preincubation in the absence of K+ increased the control 
sugar uptake in Expt. B, so that K+-free incubation resulted in an effect of signif- 
icantly smaller relative magnitude than in Expt. A. This difference caused by pre- 
exposure to K+-free nledium was studied in Expt. C by preincubating one half of 
each diaphragm in normal medium and the other half in K+-free medium, followed 

0 10 20 30 IN K+-FREE MEDIUM 

30 20 10 O IN NORMAL MEDIUM 

P R E I N C U B A T I O N ,  M I N  

Fig. i. ]~2ffect of durat ion of preincubat ion in K+-free medium on the penetra t ion of 3-methyl'- 
glucose. Tissues were preincubated for a total of 3 ° min in K+-free or normal  medium, or both,  
as indicated and then incubated with 5 mM 3-methylglucose in K+-free nledium for io rain. 
The bars  represent  percentage penetra t ion of the intracellular water  space ± S.E. indicated by 
brackets.  N = 6 for each bar. 

B i o c h i m .  B i o p h y s .  Ac ta ,  2:25 (1971) 56-63 
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by incubation of both halves in normal medium containing 3-methylglucose. Such 
pre-exposure to K+-free medium resulted in a highly significant increase in sugar 
transport, showing that the effect of the K+-free medium persisted even after IO rain 
exposure of the tissue to normal medium. 

The effect of duration of exposure to K+-free medium on sugar transport 
is emphasized by the data in Fig. I, which show that sugar transport was increasingly 
stinmlated as duration of exposure to the K+-free medium increased. In this series 
the total time of preincubation was 3o rain, part in normal and part in K+-free 
medium, as indicated under each bar (e.g. ,-o min in K+-free and 2o min in normal 
medium). 

The results in Table I and Fig. I show that the absence of external K + per se 
is not directly responsible for the increased sugar penetration. An indirect effect 
via inhibition of the Na+-pump is, however, consistent with the results. 

Fig. 2 shows the changes in intracellular levels of Na + and K ÷ which occur 
under the conditions of these experiments: When the Na + pump was inhibited by 
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Fig .  2. C h a n g e s  in  i n t r a c e l l u l a r  N a  +- a n d  K + - l e v e l s  d u r i n g  i n c u b a t i o n .  T i s s u e s  w e r e  i n c u b a t e d  
f o r  t h e  p e r i o d s  i n d i c a t e d  o n  t h e  a b s c i s s a  in  K + - f r e e  m e d i u m  ( ) o r  in  n o r m a l  m e d i u m  ( - -  - ) .  
T h e  d a t a  a r e  m e a n s  ± S .E .  (.N r > 6) a n d  a r e  c o r r e c t e d  fo r  t h e  m a n n i t o l  s p a c e  d e t e r m i n e d  in  t h e  
s a m e  s a m p l e .  T h e  3 ° n l i n  m a n n i t o l  v a l u e  w a s  u s e d  f o r  c a l c u l a t i o n  of  t h e  zero  t i m e  p o i n t  
( f r e s h l y  e x c i s e d  t i s sue ) .  

F ig .  3- C o r r e l a t i o n  of  s u g a r  p e n e t r a t i o n  a n d  i n t r a c e l l u l a r  N a  +- a n d  K + - l e v e l s .  O r d i n a t e ,  p e r c e n t a g e  
p e n e t r a t i o n  a f t e r  i o  i n in  i n c u b a t i o n  w i t h  5 m M  3 - m e t h y l g l u c o s e .  A b s c i s s a ,  " a v e r a g e "  i n t r a c e l l u l a r  
l eve l  of  N a  + o r  K +  ( a r i t h m e t i c  m e a n  of  v a l u e s  a t  s t a r t  a n d  e n d  of  i n c u b a t i o n  w i t h  s u g a r ) .  D a t a  
t a k e n  f r o m  e x p e r i m e n t s  s h o w n  in  F i g s .  I a n d  2 a n d  T a b l e  I. 

Biochim. Biophys. Acta, 225 (1971) 5 6 - 6 3  
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omiss ion  of K + f rom the  i n c u b a t i o n  m e d i u m  the re  was a p rogress ive  i n t r ace l l u l a r  

a c c u m u l a t i o n  of N a  + and  dep le t ion  of K +. In  con t ras t ,  p ro longed  i n c u b a t i o n  in t h e  

n o r m a l  m e d i u i n  caused  h a r d l y  a n y  changes .  W h e n  i n c u b a t i o n  in K+-free  m e d i u m  

for 3o rain was  fo l lowed by  IO rain i n c u b a t i o n  in n o r m a l  m e d i u m ,  s u b s t a n t i a l  bu t  
i n c o m p l e t e  r e c o v e r y  of ionic  g r a d i e n t s  occur red .  The  para l le l i sm be tween  the  g radua l  

increase  in sugar  p e n e t r a t i o n  and  the  g r adua l  changes  in in t r ace l lu l a r  levels  of Na  + 

and  K + u p o n  inh ib i t ion  of t h e  Na  + p u m p  is obv ious .  

Th is  r e l a t i onsh ip  is even  b e t t e r  i l l u s t r a t ed  in Fig.  3 which  plots  sugar  pene-  

t r a t i o n  as a f unc t i on  of t he  i n t e rna l  levels  of N a  + and  K +. As these  change  c o n t i n u o u s l y  

in some cases (see Fig.  2), the  " a v e r a g e "  ionic level  du r ing  the  IO rain i n c u b a t i o n  

pe r iod  w i t h  suga r  was t a k e n  to equa l  t he  a r i t h m e t i c  m e a n  of c o n c e n t r a t i o n s  at  the  

s t a r t  and  the  end  of incuba t ion .  The  figure inc ludes  d a t a  f rom t issues  in nor lna l  

med iu in ,  in K*- f ree  med iu iu  for v a r y i n g  per iods  of t ime ,  and  f rom t issues  first 

exposed  to K+-free  a n d  then  to  n o r m a l  m e d i u m .  

TA I~LI~; [1 

EFFECX OF 1( ~ FREE MEDIUM ON FFFLUX OF 3 MFTItYLGLUCOSIg 

()ne hemidiaphragnl of each pair was analyzed after 3 ° rain loading xxith ~o mM 3-methylgluco.+c, 
the other after loading followed by i o rain washout in sugar-free medium. The data refer to means 
of differences - S.F;. in paired experiments and give the amount of sugar Iost from the tissue 
in percent of ti~e amount loaded in the paired control. The number of pairs for each figure is 
viven in brackets. P by unpaired I test (2-tailed). 

'~(, ~{f sttgar /()st d t fr ing waskot~t 
Prc incubat ion  

(loading) mediztm : N o r m a /  I f  ~-j),cc 
I ncztbatio~ 

(washout)  meditm~ : N o r m a l  K+:frec A'ormal 

Expt. ) 29.6 ± 2. 3 (0) 49.2 ~ 2.5 (0) 35.o = 2. 7 (0) 
P <  0.005* P <  o.o2" 

Expt. 2 4 7 . 0  ~ 1. 4 ( I 2 )  03.  5 ~ I .S  ( i 1 )  
l ~ g .  0 .001  * 

lC ~ Crec 

49.0 3.2 (6) 
P <  0.005 *. 

* As compared to loss into normal medium after preincubation in normal medium (firsf 
column). 

* *  As compared to loss into normal medium after prcincubation in K+-free mediuin (third 
column). 

If  t i le  suga r  ca r r i e r  were  r e g u l a t e d  by  c a r r i e r - b o u n d  a n d  c o - t r a n s p o r t e d  Na  ÷ 

or  K +, or  bo th ,  v a r i a t i o n s  in ion levels  shou ld  affect  sugar  inf lux  and  efflux in qua l i t a -  

t i v e l y  d i f ferent  ways .  The  d a t a  in Tab l e  I I  show, however ,  t h a t  i n c u b a t i o n  and  prein-  
c u b a t i o n  in K+-free  m e d i u m  inc reased  sugar  effiux in t he  s a m e  m a n n e r  as it  did 

sugar  influx.  Moreover ,  as w i t h  influx,  efflux in to  n o r m a l  m e d i u m  was  s ign i f ican t ly  
g r e a t e r  if the  t i ssue  was p r e v i o u s l y  exposed  to K+-free  m e d i u m  (compare  co lumns  

I a n d  3). The  two  e x p e r i m e n t s  were  p e r f o r m e d  severa l  m o n t h s  a p a r t  and  the  differ- 
ence  in abso lu t e  va lues  is p r o b a b l y  due  to  seasonal  factors .  

Such a s y m m e t r i c a l  a c t i v a t i o n  of suga r  t r a n s p o r t  is cha rac t e r i s t i c  of insul in  

(e ,g .  see ref. 8) and  is shown in Tab le  I I I .  The  d a t a  in Tab l e  I I I  also show t h a t  sugar  
efflux was  a c t i v a t e d  by  I .  i 0  5 M ouaba in ,  a c o n c e n t r a t i o n  k n o w n  to  inh ib i t  t he  Na  + 
p u m p  14. Th is  c o m p l e m e n t s  ear l ie r  reports1,  2 of a c t i v a t i o n  of suga r  inf lux b y  ouaba in .  

Bioch im .  B i o p h y s .  Ac ta ,  225 (t97 I) 56-.-63 
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T A B L E  l l I  

EFFECTS OF OUABAIN AND INSULIN ON EFFLUX OF 3-METHYLGLUCOSE 

T i s s u e s  w e r e  l o a d e d  a n d  e q u i l i b r a t e d  w i t h  3 - m e t h y l g l u c o s e  in  n o r m a l  m e d i u m  a s  d e s c r i b e d  in  
t h e  t e x t .  O n e  h e m i d i a p h r a g m  of  e a c h  p a i r  w a s  t h e n  w a s h e d  o u t  f o r  i o  r a i n  in  s u g a r - f r e e  m e d i u m .  
0. 5 m u n i t  of  i n s u l i n  p e r  m l  a n d  I " 10 -5 M o u a b a i n  w e r e  a d d e d  as  i n d i c a t e d .  T h e  d a t a  a r e  e x p r e s s e d  
a s  in T a b l e  I I I .  T h e  n u m b e r  of  p a i r s  f o r  e a c h  f i gu re  is i n d i c a t e d  in  b r a c k e t s .  

;4 dditions % S**gar lost dieting washout 

N o n e  35 .2 i 1.7 ( io)  

I n s u l i n  55-7 ::= ~.9 0 2 )  * 

O u a b a i n  47 . I  ± 1. 5 ( to )*  

* P < o . o o i  a s  c o m p a r e d  t o  loss  i n t o  c o n t r o l  (no a d d i t i o n ) .  

The effect of insulin on sugar  t r anspo r t  m a y  show a t ime  lag 15 and we have shown 
previous ly  2 t ha t  the  effect of ouaba in  depends  on the presence of glucose dur ing  
" f ixa t ion"  of ouaba in  to the  t issue. The incuba t ion  sequence was therefore modif ied 
to include the requi red  p re incuba t ion  with  insulin or ouabain .  Fol lowing " load ing"  
for 3o rain wi th  IO mM 3-methylglucose,  the  t issues were exposed for IO min to a 
sugar  concent ra t ion  equal  to t ha t  reached in the  t issue at  the  end of the  first s tage 
(de te rmined  in p re l iminary  exper iments) ,  so t ha t  no net  t r anspor t  of sugar  took 
place dur ing  this  "equ i l ib ra t ion"  period. Final ly ,  one he mid i a ph ra gm of each pa i r  was 
washed out  for i o m i n  in a sugar-free med ium as descr ibed in MATERIALS AND METHODS. 
Where  ind ica ted  in Table  I I I  insulin was added  dur ing equi l ibra t ion  and washou t ;  
ouaba in  was present  in all three  stages,  wi th  io  mM glucose added  in the  loading stage. 

D I S C U S S I O N  

Our earl ier  results  2 showed clear ly  t ha t  sugar  influx is s t imu la t ed  whenever  
the  Na + p u m p  is inhibi ted ,  e i ther  by  ouaba in  or omission of K + from the  incuba t ion  
med ium or inhibi t ion  of ox ida t ive  metabol i sm.  The resul ts  presented  here provide  
some evidence on the na tu re  of th is  l ink between sugar  and Na  + t r anspor t ,  and  on 
the  possible role of Na  + or K + b inding  and co- t ranspor t  on the  sugar  carrier.  

Inh ib i t ion  of the  N a  + p u m p  in a K+-free med ium leads to a progressive increase 
in cellular  Na  + and deple t ion  of cel lular  K +, which is followed b y  g radua l  recovery  
of ionic grad ien ts  upon  t ransfer  of the  t issue to no rma l  med ium (Fig. 2). The resul ts  
in Table  I and  Fig. I show tha t  the  increase in sugar  influx also develops g radua l ly  
and persis ts  for some t ime  af ter  r e tu rn  of the  t issue to a normal  medium,  i.e. dur ing 
the recovery  per iod when the  N a  + p u m p  is ac tua l ly  s t imu la t ed  to grea ter  than  res t ing 
ac t iv i ty .  Thus, s t imula t ion  of sugar  e n t r y  is cor re la ted  ne i ther  wi th  the  ac t i v i t y  
of the  Na + pump  as such nor  wi th  the  concent ra t ion  of ex te rna l  K+ at  the  t ime  of 
t ranspor t .  Rather ,  i t  seems to para l le l  the  d iss ipa t ion  of Na  + or K + gradients ,  i.e. 
a consequence of N a  + pump  inhibi t ion.  This re la t ionship  is bes t  i l lus t ra ted  in Fig. 3 
showing the  correla t ion of sugar  influx and  in t race l lu la r  concent ra t ions  of Na  + and 
K +. The present  d a t a  no t  do indica te  which of the  two ions m a y  be involved.  

The measurements  of sugar  efflux in Tables  I I  and  I I I  show tha t ,  s imi lar ly  
to insulin, inhibi t ion  of the  Na  + p u m p  b y  ouaba in  or b y  omission of K + s t imula tes  
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efflux as well as influx of sugar. This stinmlation of efflux also shows the same 
dependence upon previous exposure to K<free medium, as was demonstrated for 
influx. CLAUSFN s recently demonstrated a similar stinmlation of sugar efflux from 
adipose tissue and also emphasized the apparent parallelism between depletion of 
cellular K + and stimulation of sugar transport, into and out of the cell. 

Such a situation is consistent with an effect on some property of the sugar 
carrier, for example its mobility, making it more effective for transport in either 
direction, i t  is, however, not consistent with a modification of the carrier's properties 
through simultaneous binding and transport of for example Na ~, as is thought to 
occur in sugar transport in the small intestine 9 and in amino acid transport in many 
tissues (see ref. I6 for review). In such a co-transport model the activation of sugar 
influx and efflux depends on the concentrations of activating ions at the outside 
and the inside of the membrane, respectively. It is indeed this asymmetry of activation 
coupled to the asymmetry of ion distribution maintained by the cell, which makes 
these Na+-dependent carriers capable of active transport. The similar model proposed 
for insulin-sensitive tissues by LETARTE aND RV.NOLD 7 would therefore require sugar 
transport in these tissues to also show differential activation of influx and efflux, de- 
pending on where alterations in ionic levels take place, and active transport (against a 
concentration difference) depending for its energy on the ion pump(s) responsible for 
maintaining ionic gradients. The collective evidence of this and other studies shows, 
however, that (a) any experimental manipulations affect influx and efflux of sugar 
equally, (b) omission of K + from the medium affects sugar transport via inhibition 
of the Na+ pump, (c) stimulation of sugar transport seems to be related to the increased 
internal Na- level, or decrease K + level, which are the consequence of Na + pulnp 
inhibition, (d) neither an energy requirement nor accumulation of sugar against 
the gradient was demonstrated, whereas inhibition of oxidative metabolism actually 
stimulated transport down the gradient. These conclusions apply primarily to insulin- 
sensitive sugar transport in muscle but are probably also valid for the essentially 
identical system in white adipose tissue. 

This study shows that the regulation of sugar transport in nmscle does not 
occur via binding and co-transport of Na + and/or K + at the sugar carrier. Neither 
are the data consistent with a model assuming "activation binding" of ions at the 
same face of the carrier as the sugar about to be translocated, but no co-transport. 
Both influx and efflux of sugar appear to be regulated by the internal ionic levels. 
The data do not suggest by what mechanism intracetlular ions may affect sugar 
transport nor do they provide a clue to the mode of action of insulin which is clearly 
unrelated to gross changes in internal ionic levels. More recent data from this labora- 
tory suggest that the internal Na + level may act on sugar transport indirectly, 
perhaps through changes in the lneinbrane pools of divalent ions. 
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