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SUMMARY 

I. The effect of Na ÷ and K + on sugar transport in peripheral skeletal muscle 
has been assessed by measurements of 3-0-methylglucose uptake and efflux and glucose 
uptake in the isolated rat soleus muscle. 

2. The transport of 3-O-methylglucose showed no absolute requirement for Na + 
or K + in the extracellular milieu, neither in the absence nor in the presence of insulin. 

3. Total replacement of extracellular Na + by Li + was found to stimulate glucose 
uptake, glycogen deposition and 3-0-methylglucose transport, both in the absence and 
in the presence of insulin. Replacement by K + inhibited both basal and insulin-sti- 
mulated glucose uptake. 

4. In buffers in which Na + had been iso-osmotically replaced by K + (or Rb +) at 
high concentrations, the basal rates of 3-O-methylglucose uptake and efftux were not 
significantly altered. However, the replacement of extracellular Na + by K+ (in the 
range 12-15o mM) promptly suppressed the stimulating effect of insulin, 2,4-dinitro- 
phenol and trypsin on 3-0-methylglucose efflux. 

5. Incubation in K+-substituted iso-osmolar buffer leads to considerable swel- 
ling of the muscle cells. Similar degrees of swelling induced by a hypo-osmolar environ- 
ment were associated with a marked suppression of the stimulating effect of insulin, 
trypsin and 2,4-dinitrophenol on 3-0-methylglucose efflux. 

6. When KC1 (IOO mM) is added in excess of the other components of the incu- 
bation medium, there is no significant change in cell volume and the insulin-stimulated 
3-O-methylglucose efflux is not suppressed. 

7. It  is concluded that the well-documented inhibitory effect of K + on sugar 
transport in skeletal muscle is, for a major part, not the result of a direct action on the 
sugar transport system, but related to changes in cell volume. The relative partici- 
pation of different areas of the plasma membrane, e.g. transverse tubules, sarcoplasmic 
reticulum and " true"  outer membrane may control the capacity for stimulation of 
sugar transport. 

* P re sen t  address :  D e p a r t m e n t  of Phys io logy ,  U n i v e r s i t y  of Sheffield, Sheffield SIo 2TN, 
Eng land .  
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INTRODUCTION 

A number of reports have indicated that the permeability of the plasma mem- 
brane to glucose in insulin-sensitive tissues is influenced by Na + and K +. In both rat 
hemidiaphragm 1-~ and soleus muscle 5 a high extracellular K + concentration was found 
to diminish both basal and insulin-stimulated glucose uptake. An inhibitory effect of 
K + on the uptake of xylose 1, 2-deoxyglucose s and 3-0-methylglucoseL8 has also been 
described. These effects are not secondary to a lowering of extracellular Na + concen- 
tration, since partial or total substitution of Na + by Li +, sucrose, mannitol, Tris or 
choline caused either no alteration, or even stimulation of sugar uptakel,S, 9-11. 

In previous reports 12-15, it was shown that measurements of 3-O-methylglucose 
efflux provide a sensitive tool for the study of the function of the glucose transport 
system and the time-course of changes in its activity. The aim of the present study has 
been to characterize the effects of extracellular Na + and K + on the permeability of the 
plasma membrane of a peripheral skeletal muscle to 3-0-methylglucose and glucose. 
The results indicate that the extracellular Na + concentration has little or no direct 
influence on basal or insulin-stimulated transport of 3-O-methylglucose in soleus 
muscle. 

However, raising the extracellular concentration of K + (or Rb +) in the range 
I2-I5O mM promptly and reversibl~ suppressed the stimulation of sugar transport by 
insulin. The effects of a number of other stimuli (2,4-dinitrophenol, trypsin and hyper- 
osmolarity) were also considerably suppressed by raised concentrations of K +. These 
effects may be related to the changes in cell volume induced by high extracellular 
K + concentrations since swelling produced by a hypo-osmolar medium is also associa- 
ted with a similar suppression of 3-0-methylglucose transport. 

METHODS 

All experiments were performed using muscles from rats in the weight range 
60-70 g. The procedures for the measurement of the uptake and efflux of 3-O-methyl- 
glucose, inulin space and K + content have been described in detail in previous 
papers 12-14. Glucose uptake was determined by measuring the disappearance of glu- 
cose from the incubation medium 16, and the incorporation of [14Cs]glucose into gly- 
cogen assessed as previously described 17. 

Where indicated, Na + in the incubation medium was partially or totally 
replaced by equivalent amounts of K +, Li +, Rb +, Cs + or Tris +. In other experiments, 
varying concentrations of NaC1 were replaced by a double concentration of sucrose or 
mannitol, to achieve approximate isotonicity. The hypo-osmolar medium was pre- 
pared by omitting 60 mM of the NaC1 from the basic Krebs-Ringer bicarbonate buffer. 
All buffers were gassed with O,-CO~ (95:5, by vol.) and the pH maintained close to 
7.35. Specific details are given in the appropriate legends. 

Chemicals, isotopes and hormones 
All chemicals were of analytical grade. 3-O-methylglucose was obtained from 

Calbiochem (Los Angeles), pancreatic trypsin (EC 3-4.4-4) from Nutritional Bioche- 
micals Corp. (Cleveland), and the reagents for the enzymatic determination of glucose 
from Kabi AB (Sweden). 3-0-[14C]Methylglucose (specific activity 5o mC/mmole), 
[hydroxymethyl-XtC]inulin (specific activity 9 mC/mmole), and D-[14Ce]glucose (speci- 
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tic a c t i v i t y  335 m C / m m o l e )  were  p r o d u c t s  of t he  R a d i o c h e m i c a l  Centre ,  A m e r s h a m ,  

E n g l a n d .  L -Ep ineph r ine  was  p u r c h a s e d  f rom R h o n e - P o u l e n c  (Paris) a n d  ace ty lcho l ine  

iod ide  f r o m  S i g m a  (St. Louis) .  M o n o - c o m p o n e n t  p o r k  insul in  lo t  No.  S L - I I 6 6 9  MC 

(25 I . U . / m g ,  pur i f ied  b y  c h r o m a t o g r a p h y )  was  a gi f t  f r o m  the  N o v o  R e s e a r c h  L a b o r a -  

tor ies  (Copenhagen) .  

R E S U L T S  

W h e n  soleus musc les  were  i n c u b a t e d  in a K r e b s - R i n g e r  b i c a r b o n a t e  buffer  in 

wh ich  all t h e  N a  + was  r ep l aced  b y  K+, t he  u p t a k e  of g lucose  a n d  i ts  i n c o r p o r a t i o n  

lamoles of glucose/g w.w.  
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Fig. I. Effect of Na + replacement and insulin on the uptake of glucose and its incorporation into 
glycogen by rat soleus muscle. Soleus muscles were incubated for 60 min at 30 ° in i ml of Krebs- 
Ringer bicarbonate buffer (K.R.) containing i mM pyruvate and i mM D-[l*Ce]glucose (0.2/~C/ml) 
without (C) or with (I) insulin (I munit/ml). In Li+-K.R. and K+-K.R., all Na + was replaced by 
an equivalent amount of Li + or K +, respectively. Uptake of glucose is expressed as Fmoles/g 
wet wt. ot tissue disappearing from the incubation medium, and the fraction hereof incorporated 
into glycogen is indicated by the hatched parts of the columns. The column heights represent 
the values from (n) observations and 2 × S.E. is denoted by the vertical bars. 
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into glycogen were considerably suppressed both in the absence and in the presence 
of insulin (Fig. x). When Li + was used as the substituting ion the effects were very 
different. There was a slight increase in glucose uptake, and a larger fraction was 
incorporated into glycogen. Moreover, in the Li + buffer, the effects of a submaximal 
dose (I munit/ml) of insulin on both parameters were enhanced. 

The uptake of glucose is dependent on both its rate of transport  and its subse- 
quent metabolism and changes in the extracellular concentration of Na + and K + are 
known to influence glucose metabolism to a considerable degree 4. In order to separate 
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Fig. 2. Effect  of N a  + r ep l acemen t  and  insu l in  on t he  u p t a k e  of 3 -O-methy lg lucose  b y  r a t  soleus  
muscle .  Soleus musc le s  were i n c u b a t e d  for 6o rain  a t  3 o° in 2 m l  of Krebs- -Ringer  b i ca rbona te  
buffer  (K.R.)  con t a in i ng  z m M  p y r u v a t e ,  i m M  3-O-[l~C]methylglucose (o.z/~Clml ) w i t h o u t  (C) 
a n d  wi th  (I) insu l in  (i mun i t / m l ) .  Li  +- a n d  K + - K . R .  as in  Fig. z, excep t  for  t he  e x p e r i m e n t  where  
on ly  ioo m M  Na + was  replaced b y  K ÷. T he  h a t c h e d  p a r t  of  t h e  c o l u m n s  ind ica te  t h e  u p t a k e  of 
3-O-methylg lucose  (as / tmoles /g  we t  wt .  of muscle)  in to  t he  space  n o t  avai lable  to  inul in .  O the r  
deta i l s  as in Fig. i .  
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out the effects on transport  alone, equivalent experiments were performed using the 
non-metabolised glucose analogue, 3-O-methylglucose (Fig. 2). Again, K + substitution 
suppressed the stimulation of sugar uptake by insulin but for this sugar had no effect 
on the basal uptake. The apparent fall in uptake into the total tissue water can be 
entirely explained by the decrease in the extracellular (inulin) space which accom- 
panies the swelling muscle cells in K+-rich media. In the Li ÷ buffer there was again a 
small increase in the uptake of sugar, but the insulin effect was essentially unaltered. 

Thus it seems that,  at least in terms of glucose transport, the absence of extra- 
cellular Na ÷ has no immediate or direct effect, but a rise in extracellular K ÷ leads to a 
loss in insulin sensitivity. In order to obtain a fuller evaluation of the role of these 
cations, the permeability to 3-O-methylglucose was examined in efflux experiments 
which allow a more sensitive assessment of the insulin effect and some indication of 
the time-course of the response to changes in the ionic milieu. 

Fig. 3 shows that  total replacement of Na ÷ by K ÷ produced no significant change 
in the rate of 3-0-methylglucose efflux during the first 20 rain. The subsequent rise 
in the rate coefficient was not affected by phlorizin (data not presented) and may well 
be the result of cell damage during the transfer of muscles through the K+-substituted 
efflux media. However, from some of the following graphs it can be seen that  partial 
substitution of Na + by K + (up to ioo mM) had no effect whatever on the basal rate of 
3-0-methylglucose efflux (dashed line in Figs. 9-11). In contrast, replacement of Na + 
by Li ÷ caused a more immediate rise in the rate of efflux and this could be entirely 
suppressed by phlorizin (Fig. 3). 
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Fig. 3. Effect of Na + replacement and phlorizin on the rate  coefficient for 3-O-methylglucose 
release f rom soleus. The muscles were loaded in Krebs-lRinger bicarbonate buffer (K.R.) con- 
ta in ing i mM pyruvate ,  i mM 3-O-methylglucose and 3-O-[liC]methylglucose (i or 2/2C/ml) for 
6o rain at 3 o°. They were then washed out  into a series of tubes  containing buffer with pyruva te  
(i mM), bu t  no 3-O-methylglucose. The fraction of I*C act ivi ty lost  per  minute  is shown as a 
funct ion of the washout  time. O - - O ,  controls;  &--ZX, all Na + replaced by  Li+; ~ k - - A ,  all Na + 
replaced by  Li +, phlorizin (5 raM) in Li+-K.R.;  0 - - 0 ,  all Na + replaced by K +. Each poin t  
represents  the mean of 3 - i i  observat ions  and vertical bars  indicate S.E. where this exceeds the 
size of tile symbols.  
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Other experiments (not presented) showed that the total substitution of sucrose 
or mannitol for NaC1 increased the rate coefficient for 3-O-methylglucose efflux by 
93 % or 79 %, respectively, within 6o rain. This increase was rather slow in onset and 
almost completely suppressed by phlorizin (5 mM). A recent report has shown that 
the uptake of 3-O-methylglucose in diaphragm muscle is increased to a similar extent 
by the substitution of mannitol for NaC1 ix. 

These results indicate that extracellular Na + is not essential for the basal level 
of 3-O-methylglucose transport, and that the omission of Na + from the incubation 
medium causes no immediate deterioration in the insulin responsiveness of the sugar 
transport system. Fig. 4 shows that in two different Na+-free buffers, the stimulation 
of 3-O-methylglucose effiux following a submaximal dose of insulin (I munit/ml) was 
not significantly different from that obtained in the normal buffer. These findings are 
in agreement with earlier studies which showed that the effect of insulin on the uptake 
of galactose and 2-deoxyglucose by diaphragm muscle e, or of glucose by soleus muscle TM, 
is not affected by the replacement of Na + by choline or Tris, respectively. 

In contrast, when Na + was replaced by K + the stimulating effect of the same 
dose of insulin was almost completely abolished (Fig. 5). Moreover, the sudden de- 
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insul in (i muni t /ml ) ,  I1 - -11 ,  all Na + replaced by  Tris, insul in (I munit /ml) .  
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crease in insu l in-s t imula ted  efflux suggests  t ha t  K + has  a r a the r  r ap id  effect on the  
sugar  t r anspor t  sys tem or on i ts  ac t iva t ion  b y  insulin. The change does not  seem to be 
the  ou tcome of an i r revers ible  impa i rmen t  of cell i n t eg r i ty  since i t  could be shown in 
sepera te  exper iments  t h a t  a r e tu rn  to  normal  buffer af ter  an exposure  to high K + of 
up to 4 ° min resul ted  in the  comple te  res tora t ion  of a normal  insulin response (da ta  
not  presented) .  

The specifici ty of the  K + effect was assessed b y  per forming  analogous experi-  
ments  using R b  + or  Cs + as subs t i tuen t s  for N a  +. F r o m  Fig. 6 i t  can be seen t h a t  where-  
as Cs + (IOO mM) produced  no significant change in the  insu l in-s t imula ted  3 -0 -me thy l -  
glucose efflux, R b  + induces a lmost  the  same suppress ion as K +. Nei ther  of these ions 
themselves  affect the  sugar  efflux in the  absence of insulin. These findings again  con- 
firm t h a t  the  inh ib i to ry  effects of K + are not  due to N a  + lack and  the  effect is c lear ly  
ve ry  specific among the-monovalen t  cat ions.  

The effects of K + are stil l  ev ident  when a s u p r a m a x i m a l  dose (Ioo muni t s /ml)  of 
insulin is used. Increas ing K + over  the  concent ra t ion  range 12-1oo mM resul ted  in a 
progressive suppression of the  insulin effect on 3-O-methylglucose efflux (Fig. 7). 

-1 
(min') 

0.~ 

¢: 

0.0~ 

~-0.0: 

o 

~,, , 
~0.0, 
..c 

E 

o 

0.01 
o 

+ 

K altered 

I I  ' 0 I n s u l i n  (lOO m U I m l l  

K + 

(mM) 

i: 

5O 

~ q p  loo 

0.[]~ I ! t ! t 80 a~o 1~o rio ' 
(m in )  

Duration of washout 
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However, using a lower level of insulin (Fig. 8 shows data for the submaximal level of 
0.5 munit/ml) the sensitivity to K + was rather more pronounced. 

The opposite situation, namely replacing all the K + in the bathing medium by 
Na +, was examined in another group of experiments. Although the rate coefficient 
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for 3-0-methylglucose efflux remained unaltered during the first 14o min, a late and 
somewhat variable rise of up to 20 % was observed when incubation in the K+-free 
medium was prolonged to 18o min. This pattern corresponds to that previously re- 
ported for the effect of ouabain 14. In addition, there was a variable increase in the 
response to submaximal doses of insulin. In three out of six experiments the size of 
this effect was statistically significant CP < 0.05). 

In an attempt to determine whether K + had a direct effect on the sugar trans- 
port system or interfered (for example, with binding) at the site of insulin action, the 
sensitivity to K + of a number of other stimuli for sugar transport was tested. Fig. 9 
shows that, in a K+-rich buffer, the increase in 3-O-methylglucose efflux produced by 
2,4-dinitrophenol (0.05 mM) was considerably diminished. Similarly the stimulation 
by trypsin (0.5 mg/ml) was also markedly suppressed (Fig. IO). 

In contrast, when hyperosmolarity was used to stimulate 3-0-methylglucose 
efflux 13, the response to a raised K ÷ concentration was somewhat different. As shown 
in Fig. I i ,  the early stages of the increase in sugar efflux in response to mannitol 
(200 raM) is unaffected by increasing the K + concentration to IOO raM, but a clear 
suppression becomes apparent in the later stages. Just as previously reported for 
normal buffer 18,14, the stimulating effect of hyperosmolarity in the high K + buffer is 
completely suppressed by phlorizin (5 mM). Thus the failure of K + to inhibit during 
the first 20 min does not seem to be due to tissue damage under the combined influence 
of a hyper-osmolar buffer and raised extracellular K +. The delayed effects of potassium 
were also seen at lower concentrations (25 and 5 ° mM). 

A possible explanation for this delayed effect of K + is that it might be related to 
the considerable and rapid swelling which occurs when muscle cells are exposed to K + 
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trypsin (0. 5 mg/ml) in buffer with 25 mM ~Na + replaced by K+; I - - m ,  trypsin (o. 5 mg/ml) in 
high-K + buffer (ioo mM l~a + replaced by K +) ; . . . . .  , high-K+ (ioo raM) buffer without trypsin. 
Each point represents the mean of 3 observations. 
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rich mediaS, is-21. In  the present study, exposure of soleus muscles for 60 min to a 
buffer in which all Na + was replaced by  K + caused a decrease in the extracellular 
(inulin) space of about  50 % and a 26 % increase in the intracellular volume (p < o.oi). 
I t  was therefore interesting to examine whether swelling induced by  another  means 
(hypo-osmolarity) could mimic the effects of high extracellular K +. 
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(20o mM) in high-K + (ioo raM) buffer with phlorizin (5 re_M); . . . . .  , high-K + (ioo mM) buffer 
without mannitol. Each point represents the mean of 3-5 observations. 

Table I shows the results from a group of uptake  experiments in which the 
effects of hypo-osmolar  media were examined. In  a medium from which 60 mM of the 
NaC1 had been omitted, a reduction in the uptake  of 3-O-methylglucose uptake  was 
observed both in the absence and in the presence of insulin. However,  when allow- 
ance is made for the decrease in extracellular (inulin) space, the uptake  into the intra- 
cellular volume in the absence of insulin was actually marginally increased. On the other 
hand, the insulin effect is still clearly suppressed, and to about  the same level as in the 
high K + buffer (Fig. 2). When the muscles were preincubated in the hypotonic  buffer 
for fifteen minutes prior to measuring 3-O-methylglucose uptake, the suppression of 
the insulin effect was even more marked (Table I). 

The similarity between the effects of K + and those of hypotonic i ty  is even more 
clearly illustrated in the efflux situation. Fig. 12 shows tha t  al though omission of 60 
mM NaC1 from the buffer has no detectable effect on unst imulated 3-O-methylglucose 
efflux, it almost abolishes the response to insulin. This inhibition was highly significant 
within 2o min after the onset of exposure to hypotonic  environment.  Separate experi- 
ments  showed tha t  incubation for 15 min in the hypotonic  buffer (60 mM of the NaC1 
omitted) or in Na+-free K+-Krebs-Ringer  bicarbonate buffer caused the muscle cells 
to swell by  II.O 4- 1. 3 and 11. 4 4- 1.5 %, respectively. Such rapid increases in cell 
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Fig. 12. Effect  of hypo-osmolar i ty  on basal  and  insul in-s t imulated release of 3-O-methylglucose. 
Exper imen ta l  condi t ions  as in Fig. 3. © - - O ,  insulin (i munit /ml)  in Krebs -R inge r  b icarbonate  
buffer;  O - - O ,  insulin (I muni t /ml)  in hypo-osmolax buffer (6o ram NaC1 omi t ted) ;  [ ] - - • ,  hypo-  
osmolar  buffer (60 mM NaC1 omit ted)  wi thou t  insulin.  Each  po in t  represents  the  mean of 3 obser- 
vat ions .  

T A B L E  I 

E F F E C T S  O F  H Y P O - O S M O L A R I T Y ,  K + A N D  S U C R O S E  O N  T H E  U P T A K E  O F  3 - O - M E T H Y L G L U C O S E  I N  

S O L E U S  M U S C L E  

Exper imenta l  cond i t ions  as in Fig. 2. Number  of observat ions  in parentheses .  

Incubation medium lnsulin 
(z munit]ml) 

3-0- [14C] Methylglucose 
taken up in 
total water space 
(tzmoles/g wet wt. muscle) 

3-0- [14C]Metkylglucose 
taken up in the intra- 
cellular water space 
(ttmoles[g wet wt. muscle) 

K r e b s - R i n g e r  b ica rbona te  buffer  

Krebs--Ringer  b ica rbona te  buffer, 
60 mM NaC1 om i t t ed  

K r e b s - R i n g e r  b ica rbona te  buffer, 
6o m ~  NaC1 omi t t ed .  Muscles 
p re incuba ted  for 15 rain in 
the  same buffer  before the  
measu remen t  of sugar  up take  

Krebs--Ringer  b ica rbona te  buffer, 
60 mM NaC1 replaced 
by  i2o mM sucrose 

0 

+ 

0 

+ 

+ 

+ 

0.425 ± 0.008 (8) o.123 (8) 
o.612 ± o.oi  5 (7) 0-350 (7) 

o.315 ± o.o15 (8) o.137 (8) 
0.424 -I- o.o17 (4) 0.229 (4) 

0.362 4- o.o16 (4) °-167 (4) 

0.655 ± 0.022 (4) 0.393 (4) 
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volume have repeatedly been demonstrated in other muscles during exposure to simi- 
lar environments z0-2z. 

From Fig. 13 it can be seen that hypotonicity reduces the stimulating effect of 
trypsin (I mg/ml) and 2,4-dinitrophenol (0.05 mM) also. Thus the effects of hypoto- 
nicity, like those of K + substitution, cannot readily be explained in terms of a direct 
effect on the binding of insulin or some other step specific to its action. They are how- 
ever, confined to the mechanisms by which the sugar transport system is activated. 
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r-~ 

~10.Ol 
0 

o 

g 

,.,- 0 

60 mM NaCI omitted 

J l  ' 2,4-dinitrophenol 10.05 mM) 
or Trypsin (1 mglml) 
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2, 4-dini - 
/ /T J . ~ "  trophenol 

Trypsin 

I i I i I I I ! 
. 8 0  I00 120 MO 

( m i n )  
D u r a t i o n  o f  w a s h o u t  

Fig. 13. Effecf of hypo-osmolar buffer on the stimulation of 3-O-methylglucose release by trypsin 
or 2,4-dinitrophenol. Experimental conditions as in Fig. 3. © - - © ,  t rypsin (i mg/ml) in normal 
Krebs-Ringer bicarbonate buffer; 0 - - 0 ,  trypsin (I mg/ml) in hypo-osmolar buffer (6o mM NaC1 
omitted); [2 - - [2 ,  2,4-dinitrophenol (o.o5 raM) in normal Krebs-Ringer bicarbonate buffer; 
m - - B ,  2,4-dinitrophenol (o.o 5 raM) in hypo-osmolar buffer (6o mM NaC1 omitted). Each point 

represents the mean of 3 observations. 

Finally, if the swelling effect of K + could somehow be prevented, this ion might 
not cause any suppression of stimulated 3-O-methylglucose transport. When KC1 is 
added in excess of the other components of the buffer, the volume of muscle cell 
can be kept almost constant z9-20. In soleus muscle, the addition of IOO mM of KC1 
(in excess of the other components of the Krebs-Ringer bicarbonate buffer) caused 
no significant change in wet weight or inulin space over an incubation period of 60 min. 
In these muscles, the intracellular K+ concentration was 244 ± 2 mM (n = 4). When 
the muscles were incubated in a buffer containing the same concentration of K + 
(replacing an equivalent amount of Na+), the intracellular K + concentration was 
187% 14 mM (n = 4). 

Fig. 14 shows the results of experiments in which the effect of excess KC1 (IOO 
mM) on 3-0-methylglucose transport was tested. It appears that the addition of KC1 
caused a small increase in the rate coefficient of 3-0-methylglucose efflux. However, in 
contrast to the considerable suppression of the insulin effect seen in K+-substituted buf- 
fer (Fig. 7), the addition of hyperosmolar KCI produced no significant change. Thus, the 
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mere presence of K + does not suppress the insulin response if there is no concomitant 
change in cell volume. 
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Fig. 14. Effect  of KC1 (hyperosmolar)  on basal  a n d  i n su l i n - s t imu la t ed  3-O-methy lg lucose  release. 
E x p e r i m e n t a l  cond i t i ons  as in Fig. 3- - . . . .  , n o r m a l  K r e b s - R i n g e r  b i ca rbona te  buffer ;  © - - © ,  
insu l in  ( ioo mun i t s /ml )  in  n o r m a l  K r e b s - R i n g e r  b i ca rbona te  buffer ;  [ 3 - - [ 2 ,  K r e b s - R i n g e r  bi- 
c a rbona t e  buffer  w i t h  KC1 (IOO raM) added  in  excess  of t he  o the r  c o m p o n e n t s  of t he  buffer ;  
, - - I ,  i n su l in  ( ioo mun i t s / m l )  in  K r e b s - R i n g e r  b i ca rbona te  buffer  wi th  KC1 ( ioo mM) added  

in excess  of t he  o the r  c o m p o n e n t s  of the  buffer. 

DISCUSSION 

In the evaluation of the significance of extracellular Na + and K + for sugar trans- 
port in muscle, two serious difficulties must be faced. Many of the commonly used 
substituents for Na + appear themselves to exert effects on the processes of glucose 
transport  and metabolism. In addition, alterations in the concentration of extracellu- 
lar K+ lead to changes in cell volume. 

Previous studies have shown that  rather low concentrations of Li+ (which has 
been widely used as a substituent for Na + in studies on excitable tissues) will stimulate 
the uptake of glucose and its incorporation into glycogeng, ~=. The present experiments 
show that  in soleus muscle, Li+ stimulates both glycogen deposition and a phlorizin- 
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sensitive sugar transport system. Replacing Na + by Tris stimulated sugar effiux, but 
Rb + and Cs + were practically without effect. When mannitol or sucrose were used to 
replace NaC1, a slight stimulation of 3-O-methylgiucose transport was observed. In 
a medium in which 6o mM NaC1 was replaced by sucrose the insulin-stimulated uptake 
or efflux of 3-O-methylglucose was not significantly different from that  in the control 
buffer. Furthermore, when all Na + had been replaced by Li+ or Tris, the stimulatory 
effect of insulin on 3-0-methylglucose efflux was unimpaired. 

Collectively, the evidence shows that Na + is not a prerequisite for either the 
basal or the insulin-stimulated sugar transport. Thus the effects of high K + media are 
not simply a result of the concomitant reduction in Na + concentration. 

The inhibitory effect of K + on sugar transport is well documented. The present 
data suggest that, when stimulated by insulin, the system mediating the transport of 
3-O-methylgiucose is promptly suppressed by a rise in extracellular K ÷ concentration. 
Since a similar suppression of the effects of both trypsin and 2,4-dinitrophenol was 
also observed, the effect of K + does not appear to be restricted to the insulin receptor 
site but  rather affects the mechanism responsible for augmenting the capacity of the 
glucose transport system. Unlike phlorizin, which completely suppresses the stimu- 
lation of sugar transport in hyperosmolar media la, K + (25-Ioo mM) did not affect the 
initial rise in the rate of 3-0-methylglucose efflux induced by hyper-osmolarity. It  is 
worth noting that even under basal conditions, the sugar effhix can be still further 
suppressed by phlorizin 14. In contrast, raising extracellular K + to IOO mM appears to 
be completely without effect, and the full sensitivity to phlorizin is retained. 

Taken together these findings suggest that the effect of K+ is on the mechanism 
of activation of sugar transport, and not on the transport system itself. 

K + has been shown to have indirect effects on a number of physiological proces- 
ses. Thus, it has been shown that K + stimulates secretion in the exocrine pancreas, 
primarily by increasing the release of acetylcholine from nervous elements ~3. In 
muscle, K + has been found to stimulate adenyl cyclase ~, a property which may in part 
explain the considerable degradation of glycogen which occurs in soleus muscles 
during incubation in K+-rich buffers 25. 

However, these phenomena probably cannot explain the effect of K + on sugar 
transport since a separate series of experiments in the present study showed that 
neither acetylcholine (i0o #g/ml), eserine (I0 #g/ml) nor epinephrine (IO #g/ml) 
produced any significant decrease in either basal or insulin-stimulated 3-0-methyl- 
glucose efflux. 

Another possible indirect mechanism which seemed worthy of consideration 
was suggested by the well-documented swelling of muscle cells produced in high K + 
media s, ls-21. This effect has been again demonstrated for soleus muscles and seems to 
occur with a rapidity comparable to that induced by a lowering of the osmolarity of 
the bathing medium (although we have not attempted to characterise the time-course 
of the two processes in detail in the present study). Previous reports from this labora- 
tory have emphasised the importance of osmolarity in determining the permeability 
of the plasma membrane to sugars 4,13,14, and other studies have indicated that in a 
hypo-osmolar buffer, insulin-stimulated glucose uptake is considerably reduced 26. 
Although it cannot be excluded that an increase in extracellular K+ concentration 
may influence sugar transport via other mechanisms, the data in Figs. 12 and 13 and in 
Table I suggest that swelling of the muscle cells may contribute significantly to the 
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inhibitory effect of K +. This may even be true for very small increases in extracellular 
K + concentration since it has recently been reported that even at a concentration as 
as low as I8 mM, a rapid swelling of muscle fibres can be detected m. 

The data ilustrated in Fig. 14 show that unless the cells are caused to swell, the 
exposure to an extracellular K + concentration of xoo mM does not affect the insulin- 
stimulated 3-O-methylglucose transport. This argues that the inhibitory effect of 
K + substitution is not an effect of the ion per se. The addition of Ioo mM of KC1 in 
excess of the other components of the buffer caused a considerable rise in the intra- 
cellular K + concentration. Therefore, it seems unlikely that the rise in intracellular K + 
produced by incubation in K+-substituted buffer can be of major significance for the 
inhibition of stimulated 3-O-methylglucose transport. It  cannot yet be excluded that  
the changes in the intracellular concentration of Na + or in the K+/Na + ratio might 
play some role for the inhibitory effect of K substitution. However, the fact that extra- 
cellular Na + could be entirely replaced by Li + or Tris (or partly be Cs +) without 
any significant decrease in insulin responsiveness, suggest that intracellular Na + 
might be of minor importance - a conclusion also supported by earlier evidence 14,1L 

Our present findings, taken together with those for hyperosmolarity, indicate a 
strong dependence of the sugar transport system on cell size. Swelling or shrinking 
may diminish or augment the accessability of the transverse tubule system and the 
sarcoplasmic reticulumZ7, ~. I t  is now firmly established that the transverse tubule 
system in skeletal muscle is continuous with the extracellular space, and it is be- 
ginning to seem probable that, at least for small ions and molecules, the sarcoplasmic 
reticulum is also readily accessible. I t  has recently been suggested that the tubular 
system is the site of amino acid uptake into skeletal muscle 2.. These tubules consist of 
membranes with a considerably larger area than that of the "outer"  plasma mem- 
brane (sarcolemma). If they participate in the exchange of sugars, they could there- 
fore play a major role in determining the overall rate of uptake and efflux of 3-0- 
methylglucose. The fact that swelling markedly attenuates the capacity of the sugar 
transport system to be stimulated might be the result of a decrease in the area of 
membrane available for exchange between the cell environment and the cytoplasm. 
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