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SUMMARY 

i. The permeability of muscle cells to 3-O-methylglucose has been assessed by 
measurements of influx and efflux in isolated rat soleus nmscle. 

2. The transport of 3-O-methylglucose seems in part to be mediated by the same 
saturable and phlorizin-sensitive system which is operative in the transfer of glucose 
across the plasma membrane. 

3. For the evaluation of the time-course of changes in 3-O-methylglucose trans- 
port, the rate coefficient of efflux was found to constitute a very sensitive parameter, 
which is increased by a variety of conditions known to stimulate the uptake of glucose 
in nmscle cells (insulin, contractions, metabolic inhibitors, hyperosmolarity, trypsin). 
Since phlorizin markedly suppresses the effect of these stinmli, a major part of the 
increase in the rate coefficient of efflux seems to represent an acceleration of carrier- 
mediated 3-O-methylglucose transport. 

4-The time-course of 3-O-methylglucose efflux suggests that the individual 
fibers in the soleus nmscle may differ considerably with respect to sugar permeability. 

5. Whereas the decrease in K + content produced by 2,4-dinitrophenol (0.o5- 
o. 5 raM) was associated with a prompt rise in 3-O-methylglucose efflux, similar losses 
of K + induced by ouabain (z raM) did not lead to any immediate change in the basal 
or insulin-stimulated rate of 3-O-methylglucose efflux. A significant stimulation (3 ° %) 
could only be detected after an exposure to ouabain of 9o rain. 

INTRODUCTION 

The isolated soleus muscle of young rats has been introduced by CHAUDRY AND 
(;OVLI) ~ as a tool for studying sugar transport. It was demonstrated that glucose 
uptake in this muscle occurs by a carrier-mediated and insulin-sensitive process. 
Moreover, since the preparation has small dimensions, intact fibers and convenient 
tendons by which it may be handled, it seemed very suitable for the measurement 
and characterization of sugar and ion fluxes. 
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There are conflicting reports on the significance of Na+-K ~ transport  for sugar 
permeabili ty in insulin-sensitive tissues. Inhibit ion of active N a + - K  ~- t ransport  with 
cardiac glycosides was found to produce little or no change in the basal or insulin- 
s t imulated uptake  of glucose and other  sugars in diaphragm muscle 2 ~. More recently, 
however, these compounds  have been reported to st imulate glucose uptake in rat 
hemidiaphragm 5 and the uptake of 3-O-methylglucose in an intact  diaphragm prepa- 
rat ion a. Moreover, ouabain augments  glucose metabolism in fat cellsV, s and accelerates 
3-O-methylglucose efflux from epididymal fat pads"L The fact tha t  K + loss induced 
bv a variety of conditions is associated with a rise in the t ranspor t  of glucose and 
other sugars in adipocytes 'q-H, nmscle cells 12 and the heart ~'s suggests tha t  a decrease 
in intracellular K + concentrat ion (or inhibition of active Na+-K ~ transport)  might 
const i tute a significant stinmlus for the sugar t ranspor t  system in insulin-sensitive 
tissues. The aim of the present s tudy has been to examine these possibilities using 
a peripheral skeletal nmscle. 

It  has previously been shown tha t  sugar permeabil i ty can conveniently be 
studied by following the efflux of nonmetabolized sugars from preloaded tissues 9, a.~- ~.~. 
The present results show tha t  in soleus muscle, 3-O-methylglucose efflux is very sen- 
sitive to insulin and to a var ie ty  of other factors which are known to affect glucose 
uptake  in skeletal muscle. 

Inhibit ion of energy product ion by 2,4-dinitrophenol causes both K + loss and 
st imulat ion of the phlorizin-sensitive component  of 3-O-methylglucose efflux. How- 
ever, a similar decrease in K ~- content  induced by ouabain had little or no effect on 
basal and insulin-stimulated 3-O-methylglucose efflux. The results indicate tha t  in 
the soleus nmscle there is no direct link between active Na ~-K + t ransport  and sugar 
permeabil i ty.  

METHODS 

Small muscles were chosen to minimize the contr ibution of extracellular dif- 
fusion to the overall efflux process, l;ed male and female Wistar  rats, which had been 
weaned for I week and which were judged to be fully established on a diet of Altromin 
pellets, were used throughout .  The animals were all in the weight range 60-7o g. They 
were killed by  decapi tat ion and the skin removed from the hind limbs. The calcaneous 
bone was gripped with a pair of forceps and its distal a t tachments  severed. By gent ly  
pulling in a proximal direction the entire soleus nmscle could be exposed. A small 
part  of the t ibia with the origin of the soleus muscle was dissected out using a pair 
of i r idectomy scissors. With another  pair of forceps the bony par t  of the upper in- 
sertion was lifted and the muscle loosened from its surroundings by severing the thin 
adhering fasciae. The distal tendon was dissected out together  with a few mm of the 
achilles tendon which was used for the subsequent handling. After removal  of the 
bony a t tachments  all muscles were washed for at least 5 rain in Krebs-Ringer  bicar- 
bonate buffer, blotted on filter paper moistened with the same medium and then 
transferred to the incubat ion mixture.  

The basic incubation medium was Krebs-Ringer  bicarbonate buffer a6 containing 
half the recommended concentrat ion of Ca 2~ and I mM pyruvate .  Unless otherwise 
s tated all experiments were carried out at 3 o'~ using centrifuge tubes containing I -3  ml 
of buffer which were continuously gassed with a humidified mixture of O,, and CO., 
((~5:5, by vol.). 
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For the measurement of 3-O-methylglucose uptake and extracellular space with 
inulin and mannitol, the muscles were removed from the incubation medium after 
the selected period of time, lightly blotted on filter paper according to a standardized 
procedure and weighed after removal of the achilles tendon. They were then homo- 
genized in 5 % trichloroacetic acid using a Pot ter-Elvehjem tube, and, after cen- 
trifugation, aliquots of the clear supernatant were withdrawn for counting or for the 
determination of Na + and K + by flame photometry 9. 

The methods for the measurement of glucose uptake and for the isolation and 
determination of 1~C activity in glycogen have been described in previous reports 3. ~ 

For efflux experiments, nmscles were loaded for 60 min in buffer containing 
the labelled substrate, and then after light blotting, at tached by the achilles tendon 
to a rigid polyethylene tube. This served both to transfer the muscles between the 
wash tubes and as a gas distribution tube. Each wash tube contained 3 ml of buffer, 
a volume more than IOO times greater than the water content of the muscles. 

For experiments in which nmscles were electrically stimulated, platinum elec- 
trodes were attached to the cannulae, one immediately above the a t tachment  of the 
nmscle and one at the tip of the cannula. The impulses were supplied from a Grass 
(Model S4B) stinmlator. Fuller details of this arrangement will be given in a subse- 
quent paper  17. 

After the efflux period, the muscles were treated as in the uptake experiments 
and holnogenized in 4 ml of 5 % trichloroacetic acid containing carrier 3-O-methyl- 
glucose (o.i raM). Trichloroacetic acid and 3-O-methylglucose were added to the wash 
tubes to give the same final concentrations. 1.5-ml aliquots of homogenate and buffer 
were counted, and the rate coefficient of efflux (fraction of aaC activi ty lost per rain) 
was calculated as previously described 9, as. 

The validity of results obtained in efflux experiments is very dependent on the 
puri ty of the radioactive compound used, and it is essential that  this is not metabo- 
lized. Preliminary experiments showed that  when soleus nmscles were incubated for 
6o inin in the standard loading medium containing 3-O-IlaC?methylglucose, there was 
no detectable conversion of 14C act ivi ty into CO 2 or glycogen, even when insulin 
(IOO mU/ml) was added. Under these conditions a contamination with less than 
o.oi °o of ~14C!glucose would have been detected. Descending chromatography ~4 of 
the trichloroacetic acid extracts of the tissue after an efflux experiment of 15o min 
duration showed that  more than 9 ° % of the 1~C act ivi ty could be recovered from 
a single spot moving with the same speed as the 3-O-II~CJmethylglucose used for 
loading. 

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 Bio- 
cliemicals Corp. (Cleveland), soybean trypsin inhibitor (type I I  s) from Sigma (St. 
Louis) and ouabain from Merck (Darmstadt).  The ethacrynic acid was a gift from 
Merck, Sharp and Dohme (Holland). The reagents for the enzymatic determination 
of glucose were products of Kabi AB (Sweden). 3-O-[a4ClMethylglucose (specific ac- 
t ivity 5 ° mC/mmole), Icarboxv-14CJinulin (specific activity IO mC/mmole) and l)- 
~I-l~C!mannitol (specific activity 25 mC/mmole) were purchased from New England 
Nuclear (Boston). The D-!14C6]glucose (specific act ivi ty 309 nlC/mmole), ~14Caipyru- 
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rate (specific activity I7. 3 mC/mmole) and part of the 3-O-ll~Cqmethylglucose were 
obtained from the Radiochemical Centre, Amersham. Mono-component pork insulin 
lot No. SL-I 166q MC, (25 I.U./mg, purified bv chromatography) was a gift from The 
Novo Research l.aboratories (Copenhagen). 

R E S U L T S  

Tissue viability 
It should be emphasized that unless their isolation is performed carefulh" and 

with a minimum of direct handling, soleus muscles tend to develop contractures. Since 
these were most frequently seen in muscles obtained from fasted rats, fed animals 
were used throughout, and I lnM pyruvate was added to the incubation medium as 
metabolizable substrate, lrurtfiermore, except where otherwise stated, muscles which 
did not remain relaxed throughout the experiment were discarded. These precautions 
are important because spontaneous contractures as well as those induced by electrical 
stimulation, can be associated with an increase in the rate of influx and efttux of 
3-O-methylglucose. 

All experiments were performed at 3 °° in order to reduce the oxygen demand, 
and at that temperature, a certain decrease in K+/Na + ratio might be anticipated. 

T . \  HI.I~ I 

|(+ CONTENT OF RAT SOLEUS MUSCLE BEFORE AND AFTF.R INCUBATION 

All i n c u b a t e d  t i s sues  were  l o a d e d  for 60 r a i n  in  K r e b s  R i n g e r  b i c a r b o n a t e  b u f f e r  c o n t a i n i n ; ;  I m M  
p y r u v a t e  a n d ,  in  eff lux e x p e r i m e n t s ,  I m M  3 - O - m e t h y l g l u c o s e .  T h e  K + c o n t e n t  w a s  d e t e r m i n e d  
before  or  af ter  w a s h i n g  for a further  ~5 o ra in .  A d d i t i o n s  t o  the  w a s h  s o l u t i o n s  were  i n t r o d u c e d  
af ter  90  r a i n  of  w a s h o u t  ( for  t h e  l , : - f r e e  e x p e r i m e n t s ,  K ,  o m i t t e d  a f t e r  8o r a in  of  ~ a s h o u t } .  
T h e  resu l t s  a r e  g i v e n  as  l t m o l e s  of  1(~ p e r  g w e t  wt .  + S .E .  with  the  n u m b e r  of  m u s c l e s  g N e n  
ill p a r e n t h e s e s .  

('omlitions /~moh'.~ Ix" :/g *e,~'t wt .  

Fresh ly  d i s sec ted  ,Sg.S =: I .l (20) 

. \ f t e r  loadi~,< 73.9  I 0 .9  (12} 

. \ f t e r  Io~tding a n d  w a s h i n g  fo r  ~ 5 ° r a in  
C o n t r o l s  74.3 : I . !  (17i 
K ' - f r e e  m e d i u m  6o. 7 ! o .9  (~,S) - o .oo~ 
) u a b a i n  (i raM] 55 .o  : 1.9 (~o) : o . o o l  

. , 4 - 1 ) i n i t r o p h c n o l  (0.o 5 raM) .5().8 : i .  3 (6) • o . o o l  
2 , 4 - D i n i t r o p h e n o l  (o. 5 raM) 42 .0  - o.S (4) o . o o l  
2 , 4 - D i n i t r o p h e n o l  (0.o 5 raM/  

t p h l o r i z i n  (5 raM) 5z .~ ~ I. 5 (~)) . o . o o l  

.gigJlifica*we (q 
differed,co bctwce~ 
c<mtrol.~ amt 
experimental, P 

t : 'h lor iz in  (5 raM) 72-9 i t .2  (S) N..q.* 
C y a n i d e  (2 raM) 72.3 ! 1.6 (7) N .S .  
S a l i c y l a t c  (5 raM) 73 .8 !: 3 .4  (3) N .S .  
l ' ; t h a c r y n i c a c i d  (f raM) 74.6  2.~ (3) N .S .  
" l ' ryt)s in (i m g / m l )  75 .0 i I-7 (3) N . S .  
I n s u l i n  ( i o o  mlT/ml )  7S.0 ! 1.2 (12) : o .o2  

* N .S . ,  m ) t  s i g n i f i c a n t .  
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From Table I it  can be seen t ha t  wi th in  the  first 60 rain of incubat ion ,  the  muscles 
reach a s t e ady  s ta te  with respect  to K * content  which is ma in t a ined  for up to 24 ° min. 
As the  muscles showed an in i t ia l  gain  in wet weight of Io.9 ~ 0.8 %, the  real decrease 
in to ta l  K + content  was only 9 %- Af ter  6o rain of incuba t ion ,  the  in t race l lu lar  K ÷ 
concen t ra t ion  (calculated on the basis  of inulin space) was ~42.2 ± 2.8 mM which is 
02 % ~f tha t  repor ted  for fresh lnuscles 1~. This,  toge ther  with the  re la t ive ly  large 
inulin space (28.3 : o. 7 %), suggests  t ha t  the  muscles show an ini t ia l  increase in 
extra,. 'ellular water  associa ted  with a minor  decrease in the  capac i ty  to main ta in  a 
concent ra t ion  grad ien t  for K -  across the  p lasma  membrane .  

Tiffs content ion  is fur ther  suppor t ed  by  the observa t ion  tha t  the  muscles re- 
t a ined  exc i t ab i l i t y  for up to 24 ° rain and tha t  the  K -  loss induced dur ing  incubat ion  
at o for qo rain was a lmost  comple te ly  res tored af ter  a fur ther  0o rain at  3 o~. 

Under  the  condi t ions  used for efflux measurements ,  the  muscles were found to 
conver t  1K;a!pyruvate into 14CO2 at a cons tan t  ra te  for up to 4 h (o.(3o q o.o 3 
/~mole/g wet wt. per  h). Wi th in  the  same in te rva l  of t ime,  the s t imula t ing  effect of 
insulin (I mU/ml)  on the incorpora t ion  of l~C,!glucose into glycogen was not  sig- 
nif icant!y al tered.  

On the basis of these tes ts  it was assuined t ha t  the  expe r imen ta l  condi t ions  
caused no major  de rangement  of func t iona l  in tegr i ty .  

The ttplake of glucose and 3-O-meth3,lglucose 
\Vhen incuba ted  under  the  condi t ions  used for loading with 3-0-methylg lucose ,  

sol<us muscles  were found to t ake  up glucose at  a ra te  of 0.8/~mole/g wet wt. per  h 
(Table II) .  Allowing for differences in concent ra t ion ,  this  is in good agreenlent  with 
the value es t ima ted  on the basis  of the  da ta  r epor ted  by  CHAUDRV ANt) GOULD 1, who 
used the same incuba t ion  med ium and  nmscle size. 

Insulin (I lnU/ml) s t i nmla t ed  both the  up t ake  of glucose and  its incorpora t ion  
into glycogen, whereas in the  presence of 3-O-methylglucose (20 raM) these pa rame te r s  
were s ignif icant ly  decreased.  Conversely,  as is a p p a r e n t  from Fig. I, the  up take  of 

" f . - \ l ~ l . l ~  1 l 

E F F I ' ~ C T  O F  I N S U L I N  A N D  3-()-METH'~'LGLUCOSF. O N  T H E  U P T A K E  A N D  I N C O R P O R A T I O N  O F  G L U C O S E  

I N T O  ( ; L 'x ' ( 'OG P~ N 

.'5oletlS m u s c l e s  w e r e  i n c u b a t e d  fo r  60  r a i n  a t  3 ¢) in  i m l  of  t ( r e b s - R i n g e r  b i c a r b o n a t e  b u f f e r  
c o n t a i n i n x  J m M  p y r u v a t e ,  i inX[ D-~14C61glucose ( o . 2 / t C / m l )  w i t h  a n d  w i t h o u t  t h e  a d d i t i o n s  
i n d i c a t e d .  T h e  r e s u l t s  a r c  g i v e n  as  m e a n  :: S .E .  w i t h  t h e  n u m b e r  o f  o b s e r v a t i o n s  g i v e n  in 
p a r c l l t h c s e s .  

Additi,,, Glucose disappearance' P l~mOleS of glucose P 
(f,moh, s/g wet wt. per h) i~corporated into 

glycogenlg wet wt. per h 

C o n t r o l  0 .85  ~ 0 .08  (6) o . t 4 I  A 0 . 0 2 7  (6) 
I n s u l i n  (I m l ' / m l )  1.0,'¢ ~ o . t l  (6) <Co.ool  o.67~ ± <).049 (6) . o . o o l  

( ' o n t r o l  o . 8 i  k 0 .02  (5) o.18.5 k o . o 1 4  (5) 
3 - ( ~ - M e t h y l g h l c o s c ' ( 2 o m M )  <).58 :: o .o  3 (5) - o . o o l  o . o 9 8  ~ o . o l o  (5) . < o . o o t  

C o n t r o l  o .68  ~: 0 .03  (3) N .S .  
( )ua l}a in  (i raM) o .67  q 0 .03  (5) 

Biochim. Hiophys. Acta, 225 (I97~) 277--,90 
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3-O-methylglucose is diminished by the addition of glucose. In the presence of 
phlorizin (5 mM) the basal uptake of 3-O-methylglucose was reduced to approximately 
the same level. The stimulating effect of insulin is considerably reduced by either 
glucose (zo mM) or phlorizin (5 mM). At o °, the uptake of 3-O-methylglucose in the 
water space not available to inulin was significantly lowered (to around 1/8 of the 
control level). 

In the presence of ouabain (I raM), the uptake of 3-O-methylglucose within 
6o rain was 0.451 ~ 0.009 #mole/g wet wt., which is almost identical with the control 
value (o.439 + o.oo8). Furthermore, in the same time interval, the glycoside produced 
no change whatsoever in the uptake of glucose (Table II). 

As already reported for glucosO, the uptake of 3-O-methylglucose was found 
to show saturation phenomena. However, since the apparent /fro for this process 
seemed to be greater than 4 ° raM, the validity of a kinetic characterization is limited 
by the necessity of measuring sugar transport at concentrations which would increase 
the osmolarity by an amount sufficient to cause stimulation of both glucose and 
3-O-methylglucose transport ~. 

More significantly, measurements of the uptake of nonmetabolized sugars detect 
only the net result of influx and efflux, and as pointed out by NA~AHA~a aYD Oza~r) u, 
already at Io % filling of the cytoplasm, the efflux introduces a significant error. 
Under basal conditions, ~2 % intracellular filling is already achieved within 3 ° rain 
(Fig. I), which is the minimum interval of time required for equilibration in the extra- 
cellular space. Therefore, the effects of conditions which stinmlate sugar transport 
can be considerably underestimated, especially when their action has a time-lag. The 
fact that the wet weight of soleus muscles shows an initial increase indicates that 
further inaccuracies can be introduced bv the difficulty in defining the size of the 
extracellular and intracellular spaces. 

For these reasons, an at tempt was made to measure the transport of 3-O-methyl- 
glucose in mainly one direction by following the efflux of the labelled sugar from 
preloaded muscles. The concentration selected for the loading of the tissue (I raM) is 
well below the estimated apparent Kin, and the intraeellular filling obtained at I mM 
did not differ significantly from that measured at Io raM. It should be noted that 
3-O-methylglucose (I raM) did not produce an?: change in the Na~-I(-  content ~f 
the muscles. 

3-O-Methylglucose @qux effect of insuli~l amt phlorizi~t 
In order to establish conditions where the rate of 3-O-methylglucose release 

would mainly reflect the transport across the plasma membrane, the time required 
for the clearing of extracellular space was determined using an extracellular marker, 
mannitol, which has a molecular weight similar to that of 3-O-methylglueose. The 
washout of mannitol was found to proceed exponentially with a half-time of approx. 
6 7 rain. Assuming that the diffusion of mannitol and 3-O-methylglucose within 
the extraeellular space proceeds at the same rate, more than 09 % of the 3-O-methyl- 
glucose present in the extraeellular space at the end of the loading period should be 
cleared within the first 5 o rain of washout. 

lrig. z shows the change in 3-0- UC]methylglucose content during a washnut in 
unlabelled buffer under hasal conditions or in the presence of a supramaximal c~meen- 
tration of insulin (Ioo mU/lnl). The marked decrease in 3-0-uClmethylgluc~se cml- 

I-~iochim. th 'oph) ,~ . .4e ta ,  z,_ 5 (f97 I) z77-z~)o 
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Fig. t. Time-course of 3-O-methylglucose uptake in soleus muscle. Muscles were loaded in 2 ml 
Krebs-Ringer bicarbonate buffer containing i mM 3-O-methylglucose, o.2 FC/nfl 3-0-[14C~methyl- 
glucose and t mM pyruvate with the following additions: C)- -O,  controls; V - - - V ,  20 mM 
glucose; r-n, 5 mM phlorizin; O - - O ,  ioo mU/ml insulin; y - - - ~ ' ,  ioo mU/ml insulin + 20 mM 
glucose; I ,  ioo mU/ml insulin + 5 mM phlorizin. All tissues were incubated at 3 °° with the 
exception of a single group which was loaded for 12o rain at o ° (&). Each point represents the 
mean of 3-6 observations, and vertical bars are used to indicate the S.E. where this exceeds 
the size of the symbol. Total cell water and inulin space after 60 rain loading are represented 
by pairs of horizontal lines indicating the mean :v_ S.E. for 28 muscles. 

Fig, 2. 3-O-[14C]glucose content of soleus muscles during washout. Muscles were loaded for 6o min 
in Krebs-Ringer bicarbonate buffer containing I mM 3-O-methylglucose, 2 FC/ml 3-O-Fl*C]methyl - 
glucose, and I mM pyruvate. After loading the muscles were mounted on rigid polythylene tubes, 
and the washout was made by transferring the tissues through a series of centrifuge tubes con- 
taining 3 ml of the same buffer with i mM pyruvate but no 3-O-methylglucose. The 14C activity 
remaining in the tissues is given as a percentage of the total content at the onset of the washout. 
The initial level of 3-O-methylglucose present in the space not available to inulin is indicated bx" 
an open square. For two groups of muscles, too mU/ml insulin was included in the efflux medium 
as indicated by arrows and closed symbols. Each point represents the mean of 4 observations 
with bars indicating S.E. 

t e n t  f o l l o w i n g  the  a d d i t i o n  of the  h o r m o n e  i n d i c a t e s  t h a t  t h e  s l o w  c o m p o n e n t  of t h e  

w a s h o u t  curve  represents  t ranspor t  out  of an  in trace l lu lar  c o m p a r t m e n t ,  a n d  n o t  

d i f fus ion  from deeper  parts  of the  i n t e r s t i t i a l  space .  T h i s  c o n t e n t i o n  is further  sup-  

p or ted  b y  t h e  fact  t h a t  ph lor iz in  or coo l ing  p r o m p t l y  suppresses  3 - 0 - m e t h y l g l u c o s e  

re lease  (Fig.  3)- 
T h e  s l o w  c o m p o n e n t  of the  u n s t i m u l a t e d  eff lux has  an  in tercept  w h i c h  is sig- 

n i f i c a n t l y  lower  t h a n  t h e  e s t i m a t e d  in trace l lu lar  c o n c e n t r a t i o n  at  t h e  s tart  of w a s h o u t  

(Fig.  2). Moreover,  u n l i k e  t h e  s i t u a t i o n  in e p i d i d y m a l  fat  p a d s  °, the  rate  coeff ic ient  of 

3 - 0 - m e t h y l g l u e o s e  re lease  c o n t i n u e s  to  fall  for at  l eas t  180 rain af ter  the  onset  of 

t h e  eff lux per iod  (Fig.  3). T h i s  sugges t s  t h a t  i t  is n o t  va l id  to  treat  t h e  in trace l lu lar  

v o l u m e  of all t h e  cells  in a g i v e n  m u s c l e  as  a s ingle  h o m o g e n e o u s  c o m p a r t m e n t .  

Biochim. t3iophys..4cta, 225 (197 l) 277-200 
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In the in terval  6o-8o rain after the s tar t  of washout ,  the rate coefficients lnea- 

sured in 128 exper iments  showed a dis t r ibut ion closely corresponding to the calculated 

(iaussian, and a probit  test confirmed that  tile observat ions were normalh,  distr ibuted.  

In the range 25-4 o mg there was no significant correlat ion between the rate coefficient 

and muscle wet weight. 

c ,  i ; i r l g  - 

tl 80 10rl / 140 i 0 ~  18q 

Durdlion 6t ¢,,15h, , ~n~lr  ) 

Fig. 3. Effect of phiorizin and cooling on the rate coefficient of 3-O-methylglucose release. Muscles 
were loaded and washed as described under l:ig. 2. The fraction of 14C activity lost per rain from 
the tissue during each interval of the washout period is shown as a function of time. C: (_, 
controls: • I ,  t m M  phlorizin: Q - - O ,  5 mM phlorizin; [] ~,  o'-. Each point represents 
the mean of 4-o observ~tions with bars indicating S.I;.. when this value exceeds the size of the 
symbols. 

The addit ion of phlorizin (5 raM) to tile efltux medium prompt ly  reduced tile 

rate coefficient to about  half the control  level (Fig. 3). A similar  decrease with a 

sl ightly slower onset was observed with I IllM. Lowering the t empera tu re  to <>: de- 

creased the rate coefficient to a level considerably below tha t  measured in the presence 

of the glycoside. However ,  this difference is not  necessarily an indicat ion tha t  there 

is a large proport ion of carr ier -media ted  t ranspor t  unaffected by phlorizin. In spite 

of c<mtrary assumptions  in the l i terature,  a Q10 of 2 w<mld be qui te  consistent  with 

nonmedia ted  membrane  diffusion 19. From the results shown in Fig. 3 the to ta l  3-0- 

methylglucose  efttux seems to have a ()10 of around 2.2, which is in the same range 

as the ()1o of 2.o for the up take  of the sugar (Fig. I). 
Fig. 4 shows tile effect of various concent ra t ions  of insulin in the efflux medium. 

A definite dose -response re la t ionship was found in the range, o .1-  5 mU/ml ,  which is 
closely similar  to tha t  reported for the up take  of 3-O-methylglucose in the in tac t  rat 
d iaphragm a. The re la t ively  small s t imula t ion  obta ined with o.I m U / m l  may  be due 

to adsorpt ion of insulin to glassware. In the presence of bovine serum albumin (o.i %), 
the peak response to o.I m U / m l  was increased several fold to O.Ol 3 rain t, but 

no significant change in the effect of I m U / m l  was observed. With  albumin,  insulin 
at concent ra t ions  down to o.oI mU/ml  produced a detectable  s t imulat ion of 3-O- 
methylglucose efflux. 

The effect of insulin could be de tec ted  within  5 rain, the peak response being 
reached around r 5 rain after the s tar t  of exposure. The increase in rate coefficient 

t~iochim. I¢iophys. Acta,-'z 5 {t()711 277 2~o 
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was not sustained but was followed by a drop towards the control level. Efflux experi- 
ments performed with the extensor digitorum longus nmscle from the same animals 
yielded an almost identical time-course, indicating that  this phenomenon is not 
specific to nmscles containing a large proportion of red fibers (P. G. KOHN A.XD 
T. CLaUSEN, unpublished observations).The same pattern,  but even more accentuated, 
was obtained in efflux experiments with epididymal fat pads, and it was suggested 
that  this could be the outcome of extracellular diffusion being the rate-limiting factor 
for efflux u. However, experiments performed with soleus muscles showed that  when 
exposed to insulin, small muscles (15 rag) showed an even more rapid reversal of the 
rate coefftcient than large ones (45 mg). 

As can be seen from Fig. 5, phlorizin in the concentration range, o.2-5 raM, 
produces a graded suppression of the insulin-induced rise in rate coefficient. When 
tested with insulin at a supramaximal  concentration (IOO mU/ml), phlorizin (5 raM) 
was found to reduce the peak response to insulin by more than 9 ° %. 

When added after the onset of an insulin-induced rise in rate coeffteient, 
phlorizin promptly suppressed the release of 3-O-methylglucose. This indicates that  
the glycoside does not exert its action by  preventing the access or binding of insulin 
to the plasma membrane.  Furthermore the effect of insulin on 22Na+ efftux was found 
to be completely unaffected by phlorizin 2°. 

The considerable suppression of the insulin-stinmlated 3-O-methylglucose efflux 

Insulin 

I 

0.0e / , i /  ,} //I / / , ~  :: q.02 

_= 

4 ~ 0.0, 

4 o.2s 

001 g " ----=~--- . . . . . . . . . . . . . . . . . . . . . . . .  u o ~ o  

o - ~ -  8'o ,oo ~2o ,;o o 

Dura t ion  of washout {m;n) 

P n l 0 r i z i n  

1 mU/ml  I n s u D n  

mr,1 

0 

8;  ' l;O ' 1 ~ -  ' 140 

DuraHon of washo~{ (~;n) 

Fig. 4. Effect of insul in  on 3-O-methylg lucose  release.  E x p e r i m e n t a l  condi t ions  as in Fig. e. Insu l in  
(O.T--tOO mU/ml)  was p resen t  in the  efflux m e d i u m  du r ing  the  per iod ind ica ted  by  the  hor izon ta l  
bar. The ra te  coefficient of washou t  in basal  buffer is g iven  by  the  dashed  line. Each poin t  repre- 
se.nts the  mean  of 4 to obse rva t ions  wi th  bars  i nd i ca t i ng  S.E. 

Fig. 5. Effect of phlor iz in  and  insu l in  on 3-()-methylglucoserelease. E x p e r i m e n t a l  condi t ions  as 
in Fig. 2. Insu l in  (t mU/ml)  and  phlor iz in  a t  the  ind ica t ed  concen t r a t i ons  were p resen t  in the  
etHux m e d i u m  du r ing  the  per iod i nd i ca t ed  by  the  hor i zon ta l  bars.  The r a t e  coefficient of washou t  
in basa l  buffer is g iven by  the  dashed  line. Each  po in t  r epresen t s  the  mean of 3 obse rva t i ons  
wi th  bars  i nd ica t ing  S.E. 
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by phlorizin, together with the observation that at o ° insulin produced no increase 
in rate coefficient whatsoever, indicates that the hormone augments 3-O-methyl- 
glucose efflux by accelerating the carrier-mediated component of this process. 

3-O-Methyl glucose e{tlux effects of other stimuli and K+-depletion 
It has earlier been shown that phlorizin can abolish the stimulation of 3-0- 

methylglucose efflux induced by hyperosmolarity la. From Figs. 6 and 7 it can be seen 
that the glycoside can also suppress the increase in 3-O-methylglucose efflux caused 
hv electrical stimulation or exposure to trypsin. (The increase in 3-O-methylglucose 
release produced bv trypsin is probably not the result of contamination with insulin, 
since soybean trypsin inhibitor abolished the stinmlating effect of the enzyme, but 
not that of the hormone.) The collective evidence indicates that phlorizin inactivates 
the system mediating the transport of 3-O-methylglucose across the plasma men> 
brane, and consequently, this compound has been used as a tool for assessing whether 
a rise in the rate coefficient of 3-O-methylglucose release is due to a nonspecific leak 
from the cytoplasm or represents an activation of the sugar transport system in the 
plasma membrane. 

In soleus muscle, 2,4-dinitrophenol produces a decrease in K + content (Table I), 
which is in agreement with that reported for rat diaphragm tl and epididymal adipose 
tissue 9. This is associated with an increase in the rate of 3-O-methylglucose release 
(l:ig. 8). The fact that phlorizin suppresses the rise (without preventing the K ~ loss) 
indicates that it is not the outcome of nonspecific cell damage. 

Cyanide (2 raM) and salicvlate (5 mM) increased the rate coefficient of 3-0- 
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Fig. 6. Effect of electrical  s t imula t ion  on 3-O-methylg lucose  release. Exper imenta l  condi t ions  as 
in Fig. 2. [n  the  interva l  indicated by  the  open hor izonta l  bar all muscles  were s t imulated  by 
rectangular  pulses of r msec  durat ion  via pla t inum electrodes s i tuated  at either end of the  muscles .  
In one group of muscles ,  phloriz in  was present  in the  efflux m e d i u m  ( Q - - O ) .  Each point  repre- 
sents  the  mean of 3 observat ions  wi th  bars indicat ing  2 X S.E. 

Fig. 7- Effect of tryps in  on 3-O-methylg lucose  release. Exper imenta l  condi t ions  as in Fig. 2. 
Tryps in  w i t h  or w i t h o u t  phloriz in  or tryps in  inhibi tor  was present  in the  efflux m e d i u m  during 
the  period indicated by  the  hor izonta l  bars. O - - - O ,  t m g / m l  tryps in;  V - - V ,  0.5 m g / m l  trypsin;  
O - - Q ,  i m g / m l  tryps in  ± 5 mM phloriz in;  I - - I ,  I m g / m l  tryps in  + 3 m g / m l  soybean  tryps in  
inhibitor.  Each point  represents  the  mean of 3 observat ions  w i th  bars indicat ing S.E. 
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methylglucose efflux by, respectively, 16o and 830 % within 40 min. Again phlorizin 
(5 raM) produced a significant suppression of these stimuli. 

Ethacrynic acid, which produces a decrease in respiration and glycolysis in 
other cells 21, was found to suppress glycogen synthesis and the conversion of E~*CI - 
pyruvate into CO 2 in soleus muscle (data not presented). This metabolic inhibitor 
also accelerated 3-O-methylglucose efflux (Fig. 9), but like cyanide and salicylate, 
without producing any significant change in K+ content (Table II). 

= 0.03 5 met P h l o r i z i n  c 0.03 5 mM P h P 0 r i z i n  I~ 

j E 
Z, 4-dinitrophenol Ethacrynic Acid 

O. 5 m~d o 

j 00~ ~ ~ ~ 00~ 

S O 0. l m M 

A - - & ~  Z 0--I ~ 1 m~A 4phl0riz~r~ 
= 

80  ] 00  120  1~0 

Ouration of washout (~m) Duration of washout(rain) 

Fig. 8. Effect of 2 ,4-dini trophenol  on 3-O-methylg lucose  release. Exper imenta l  condi t ions  as in 
Fig. 2. 2 ,4 -Din i trophenol  w i th  and w i t h o u t  phloriz in  was present  in the  eftlux m e d i u m  during  
the  period indicated by  the  hor izonta l  bars. @-- @, o. 5 mM 2,4-dini trophenol;  ~ - - ± ,  o.o5 mM 
din i trophenol ;  O - - Q ,  o.5 mM din i trophenol  + 5 mM phloriz in;  Jk--JI, ,  o.o5 mM din i trophenol  
+ 5 mM phlorizin.  Each  po int  represents  the  mean  of 4 -6  observat ions  wi th  bars indicat ing  S.1S. 

Fig. 9. Effect of e thacrynic  acid on 3-O-methylg lucose  release. Exper imenta l  condi t ions  as in 
Fig. 2. Ethacrynic  acid w i th  and w i t h o u t  phloriz in was  present  in the  efflux m e d i u m  in the  
intervals  indicated by the  hor izonta l  bars. D - - ~ ,  I mM ethacrynic  acid; © - - 0 ,  o.5 mM etha-  
crynic  acid; V - - V ,  o . i  mM ethacrynic  acid; Q - - O ,  I mM ethacrynic  acid -- 5 mM phlor iz in .  
Each point  represents  the mean  of 3 observat ions  w i th  bars indicat ing  S.E. 

1 mfq Ouabain 

? . _ /  r~ 0. 050 

0 ~ i i i i i i J 

Duration ol  washout ( m l n )  

Fig. lO. Effect of ouaba in  and insul in  on 3-O-methylg lucose  release. Exper imenta l  condit ions  a s  
in Fig. 2. Ouabain w i t h  and w i t h o u t  insul in  was present  in the  efflux m e d i u m  during  the  period 
indicated by  the  hor izonta l  bars. E / - - [ ~ ,  controls;  I - - i ,  i mM ouabain;  @ - - @ ,  o. 5 m U / m l  
insul in;  O - - Q ,  o.5 m U / m l  insulin + I mM ouabain.  Each  point  represents  the  mean  of 3 obser- 
va t ions  w i t h  bars indicat ing  S.E. 
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On the other hand, incubation in a K*-free buffer or the addition of ouabain 
(x raM) decreased the K + content by about the same amount as dinitrophenol 
(o.o5 raM) (Table I). However, in the presence of ouabain the rate coefficient for 
3-O-methylglucose efflux showed only a slow rise which after 9 ° rain was still barely 
significant (Fig. xo). (The effects of K + omission are presented elsewhere2°.) In ad- 
dition, the glycoside produced no change in the stinmlation of 3-O-methylglucose by 
insulin in the range, o.5-Ioo mU/ml (data for o. 5 mU/ml are shown in Vig. io). Since 
ouabain (I raM) under identical conditions was found to suppress 22Na+ efflux to I/3 
of the control level within 3o rain after its addition 2~, it seems unlikely that inhibition 
of active Na4-K ~- transport has any direct effect on basal or insulin-stinmlated 3-0- 
methylglucose transport in soleus muscle. 

When exposed to ouabain for prolonged periods a number of muscles developed 
contractures, and in these tissues, the rate coefficient for efflux showed an increase 
of up to 3-fold above the control level after 24 o rain. It should be noted that dinitro- 
phenol and ethacrynic acid induced contractures within considerably shorter periods 
of time (3 o inin). 

DISCUSSION 

The aim of the present study has primarily been to develop a sensitive method 
for the characterization of the processes of sugar transport in an intact peripheral 
muscle. 

In adipocytes ~2 and muscle cells ~4, tile uptake of 3-O-methylglucose seems to 
be mediated bv a saturable mechanism, which is sensitive to phlorizin and insulin, 
and closely similar to, if not identical with the system mediating the transport of 
glucose across the plasma membrane. The present results show that in the isolated 
soleus muscle also, the uptake of 3-O-methylglucose is accelerated by insulin and 
suppressed by the addition of glucose or phlorizin. Conversely, the uptake of glucose 
is inhibited by 3-O-methylglucose, and it seems reasonable to assume that in the 
soleus nmscle, these two sugars can share the same transport system. The suppression 
of both influx and efflux produced with phlorizin suggests that at least half of the 
basal 3-O-methylglucose transport occurs bv a carrier-mediated process. Since phlori- 
zin and cooling could abolish the stimulation produced by insulin, this hormone seems 
to accelerate mainh, the carrier-mediated component of 3-O-methylglucose transport. 

From the time-c(mrse of 3-O-methylglucose washout, it was estimated that 
within 2oo rain the half-time of el'flux (after correction for the e:<tracellular com- 
ponent) increases from around 25 to 53 o rain. This is not compatible with the as- 
sumption that the sugar is evenly distributed in a homogeneous intracellular pool. 
The uptake of 3-O-methylglucose proceeds with a rapid initial phase followed by a 
considerably slower filling, which suggests a similar heterogeneity with respect to 
influx. Unless each nmscle cell contains compartments with widely different exchange- 
ability for 3-O-methx.,lglucose, this pattern may best be explained as an outcome of 
differences in sugar permeability between the individual fibers. When measured under 
identical conditions, the efYlux of Na* and K' proceeded with a much more constant 
rate, which suggests that the heterogeneity of pools may be characteristic for sugar 
transport"". 
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Following the addition of insulin, the rate coefficient of 3-O-methylglucose 
efflux showed a rapid increase which could be detected within 5 rain. The fact that 
the rise in rate coe~cient is not sustained could have several interpretations. Since 
this pattern was even more marked in small nmscles, it is presumably not the result 
of diffusion being rate limiting for tile access of insulin to or tile egress of sugar from 
deeper cell layers. A decrease in insulin responsiveness with time seems unlikely 
because of the almost identical effects obtained both early and late in tlle efflux period 
(l:ig. 2). Chronlatography of extracts from insulin-treated muscles showed that re- 
tention of ~4C activity not representing 3-O-[~4CJmethylglucose could not account for 
the reversal of the insulin-induced rise in rate coefficient. The phenomenon may, 
however, be another indication of heterogeneity with respect to sugar permeability. 
The possibility that individual cells within the same tissue may have very different 
rates of sugar transport is supported by the studies of GLIEMANN 23, who found large 
variations in the sensitivity of glucose uptake to insulin anaong single fat cells isolated 
from epididymal fat pads. 

Since 3-O-methylglucose is not concentrated in the cytoplasm of nmscle cells H, 
it seemed logical to expect that the plasma membrane would display symmetry with 
respect to the transport of this glucose analogue. This contention is supported by 
the observation that conditions which stimulate the uptake of 3-O-methylglucose also 
accelerate its efflux 6,14, ~5. Furthermore, the decrease in efflux produced by phlorizin 
is of the same order of magnitude as that obtained in uptake experiments, and at o ~', 
influx and efflux show similar degrees of suppression. The initial rates of uptake and 
release are difficult to determine with satisfactory precision but seemed to be roughly 
similar. (In the interval o-3o min they were estimated to be o.12 and o.I6/~mole/g 
wet wt./mM for influx and efflux, respectively.) 

A major advantage of efftux measurements is the possibility of describing the 
time-course of changes in sugar permeability and their association with shifts in the 
rate of ion efflux or ionic content. The present results show that ouabain can induce 
a small increase in 3-O-methylglucose efflux, but this effect has a considerably longer 
time-lag than any of the other stimuli tested. Furthermore, there is a dissociation in 
time between the effect of ouabain on active Na + K + transport or K + content and 
that on 3-O-methylglucose efflux. Thus the rate coefficient of 2ZNa* efflux may be 
decreased by 7 ° %, and the K + content by at least 25 °'o before an 5, significant change 
in 3-O-methylglucose efflux can be detected. From a comparison between the experi- 
ments with ouabain and metabolic inhibitors it is evident that there is no correlation 
between K + content (in the range 55-75 mmoles/g) and the rate of 3-O-methylglucose 
efflux. 

When exposed to ouabain for more than 9 ° rain, the muscles tended to contract, 
and at that  stage a progressive stimulation of 3-0-methylglucose efflux was found. 
This is perhaps not so surprising in view of the fact that both spontaneous contractures 
and, to an even greater extent, those induced by electrical stimulation or metabolic 
inhibitors were associated with a marked increase in 3-O-methylglucose efflux. The 
late stimulating effect of ouabain on sugar transport is not necessarily the result of 
muscle contraction but may rather be related to one of the processes involved in 
the activation of the contractile process. I-IOLLOSZY AND NARAHARA 24 have suggested 
that the stimulation of 3-0-methylglucose transport produced by contractures is 
secondary to a rise in the concentration of Ca 2+ in the cytoplasm. 
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