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Stimulation of Sugar Transport in Rat Soleus Muscle 
by Prolonged Cooling at 0 ~ 

K. T. Yu and M. K. Gould 
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Summary. The uptake of D-xylose by isolated rat so- 
leus muscle (measured at 37 ~ was stimulated by 
prolonged cooling at 0 ~ The effect of cooling 
reached a maximum value after 3 h and was reversed 
on rewarming; reversal was temperature-dependent. 
Cooling stimulated xylose uptake sub-maximally 
compared with the effect of insulin (100 U/l). Xylose 
uptake in cooled muscle was further stimulated by in- 
sulin, but not by anoxia. The effect of cooling and its 
reversal were still demonstrable in the presence of 
ouabain (1 mmol/1), or when unidirectional efflux of 
calcium and magnesium from the muscle was in- 
duced by EDTA (5 mmol/1). The ionophore, A23187 
(2.5 mg/1), depressed the effect of cooling in the pres- 
ence of EDTA but not in the presence of EGTA. It is 
concluded that cooling disrupts an intracellular mag- 
nesium-pump and that muscle sugar transport is con- 
sequentially stimulated through an increase in cyto- 
plasmic magnesium. 

Key words: Sugar transport, cooling, insulin, anoxia, 
ouabain, calcium-effluxl magnesium-efflux, EDTA, 
EGTA, ionophore A23187, magnesium-pump, rat so- 
leus muscle. 

The process of sugar transport in muscle is subject to 
regulation both externally by circulating hormones, 
notably insulin [1], and internally by the metabolic 
state of the cell itself [2]. Considerable attention has 
been directed towards the regulation of sugar trans- 
port in an attempt to explain the mechanism of insulin 
action. It has been shown that there are many factors 
that are not part of the normal regulatory system in vi- 
vo which, nevertheless, can be used as experimental 
probes to examine the mechanisms involved in the 
regulation of sugar transport (for reviews see [1-4]). 

Three major mechanisms have been proposed 
which explain in part the action of some of these ef- 
fectors. First, that anoxia and uncouplers of oxidative 
phosphorylation activate sugar transport by lowering 
muscle ATP [5, 6]. Second, that the action of insulin 
and certain oxidising agents appears to be concerned 
with the oxidation of some essential sulphydryl 
group(s) [7]. This in turn has led to the suggestion that 
hydrogen peroxide may mediate the action of certain 
effectors [8], including insulin itself [9]. Third, that the 
activation of the sugar transport system is achieved 
through an increase in the concentration of cytoplas- 
mic free calcium [3, 10]. What is lacking is some sys- 
tematic study of these various factors so that their ef- 
fects can be integrated into a single overall model. 
Furthermore, most of this information has been de- 
rived from studies using the adipocyte, heart and di- 
aphragm; how relevant this may be to the sugar trans- 
port system in skeletal muscle remains to be seen. 

We have initiated a project which seeks, by study- 
ing in depth the effects of a broad range of effectors, 
to define the various mechanisms involved in the reg- 
ulation of sugar transport in rat soleus muscle. Previ- 
ous reports from this laboratory have described the 
effects of anoxia and uncouplers of oxidative-phos- 
phorylation [6, 11, 12] and EDTA [131; this paper is 
concerned with the stimulatory effect of prolonged 
cooling at 0 ~ on muscle sugar transport. This was 
first reported by Clausen et al. [10] and confirmed in 
this laboratory [14]. These experiments examined the 
possibility that the stimulatory effect of cooling may 
be due to shifts in cations between the intracellular 
and extracellular compartments, when energy metab- 
olism was depressed by extended incubation at 0 ~ 
The results presented below suggest that the effect of 
cooling on sugar transport is more likely due to the 
disruption of an intracellular cation gradient involved 
in the regulation of cytoplasmic magnesium concen- 
trations. 
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Methods 

Soleus muscles weighing approximately 30 mg were obtained from 
Sprague Dawley rats (70-90 g) fed ad libitum. Muscles were incu- 
bated under an atmosphere of O2-CO2 (95 : 5, v/v); anaerobic incu- 
bations were under N2-CO2 (95 : 5, V/V). The basic medium ("bi- 
carbonate medium") contained NaCI (llSmmol/1), KC1 
(4.8 retool/l), CaCl2 (2.6 retool/l), MgSO4 (1.2 mmol/1), KHzPO4 
(1.2 mmol/1) and NaHCO~ (25 retool/l); before use, the medium 
was gassed with the appropriate gas mixture. Additions to, or varia- 
tions from, this basic medium are detailed in the text. 

Xylose uptake was determined using the method of Korbl et al. 
[6]. In this procedure the muscles are first preincubated under the 
test conditions; the uptake of D-[U-~4C]xylose (final conc. 
10 retool/l, sp. act. 0.03 ~Ci/p.mol) is then measured over a 5 rain 
period at 37 ~ using D-[1-3H]sorbitol (10 mmol/l, sp. act. 0.1 ~*Ci/ 
[.tmol) as an extracellular marker. Irrespective of the preincubation 
temperature, xylose uptake was always determined at 37 ~ ATP 
was determined spectrophotometrically as described previously [6]. 

For the measurement of K +-effiux the muscles were pre-incu- 
bated in 0.5 ml of bicarbonate medium in sealed glass vials (15 mm 
diam.). At the end of the incubation the muscle was removed, the 
incubation medium was diluted 50-fold with water, and K + deter- 
mined using a Varian Techtron Model 1000 Atomic Absorption 
Spectrophotometer (Varian, Melbourne). For the measurement of 
Ca 2+- and MgZ+-effiux the medium was modified by the omission 
of Ca 2+ and Mg 2+ ; this will be referred to as "CaZ+/Mg2+-free '' 
medium. Prior to assay the medium was diluted with an equal vol- 
ume of KC1 solution (134 mmol/1); Ca 2+ and Mg 2+ were deter- 
mined by atomic absorption spectrophotometry. 

Statistics 

To miuimise the effect of biological variation between individual 
animals, wherever possible the experiments were designed using 
paired controls. One muscle from each pair was incubated under 
test conditions, while the second served as the control. The results 
of these experiments were analysed for statistical significance using 
Student's t-test as applied to paired samples. Where it was not pos- 
sible to use paired controls, muscles taken from litter mates were 
distributed randomly among the experimental groups and the re- 
sults subjected to statistical analysis using the standard Student's 
t-test 

Materials 

D-[U-14C]xylose was obtained from The Radiochemical Centre, 
Amersham. D-[1-3H]sorbitol was obtained from New England 
Nuclear, Boston. Beef insulin, twice recrystallised, was from the 
Commonwealth Serum Laboratories, Melbourne. A23187, ethy- 
lene-glycol-bis-(fl-aminoethyl ether)-N,N,N',N'-tetraacetic acid 
("EGTA") and ouabain were from Calbiochem-Behring (Austra- 
lia); EDTA was from British Drug Houses. EDTA and EGTA solu- 
tions were neutralised with NaOH. 

Results 

Stimulatory Effect of Cooling on Sugar Transport 

Preincubation at 0 ~ st imulated the uptake  of  xylose 
by rat soleus muscle by  up to 125% (Fig. 1). This effect 
was maximal  after 3 h at 0 ~ and was p rompt ly  re- 

versed when cooled muscles were returned to 37 ~ 
(Fig. 2); reversal occurred more  slowly at 20 ~ than 
at 37 ~ The experiments  presented in Figure 3 ex- 
amined  the relationship between the st imulatory ef- 
fects o f  cooling and insulin on sugar transport.  In or- 
der to allow the hormone  time to interact with the tis- 
sue [6], the muscles were pre incubated with insulin for 
15 min at 37 ~ before the 3 h cooling period. In the 
presence of  a sub-maximal  concentrat ion of  insulin 
(100 mU/1), xylose uptake  was further stimulated by 
cooling; however,  there was no effect o f  cooling when 
xylose uptake was stimulated maximal ly  by  insulin 
(100 U/l) .  Xylose uptake  in cooled muscles was fur- 
ther stimulated by pre-exposure  to both  sub-maximal  
and supra-maximal  concentrations of  insulin. 

The relationship between the effects of  cooling 
and anoxia  on muscle sugar t ransport  was also stud- 
ied. For  these experiments  the muscles were preincu- 
bated for 30 min at 37 ~ to achieve maximal  stimula- 
tion of  sugar t ransport  by anoxia  [6]. Cooling the mus-  
cle after anaerobic  preincubat ion did not further 
stimulate xylose uptake  (anaerobic muscle, 
6.5 + 0.7 lxmol g -  1 h-~ versus anaerobic-cooled,  
6.5 _+ 0.6 ~,mol g -  1 h -  1, n = 5). Similarly, anoxia  did 
not stimulate sugar t ransport  beyond the effect o f  
cooling (cooled muscle, 7.3 _+ 0.7 ~tmol g -  ~ h -  1 versus 
anaerobic-cooled,  7.3 +0.5  ~tmol g - i  h - l ,  n = 5). 

Effect of Cooling on K +- Efflux 

The observation that the st imulatory effect of  cooling 
was reversed more slowly at 20 ~ than at 37 ~ and 
the inability of  cooling to stimulate sugar t ransport  in 
anaerobic  muscle, suggested that  the st imulatory ef- 
fect of  cooling on sugar t ransport  was somehow due 
to the suspension of  metabol ic  activity when the mus- 
cles were held at 0 ~ The experiments  which follow 
examined the possibility that the effect o f  cooling and 
its reversal on rewarming may  be due to the disrup- 
tion and subsequent  re-establishment of  some ener- 
gydependent  ionic gradient(s). 

The first system so examined was the N a + /  
K + pump.  According to Bihler, sugar t ransport  in rat 
d iaphragm [15] and smooth  muscle [16] is st imulated 
by the inhibition of  the N a + - p u m p .  When soleus 
muscles were incubated for 3 h at 0 ~ K + was re- 
leased into the incubation med ium to the extent of  
22 ,umol K + / g  muscle (Fig. 4). When  these muscles 
were now incubated for a further 15 rain at 37 ~ 
more  than half  of  the K + which had appeared  in the 
med ium was taken up by the muscle. These changes 
in K+f lux  during the cooling per iod and on rewarm- 
ing are consistent with the operat ion of  the N a + /  
K + p u m p  at 37 ~ but  not at 0 ~ This also suggests 
p r ima facie that the effects o f  cooling and rewarming 
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Fig. 1. Effect of cooling on xylose uptake by soleus muscle. Soleus 
muscles were incubated for up to 5 h at 0 ~ in 0.95 ml of bicarbon 
ate medium. At the times shown, [UJ4C]xylose and [l-3H]sorbitol 
were added in a volume of 50 .ul; the incubation was then continu- 
ed for 5 rain at 37 ~ for the determination of xylose uptake. Each 
point represents the mean _+ SEM of five to six determinations 
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Fig. 2. Reversal of the stimulatory effect of cooling on xylose up- 
take. Soleus muscles were first preincubated for 3 h at 0 ~ in 
0.95 ml of bicarbonate medium. The muscles were then incubated 
for up to 20 min at either 37 ~ (C)---Q) or 20 ~ (O-  ~ ) .  At the 
times shown [UJ4C]xylose and [1-3H]sorbitol were added in a vol- 
ume of 50 ~1 and the muscles incubated a further 5 min at 37 ~ for 
the determination of xylose uptake. Xylose uptake was also deter- 
mined in control muscles incubated, without prior cooling, for up 
to 20 rain at 37 ~ (O- - -O) .  Each point represents the mean 
+_ SEM of five determinations 
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Fig. 3. Effects of cooling and insulin on sugar transport. Soleus 
muscles were first incubated for 15 min at 37 ~ in bicarbonate me- 
dium in the presence or absence of insulin as shown. Where indicat- 
ed the incubation was continued for a further 3 h at 0 ~ in the same 
medium. Values are expressed as mean + SEM of five determina- 
tions 

(Fig. 4). However, the stimulatory effect of cooling on 
xylose uptake was still reversed when muscles were 
cooled and then rewarmed in the presence of oua- 
bain. Control experiments (not shown) confirmed 
that there was no effect on xylose uptake when mus- 
cles were exposed to ouabain for 15 rain at 37 ~ or 
for 3 h at 0 ~ The complete absence of  any effect of 
ouabain on basal xylose uptake by soleus muscle is in 
accord with the observations of Bihler [15] and Kohn 
and Clausen [17]; according to Bihler [15], ouabain 
does not stimulate basal sugar transport in rat hemidi- 
aphragm unless the tissue is first preincubated with 
glucose. From the experiments presented in Figure 4, 
we may conclude that the effects of cooling and re- 
warming on the uptake of xylose by soleus muscle are 
not concerned with the sarcolemmal N a + + K  +- 
ATPase. 

on sugar transport could be related to effects on the 
N a + / K + p u m p .  

It was argued that if this were so, then ouabain 
should inhibit the reversal of the cooling effect when 
cooled muscles are rewarmed. Soleus muscles were 
cooled for 3 h in the presence of ouabain (1 mmol/1) 
and then rewarmed for 15 min at 37 ~ As expected, 
ouabain eliminated the uptake of  K + otherwise ob- 
served when cooled muscles were rewarmed. Instead, 
there was a further release of K + from these muscles 

Effect of  Cooling- Ca 2+ and Mg 2+ 

The experiments described in this section examined 
the possibility that the effect of  cooling and its rever- 
sal may be concerned with the transport of  Ca 2+ or 
Mg 2+ across the sarcolemma. Net efflux of Ca 2+ and 
Mg 2+ from soleus muscle was monitored using atom- 
ic absorption spectrophotometry. Using the standard 
bicarbonate buffer, which contains 2.6 mmol CaCI2/1 
and 1.2 mmol MgSO4/1, it was not possible to detect 
changes in Ca 2+ or M g  2+ when muscles were cooled 
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Fig. 4. Effect of cooling and rewarming on net K+-efflux and xylo- 
se uptake. Soleus muscles were incubated for 3 h at 0 ~ one mus- 
cle from each pair was then incubated for a further 15 rain at 37 ~ 
("rewarmed"). Where indicated ouabain (1 mmol/1) was present in 
the incubation medium throughout the experiment. Net K + efflux 
indicates the extent to which K + was released into the medium at 
the end of the overall incubation period. [] = cooled muscles, 
N] = rewarmed muscles. Values are expressed as mean _+ SEM of 
five determinations 
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Fig. 5. Net efflux o f  Ca  2+ and  Mg 2+ from soleus muscle.  Soleus 
muscles  were incubated for up  to 3 h at 0 ~ and  then for up to 1 h 
at 37 ~ in 0.5 ml o f  Ca2+/Mg2+-free  m e d i u m  containing E D T A  
(5 mmol/1).  - -  - -  indicate the upper  and  lower limits o f  the  contri- 
but ion o f  extracellular Ca  2 + and  Mg 2 + to total Ca 2 + and  Mg 2 + ef- 
flux, calculated as described in the text. Each  point  represents the 
mean  _+ SEM of  five to ten determinat ions.  O - O  = net  Ca  2+ ef- 
flux; @ - - ~  = net  Mg 2+ efflux 

and then rewarmed. In view of  this difficulty, a new 
strategy was employed. I f  the effect of  cooling and its 
reversal on rewarming were due to changes in the flux 
of  divalent cations across the sarcolemma, then, irre- 
spective of  the direction of  these changes, one of  these 
effects should be eliminated in a medium where uni- 
directional flux was induced by the omission of  Ca 2 + 
and Mg 2+ and the presence of  the chelator, EDTA. 
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Fig. 6. Effect of cooling and rewarming on xylose uptake and net 
efflux of Ca 2+ and Mg 2+ in the presence of EDTA. Soleus muscles 
were incubated in CaZ+/MgZ+-free medium containing EDTA 
(5 mmol/1) using a three-stage procedure: first for 30 rain at 37 ~ 
(preincubation), then for 3 h at 0 ~ (cool) and finally for 30 rain at 
37 ~ (rewarmed). Muscles were incubated in the same vessels 
throughout the experiment, hence the efflux of Ca 2+ and Mg 2+ 
shown is the cumulative effiux at each stage. - - - -  indicate the cal- 
culated values for extracellular Ca 2+ and Mg 2+ (from Fig. 5). Re- 
sults shown are the mean _+ SEM of six determinations. Cool ver- 
sus preincubation. * p < 0.02, ** p < 0.05, *** p < 0.005 
Rewarmed versus cool * p < 0.005, ** NS, *** p < 0.05 

Part of  the Ca 2+ and Mg 2+ which will leak from 
the muscle into the incubation medium will be that 
which was present in the extracellular fluids on 
removal from the animal. From measurements of  the 
Ca 2+ and Mg ~+ content of  rat blood and blood plas- 
ma, the contribution of  extracellular Ca 2+ to overall 
net CaZ+-efflux has been calculated to be 
0.65-0.73 pmol /g  muscle and extracellular Mg 2+ 
0.25-0.45 ~tmol/g [13]. (These values, which define 
the upper  and lower limits of  the contribution of  ex- 
tracellular Ca 2+ and Mg 2+ to Ca 2+ and Mg2+-efflux, 
are indicated in Figures 5 and 6 by the horizontal bro- 
ken lines.) In the presence of  5 mmol EDTA/1 net ef- 
flux of Ca z+ over a 3 h cooling period at 0 ~ and sub- 
sequently for 1 h at 37 ~ did not exceed the calculat- 
ed value for extracellular Ca 2+ (Fig. 5). Conversely, 
net efflux of  Mg 2+ appeared to involve the release of  
intracellular Mg 2+ during the period of  cooling, and 
even more so during the subsequent rewatTning 
period. 

The effect of  cooling on xylose uptake in the pres- 
ence of  E D T A  was complicated by the fact that the 
chelator itself stimulates xylose uptake [l 3]. The stim- 
ulatory effect of  E D T A  was both rapid in onset and 
transient, and was no longer evident after 30 rain ex- 
posure to the chelator [13]. To avoid this complica- 
tion, muscles were preincubated for 30 rain at 37 ~ 
in Ca2+/MgZ+-free medium containing E D T A  be- 
fore cooling. The stimulatory effect of  cooling on 
xylose uptake and its reversal on rewarming were 
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T a b l e  1. Effect of A23187 on xylose uptake by cooled muscle in the 
presence of EDTA and EGTA 

Preincubation Additions 
details 

Xylose uptake (umol g-~ h-1) 

Control A23187 

- - 3.1 + 0 .5  (5 )  2.9 -+ 0.3 (5)  

Cooled - 6.6 _+ 0.3 (7) 7.0 • 0.4 (7) 
- EDTA 3.9 _+ 0.4 (7) 4.2 _+ 0.3 (7) 
Cooled EDTA 6.4 + 0.4 (7) 4.9 -+ 0.2 (7) a 
- EGTA 3.3-+0.2(5) 2.8_+0.3(5) 
Cooled EGTA 7.8 _+ 0.2 (8) 7.9 _+ 0.3 (8) 

All the muscles were preincubated for 30 rain at 37 ~ in Ca2+/ 
Mg 2 +-free medium _+ A23187 (2.5 rag/l). Some were then incubat- 
ed a further 3 h at 0 ~ in the same medium. Where indicated, the 
incubation medium also contained EDTA (5 retool/l) or EGTA 
(5 mmol/1). Values are expressed as mean _+ SEM; (number of ob- 
servations in parentheses). 
" A23187 versus control, p <  0.005 

T a b l e  2. Effect of A23187 on net effiux of calcium and magnesium 
from soleus muscle 

Pre- Net calcium efflux Net magnesium efflux 
incubation (amol/g) (~tmol/g) 
details 

Control A23187 Control A23187 

37 ~ 0.58_+0.04 0.60_+0.03 0.71_+0.05 1.33+0.05 a 
30 min 
0 ~ 3 h 0.09 -+ 0.03 0.08 -+ 0.03 0.75 -+ 0.06 0.76 _+ 0.04 

Soleus muscles were incubated for 30 rain at 37 ~ in 0.5 ml 
of Ca2+/MgZ+-free medium containing EDTA (5mmol/1) 
+ A23187 (2.5 rag/l). At this point the muscles were removed, 
rinsed in CaZ+/Mg2+-free medium containing EDTA (but not 
A23187), blotted on damp filter paper and incubated for a further 
3 h at 0 ~ in fresh medium containing EDTA + A23187. The re- 
lease of Ca 2+ and Mg 2+ into the medium during these two incu- 
bation periods is shown separately (c. f. Fig. 6). Values are ex- 
pressed as mean + SEM of seven determinations. 
~ A23187 versus control, p <  0.001 

readily demonstrable in the presence of EDTA 
(Fig. 6). The corresponding efflux of Ca 2+ and Mg 2+ 
under these conditions is also shown in Figure 6. The 
release of Ca 2 + occurred principally during the initial 
30 rain preincubation period at 37 ~ There was a 
further small release of Ca 2+ during the cooling peri- 
od, but no change occurred during the final rewarm- 
ing period. The amount of Ca 2+ which appeared in 
the incubation medium did not exceed the calculated 
value for extracellular C a  2 +. Conversely, intracellular 
Mg 2+ was released during all stages of the experi- 
ment. 

The final experiments in this series examined the 
influence of the ionophore (A23187) on the stimulato- 
ry effect of cooling in C a  2 + / M g  2 +-free medium in the 
presence of EDTA. There was no effect of A23187 
(2.5 mg/1) alone on either the rate of xylose uptake 
measured after an initial 30 min period at 37 ~ in 

Ca2+/Mg2+-free medium, or on the subsequent ef- 
fect of cooling (Table 1). In the presence of EDTA, 
A23187 did not alter xylose uptake measured after the 
initial 30 rain period at 37 ~ however, under these 
conditions the ionophore depressed the stimulatory 
effect of cooling. This effect of A23187 was not ob- 
served when EDTA was replaced by an alternative 
chelator, EGTA. In the presence of EDTA there was 
no effect of A23187 on net efflux of Ca 2+ (Table 2); 
however, the ionophore did stimulate the release of 
Mg 2+. This effect was seen during the period of 
preincubation at 37 ~ but not during the cooling pe- 
riod. 

Because the action of A23187 may lead to the un- 
coupling of mitochondrial oxidative-phosphoryla- 
tion, we asked whether the inhibitory effect of A23 187 
shown in Table 1 might be due to the lowering of mus- 
cle ATP. ATP was lowered when muscles were ex- 
posed to A23187 for 30 rain in the presence of EDTA 
(control, 3.3 _+ 0.1 versus A23187, 2.8 _+ 0.1 ~xmol/g, 
p < 0.005, n = 5). However, A23187 also produced a 
similar change in ATP when musles were incubated in 
the absence of the chelator. As A23187 did not block 
the effect of cooling unless EDTA was also present, it 
is unlikely that this action of the ionophore is due to 
its rather limited effect on ATP. 

Discussion 

As indicated in the introduction to this paper, the 
stimulatory effect of cooling provides yet another 
probe to examine the sugar transport system in mus- 
cle, and in particular its regulation by intracellular 
metabolism. In common with many other "insulin- 
like" agents [6, 10, 13], cooling did not stimulate xylo- 
se uptake to the same extent as insulin, and did not 
have any further effect when sugar transport was 
stimulated maximally by insulin. Conversely, even 
sub-maximal concentrations of insulin stimulated 
xylose uptake in cooled muscles. According to Kono 
et al. [18], cooling abolishes the stimulatory action of 
insulin on sugar transport in the adipocyte. Clearly, 
this is one aspect where the process of sugar transport 
in muscle differs from that in the adipocyte. 

Cooling and anoxia each stimulated xylose up- 
take to the same extent. Cooling did not further stimu- 
late sugar transport in anaerobic muscle and anoxia 
did not stimulate xylose uptake above the rate 
achieved in cooled muscle. This suggests that the ef- 
fects of cooling and anoxia could share a common 
mechanism. It has been proposed that the stimulatory 
effect' of anoxia is a consequence of the lowering of 
oxidative ATP [5, 6]. The stimulatory effect of cooling 
cannot be due to the depletion of muscle ATP, but 
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rather to its inability to function at 0 ~ Thus the 
stimulatory effects of anoxia, uncouplers and cooling 
all appear to involve the disruption of some ATP-de- 
pendent process whose action serves to limit sugar 
transport. 

The most likely explanation for an ATP-linked ef- 
fect of cooling is that ATP provides energy for the 
maintenance of some ionic gradient. Cooling, by de- 
pressing the activity of the ion pump, would lead to 
the disruption of the gradient through diffusion and 
hence the activation of sugar transport. This would be 
reversed on rewarming by the re-establishment of the 
gradient, the reversal being temperature-dependent. 

The experiments presented in the latter half of this 
paper sought to identify the system concerned. Bihler 
[19] has suggested that the stimulatory effect of anoxia 
may be due to the lack of oxidative ATP for the sarco- 
lemmal sodium-potassium-ATPase. The release of 
potassium from the muscle on cooling and its subse- 
quent uptake on rewarming are consistent with a 
mechanism for the cooling effect involving the sodi- 
um-pump. However, as the effect of cooling on sugar 
transport was still reversed when the re-entry of potas- 
sium was inhibited with ouabain, this would seem to 
exclude this possibility. Similarly, the effect of cool- 
ing does not appear to involve the movement of the 
divalent cations, calcium and magnesium, across the 
sarcolemma. Thus, when muscles were incubated in 
calcium/magnesium-free medium containing EDTA 
to induce the unidirectional efflux of calcium and 
magnesium from the muscle, cooling still stimulated 
xylose uptake and this effect was reversed on rewarm- 
ing. This leaves us with the conclusion that the effect 
of cooling cannot be due to changes taking place 
across the sarcolemma, but rather to changes occur- 
ring within the muscle fibre itself. 

As the ionophore (A23187) will increase the per- 
meability of the cell membrane to divalent cations 
[20], it could be expected that the combined actions of 
A23187 and EDTA might have a greater influence on 
intracellular cations than EDTA alone. By promoting 
the efflux of divalent cations, this would tend both to 
lower and to counteract any increase in the cytoplas- 
mic cation concentration. The combination of 
A23187 and EDTA depressed the stimulatory effect 
of cooling (Table 1). (Because this combination did 
not stimulate basal sugar transport, it follows that 
stimulation is not achieved by lowering the cation 
concentration; that is, the cation itself is not an in- 
hibitor of sugar transport.) These results suggest that 
cooling activates sugar transport by increasing the 
cytoplasmic concentration of some divalent cation 
and that A23187 and EDTA antagonize this effect by 
promoting the efflux of this cation. 

Thus far, we have not attempted to specify which 

divalent cation is involved. Clausen et al. [10] pro- 
posed that the effect of cooling on muscle sugar trans- 
port is due to increased cytoplasmic calcium levels. 
The action of A23187 to depress the effect of cooling 
on sugar transport in the presence of EDTA could 
have been due to an increase in the efflux of calcium, 
thus preventing any intracellular accumulation. How- 
ever, the effect of A23187 on sugar transport in cooled 
muscles was no longer evident when EDTA was re- 
placed by EGTA. As both chelators have the same af- 
finity for calcium [13], the requirement for EDTA, but 
not EGTA, suggests that the effect of A23187 was not 
concerned with intracellular calcium, but with some 
other cation. There is a strong possibility that magne- 
sium could be the cation involved. The inability of 
EGTA to substitute for EDTA could be related to the 
fact that the affinity of EGTA for magnesium at pH 
7.4 is 2 x 104 times lower than that of EDTA [ 13]. This 
would be consistent with the observation that A23187 
promoted net efflux of magnesium but not calcium. 
The possibility that magnesium may play an impor- 
tant role in the regulation of muscle sugar transport is 
perhaps the most important finding to emerge from 
these studies. 

Rubin has proposed that a number of coordinated 
metabolic processes in chick embryo fibroblasts, in- 
cluding glucose transport, are regulated by the availa- 
bility of magnesium for transphosphorylation reac- 
tions [21, 22]. This effect relates to glucose transport it- 
self, not the subsequent phosphorylation step [22]. As 
presently formulated, there is no phosphorylation 
reaction directly involved in the process of sugar 
transport in either muscle or fibroblast. In cultured 
chick fibroblasts, the effect of magnesium on glucose 
transport appeared to involve protein synthesis [22]; 
hence it is not immediately apparent how the model 
proposed by Rubin may relate to the regulation of 
sugar transport in muscle. 

Randle and Smith [5] originally suggested that 
ATP could serve as a feedback inhibitor to regulate 
the sugar transport system in muscle. Recent studies 
in this laboratory lend support to this theory [6]. On 
the basis of the arguments presented above, we would 
propose that the role of ATP in this system is to pro- 
vide energy for an intracellular magnesium pump, 
which operates to inhibit sugar transport by lowering 
the cytoplasmic magnesium concentration. The dis- 
ruption of this pump either by cooling, or in anaerob- 
ic muscle by a lack of oxidative ATP [6], leads to a 
magnesium-dependent activation of sugar transport. 
The nature of this pump and the manner in which 
magnesium exerts its influence on sugar transport re- 
main to be determined. 
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