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Rat soleus muscle strips cultured for 24 h in medium 199 were well preserved in terms of electron microscopy; ATP and creatine phosphate concen- 
trations; rates of glucose utilization, glycogen and protein synthesis, and effects of insulin thereon. Culture led to modest changes in fluid spaces 
and intracellular (K+); increased basal glucose utilization up to two-fold; had no effect on the maximum response to insulin; and had no effect 
on sensitivity to insulin except in the presence of adenosine deaminase. Thus in vitro neither denervation nor absence of insulin had any marked 

effects in 24 h to decrease responses to insulin. 
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1. INTRODUCTION 

Longer term mechanisms (hours to days) are impor- 
tant in the regulation of carbohydrate metabolism in 
animals and obvious examples include in vivo effects in 
muscles of dietary variation or diabetes on glucose 
utilization and oxidation [1,2]; on insulin sensitivity 
[3,4]; on the activities of pyruvate dehydrogenase 
(PDH) complex and PDH kinase in muscles and liver 
[5]; and on the activities of key enzymes of glucose 
utilization and gluconeogenesis in liver [6]. Culture in 
chemically defined media has provided key information 
about hormones and nutrients that mediate longer term 
effects of diet and diabetes on carbohydrate 
metabolism in hepatocytes and cardiac myocytes [5-71. 
An equivalent culture system for skeletal muscle is 
urgently needed as it is the major site of glucose utiliza- 
tion in animals. Survival of rat epitrochlearis muscle for 
30 h in the presence of rat serum has been described [3] 
but in the absence of serum, survival of cultured 
epitrochlearis and soleus muscles was limited to 12 h 
duration [3,9]. A longer period of survival is required, 
and absence of serum is essential because serum is not 
chemically defined. We describe here a method that has 
yielded consistently, apparently satisfactory survival of 
rat soleus muscle in vitro for at least 24 h in the absence 
of serum (the longest period tested). We show for the 
first time the in vitro effects of 24 h of total deficiency 
of added hormones and denervation on rates of glucose 
utilization and insulin sensitivity in soleus muscle. 

Correspondence u&rem: P.J. Randle, Nuffield Department of Clini- 
cal Biochemistry, John Radcliffe Hospital, Oxford OX3 9DU, UK 

2. EXPERIMENTAL 

Sources of rats and details of feeding were as in (71. Biochemicals 
were from Sigma Chemical Co. or BCL, medium 199 from Gibco, 
radiochemicals from Amersham and Optifluor from Canberra 
Packard. 

Strips (<40 mg) from soleus muscles of anaesthetised rats of 
160-180 g were mounted on stainless steel clips (Crettaz et al. [lo]) 
and suspended in medium 199 by cotton threads so as not to touch the 
flask. Culture was for up to 24 h at 37°C in 50 ml conical flasks, in 
30 ml medium 199 supplemented with streptomycin and penicillin [8], 
and pre-equilibrated with Oz/COz (95:5). Flasks were shaken at 110 
cycles/min and re-gassed every 3 h. For analysis of metabolites, 
powdered frozen muscle (liquid Nz) was extracted with 0.6 M per- 
chloric acid, and extracts neutralised with saturated KHCOs. ATP 
and creatine phosphate were assayed with hexokinase, 
glucose&phosphate dehydrogenase and creatine kinase [ 11,121; and 
glucose (and glycogen glucose after hydrolysis with A. niger 
amyloglucosidase) with hexokinase, glucosed-phosphate 
dehydrogenase and ATP [13]. Recoveries of ATP and creatine 
phosphate added to frozen muscle before extraction were >90%. Lac- 
tate dehydrogenase was estimated in incubation medium and in 
polytron extracts of muscle strips 1141. Total water was estimated by 
dry weight analysis. Inulin and glucose spaces were estimated in strips 
incubated for 30 min with [sH]inulin and 5.5 mM glucose and ex- 
tracted by boiling. In control experiments 30 min of incubation suffic- 
ed to equilibrate muscle with extracellular inulin and glucose (results 
not shown). Inulin was assayed by liquid scintillation spectrometry in 
Optifluor with quench corrections by external standard; glucose was 
assayed as above. Soleus K+ was assayed in concentrated HNOa 
digests by flame photometry against KC1 standards; corrections for 
extracellular K+ were based on inulin space. Glucose utilization was 
measured by formation of [3H]Hz0 from 2-[3H]glucose; [3H]Hz0 
was separated from 2-[“HIglucose by vacuum distillation [15]. Amino 
acid incorporation into protein was measured as in [16] after in- 
cubating muscle strips for 2 h in medium 199 containing U- 
[‘%]amino acid mixture (4.7 x 10’ dpm/ml). 

3. RESULTS AND DISCUSSION 

Medium 199 contains as potential respiratory 
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substrates glucose (5.5 mM), acetate (0.6 mM) and a 
full complement of amino acids (for full composition 
see [8]). Acetate is utilized by soleus muscle and inhibits 
glycolytic flux 30% at 1.2 mM [lo]. Culture (24 h) of rat 
soleus had no effect on concentrations of ATP and 
creatine phosphate; or rates of amino acid incorpora- 
tion into protein; or basal rates of glucose utilization or 
stimulation by insulin (10 mu/ml) (Table I). Insulin 
had no significant effect on amino acid incorporation 
into protein in fresh muscle but it stimulated incorpora- 
tion in cultured muscle. The absence of the insulin ef- 
fect in fresh muscle may be related to the well known 
stimulation of amino acid incorporation by leucine, 
present in medium 199 and which may override the ef- 
fect of insulin in short term incubations [ 171. The effect 
of longer term culture has not previously been 
amenable to investigation. Culture (24 h) decreased in- 
tracellular K + concentration (19%) and increased total 
water (3010), and inulin space (24%) but had no effect 
on muscle glucose space. Glucose and inulin spaces did 
not differ significantly (Table I). Soleus muscle lactate 
dehydrogenase (LDH) activity was not changed 
significantly by culture (24 h), but LDH equivalent to 
12% of the muscle activity was released into the culture 
medium within the first 8 h of incubation, but not 
thereafter (Fig. 1). Muscle glycogen concentration fell 
by 40% over 24 h of culture (Table I); the decrease is 
virtually identical with that induced in vivo by 24 h of 
starvation [ 181. The decrease in glycogen concentration 
was largely reversed by 1 h of incubation with insulin (1 
mu/ml) in vitro. The effect of insulin on glycogen syn- 
thesis in fresh muscle was quantitatively similar to that 
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Fig. 1. Appearance of lactate dehydrogenase activity in medium 199 
during 24 h of culture of rat soleus muscle strips (mean f SE for 14 

strips). 

in [lo] but was not statistically significant in our experi- 
ment due to a greater SE when concentration dif- 
ferences are measured. Electron microscopy showed no 
systematic differences between fresh and cultured 
muscles, although occasional individual fibres showed 
evidence of gross damage or of damage to mitochon- 
dria (results not shown). 

Concentrations of ATP, glycogen, and K+ and rates 
of glucose utilization in the present study were com- 
parable to those obtained with fresh soleus strips in 
other studies [10,19,20]. Glucose was apparently con- 
fined to extracellular water, i.e. utilization was ap- 
parently limited by the rate of glucose transport. The 
concentration of creatine phosphate and the ratio of 
(creatine phosphate)/(ATP) was somewhat lower than 

Table I 

Effect of in vitro culture (24 h) on concentrations of metabolites and ions, fluid spaces, and rates of glucose utilization, glycogen synthesis and 
amino acid incornoration into orotein in rat soleus muscle strins 

Measurement Insulin (mu/ml) Fresh muscle Muscle cultured 24 h 

ATP @mol/g fresh wt) 4.69zt0.26 (15) 4.72k0.26 (48) 
Creatine phosphate bmol/g fresh wt) - 6.32 k 0.52 (15) 6.13ztO.44 (48) 
Lactate dehydrogenase (U/g fresh wt) - 141 f 10.7 (8) 132k3.99 (8) 
Total water @l/g fresh wt) 790* 4.7 (8) 811f5.1b (8) 
Inulin space &l/g fresh wt) 222k9.8 (14) 275 f 16.4’ (14) 
Glucose space @l/g fresh wt) 244 f 24 (6) 242 f 24.2 (6) 
Intracellular K+ &mol/g fresh wt) 78.3 f 1.65 (8) 63.6 f 2.45* (8) 

&mol/ml intracellular water) 139k3.3 (8) 117~4.06’ (8) 
Amino acid incorporation into protein 

(dpm per mg protein/2 h):- 1609+ 122 (8) 1679k 126 (12) 
10 1661 f 66 (8) 2025 f 1 12d (8) 

Muscle glycogen concentration 14.7kO.5 (18) 9.5 + O# (16) 
&mol glycogen glucose/g fresh wt) 

lC 16.9f 1.9 (14) 13.2f0.39d (8) 
Difference (insulin effect) 2.2*2 3.7f0.59d 

Glucose utilization 5.86ztO.90 (6) 4.76rt 0.20 (6) 
&mol/g fresh wt/h) 10 12.66 + 0.42d (6) 10.36f0.348.d (6) 

Difference (insulin effect) 6.80k0.99 5.60i0.39d 

Glucose utilization measured from l-2 h of incubation (fresh muscle) or from 24-25 h of incubation (cultured muscle); amino acid incorporation 
was measured from O-2 h (fresh muscle) or from 24-26 h (cultured muscle); ‘insulin present from 30-90 min (fresh) or 24-25 h (cultured); glycogen 
values at 90 min or 25 h. aP<O.OOl, bP<O.Ol, cP<0.02 for effect of culture; dP<O.Ol for effect of insulin: for other differences P>O.O5: the 

number of soleus muscles strips is shown in parentheses. 
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Fig. 2, Progressive rates of glucose utilization of six rat soXeus muscle 
stri measured by the rate of formation of 13H]H@ from 
f2-sr$ghtcose during four successive 30 min periods. The museie 
strips were transferred to fresh medhtm at the beginriing of each 30 
min period. Results are means f SE. Open symbols, no insulin; clos- 
ed symbols, insulin (10 mU/ml); o adenosine deaminase 2 U/ml; 0 
u-fresh muscle strips; A A -muscle strips cultured for 24 h b&Ore in- 
cubation with 12-3H]ghtcose. Fc0.01 for effect of insulin at all 
periods of incubation except fresh muscle O-30 min; *PC 0.01 for ef- 

fect of incubation time; +P<O.Ol for effect of culture. 

in f10,20} though recoveries of added creatine 
phosphate were 290% (see section 2). Extracellular 
water was greater than in vivo (140 laffg 1211); this was 
accounted for in fresh muscle by a 10% increase in total 
water within 60 min in vitro. The further increase after 
24 h could be an effect of denervation [21]. 

We conclude that soleus muscle strips remained 
viable for at least 24 h (the longest period tested) under 
the conditions of culture which we have defined. The 
only obvious potential basis for extended viability in the 
present study (cf. [3,9]) is our use of medium 199, but 
the nature of the components responsible (e.g. whether 
nutrients or antioxidants) has not been determined. 

Fig. 2 shows rates of glucose utilization measured 
during four successive 30 min periods in fresh muscles 
and in muscles cultured for 24 h. Rates with insulin (10 
mU/mi) showed no significant variation, either during 
successive 30 min periods or as between fresh and 
cultured muscles. In the absence of insulin glucose 
utilization by fresh muscle declined over 60-90 min to a 
minimum rate which was maintained over 24 h of 
culture (assumed to be due to loss of the action of in- 
sulin carried over from in vivo). Adenosine deaminase 
which sensitises soleus muscle to insulin (see below} had 
no effect on this decline but may have enhanced glucose 
utili~tion during the first 30 min period, possibly 
through an effect on insulin sensitivity (see below), In 
subsequent studies, rates of glucose utilization in fresh 
muscles were measured between 60 and 90 min of in- 
cubation, i.e. when the basal rate was steady state and 
at a minimum. 

Table II and Fig” 3 show the effects of 24 h of culture, 
and of an adenosine antagonist (phenyltheophylline 
(PT), 2 PM), or adenosine deaminase (0.5 U/ml) on 
basal and insulin stimulated rates of glucose utilization. 
In the absence of PT or adenosine deaminase, culture of 
soleus increased basal glucose utilization by 30% in the 
experiment in Table If but had no si~~~cant effect in 
an earlier experiment in Table f in which SE were larger. 
Culture did not significantly affect sensitivity to 
stimulation by insulin (not detected below 625 $J/ml). 
The effect of culture to increase basal glucose utiliza- 
tion was markedly enhanced (to up to 100%) by PT and 
by adenosine deaminase - due mainly to their effect on 
cultured muscle. The effect of culture on basal glucose 
utilization was only partly reversed (< 25%) by inclu- 

Table ff 

Effect of culture (24 h), of pheny~~eophy~~ne, and of adenosine deaminase on basal and insulin stimulated rates of glucoseutiliiation in rat soleus 
muscle strips 

Muscle Insulin Glucose utilization @mol/g muscle/30 min) mean f SE 
@U/ml) Control Phenyltheophylllne Adenosine deaminase 

(2 rM) (0.5 U/ml) 

Fresh 1.58ttO.14 1.45k0.27 2.001ko.14 
24 h culture 2.10ttO.W 2 88 f 0 20’*” . . 3 5SztO 29’*’ . . 

Fresh 25 1.99zko.22 1.83r0.24 2.89kO.21” 
24 h culture 25 2.25 zk 0.20 3 59 * 0 I . O&t,= 3.99 rt 0.23C*e 

Fresh 125 1.99ZkO.16 3.45 rt 0.63b 3.64*0.35a 
24 h cuhure 125 2.4g of: 0.27 4.75 20.80c 4.0x*o.31c 

Fresh 625 3.14fO.W 3.7OrtO.3F 4.76 + 0.3Y 
24 h culture 625 3.30~0.23~ 5.15 * 0.35a’Q 461*0208” . . 

(number of strips) (12) (4) (8) (fresh) 
(12) (24 h culture) 

Glucose utilization measured during 60-90 mitt of incubation (fresh muscles) or 24.5-25 h of incubation (cultured muscles) by [3H]H20 production 
from [Z3H]glucose added at 60 min or 24.5 h. Other additions were made at 30 min or 24 h (insulin) or zero min or 23.5 h (phenyltheophylline 
or adenosine deaminase). ‘P<O.Of, bP<0.05 for effect of insulin; ‘P<O.Ol, dP<0.05 for effect of phynyltheophylline or adenosine deaminase; 

'P<O.Ol, 'Pi&O5 fot effect of culture. 
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Fig. 3. Effect of insulin at 2.5, 125 and 625 ~IJ/rnl on rates of glucose 
utilisation by rat soleus muscle strips. Each point is mean ?r SE for 
data takeri from Table II. Open symbols are fresh muscles; closed 
symbols are muscles cultured for 24 h in medium 199. PTH - 

phenyltheophylline. 

sion of insulin (10 mu/ml) or adenosine deaminase 
throughout (results not shown). 

As shown by Espinal et al. [22] sensitivity to insulin 
in fresh muscle was increased by PT or adenosine 
deaminase (down to 125 and 25 @J/ml respectively). In 
cultured muscle sensitivity to insulin was increased 
25-fold by PT (down to 25 &J/ml) but not by adenosine 
deaminase (insulin response at 625 @J/ml only). The 
higher basal rates of glucose utilization in cultured mus- 
cle in the presence of adenosine deaminase may have 
obscured the insulin response at lower concentrations 
of the hormone. Except at the highest insulin concen- 
tration (625 pU/ml) rates of glucose utilization in 
cultured muscles were greater than in fresh muscles. 

Two factors which could contribute to effects of 24 h 
of culture on metabolic parameters are absence of hor- 
mones and denervation. The increase in basal glucose 
utilization observed in the present study may be an ef- 
fect of denervation as a comparable effect has been 
described in rat diaphragm after denervation [23,24]. 
The in vivo effect of denervation (24 h) to decrease 
substantially insulin-induced glycogen synthesis in 
soleus [25] and diaphragm [24] was not seen in vitro in 
the present study. Factors in addition to denervation 
per se may therefore be involved in vivo. Denervation 
and absence of added insulin were without effects on 
basal protein synthesis and enhanced the effect of in- 
sulin in vitro in the present study [cf. 21,261); likewise 
there was no evidence in the present study for any mark- 
ed in vitro effect of 24 h of denervation and absence of 
insulin to diminish the response of soleus muscle to in- 
sulin effects of glucose utilization (cf [21,23-271). 

~c~nowfe~ge~enrs~ This study was supported by grants from the 
Medical Research Council and the British Diabetic Association. We 
wish to thank Dr Ferguson and Dr Squier of the Nuffield Department 
of Pathology, University of Oxford for electron microscopy and MS 
Katie Jeffreys for skilled technical assistance. 

REFERENCES 

[I] Issad, T., POnicaud, L., Ferre, P., Kandb, J., Baudon, M-A and 
Girard, J. (1987) Biochem. J. 246, 241-244. 

[2] Garland, P.B., Newsholme, E.A. and Randle, P.J. (1964) 
Biochem. J. 93, 665-678. 

[3] Wallberg-Henr~ksson, H., Zetan, N. and Henriksson, J. (1987) 
J. Biol. Chem. 262, 7665-7671. 

[4] Budohoski, L., Challis, R.A.J., Cooney, G.J., McManus, B. 
and Newsholme, E.A. (1984) B&hem. J. 224, 327-330. 

[5] Randle, P.J. (1986) Biochem. Sot. Trans. 14, 799-806. 
[6] Granner, D.K., Sasaki, K., Andreone, T. and Beale, E. (1986) 

Recent Progr. Horm. Res. 42, 111-137. 
[7] Marchington, D.R., Kerbey, A.L., Giardina, M.G., Jones, A.E. 

and Randle, P.J. (1989) Biochem. J. 257, 487-491. 
[8] Paul, J. (1975) Cell and Tissue Culture, 5th edn., p. 102, Chur- 

chill Livingstone, London. 
[9] Cleland, P. J.F., Abel, K.C., Rattigan, S. and Clark, M.G. 

(1990) B&hem. J. 267,659-663. 
[IO] Crettaz, M., Prenti, M., Zanninetti, D. and Jeanrenaud, B. 

(1980) B&hem. J. 186, 525-534. 
[11] Lamprecht, W. and Trautschold, I. (1974) In: Methods of En- 

zymatic Analysis, (Bergmeyer, H.U. ed), vol. 4, 2nd English 
Edition, pp. 2101-2110, Academic Press Inc. New York. 

[12] Lamprecht, W., Stein, P., Heinz, F. and Weisser, H. (1974) pp. 
1777-1781 in ~014 of reference fll]. 

[13] Keppler, D. and Decker, K. (1974) pp. 1127-1131 in vol 3 of 
reference [ 111. 

[14] Bergmeyer, H.U. and Bernt, E. (1974) pp. 574-579 in vol 2 of 
reference [ 111. 

[IS] Neely, J.R., Denton, R.M., England, P. J. and Randle, P.J. 
(1972) Biochem. J. 128, 147-159. 

[16] Fuller, S.J. and Sugden, P.H. (1988) Am. J. Physiol. 255, 
E537-E547. 

[17] Manchester, K.L. and Young, F.G. (1958) Biochem. 3. 70, 
353-358. 

[is] Sugden, M.C., Sharples, S.C. andRandle, P.J. (1976) Biochem. 
J. 160, 817-819. 

[19] Young, D.A., W~lberg-Henr~ksson, H., Cranshaw, J., Chen, 
M. and Holloszy, J.O. (1985) Am. J. Physiol. 248, 406-409. 

[ZO] Garber, A.J., Karl, I.E. and Kipnis, D.M. (1976) J. Biol. Chem. 
251, 826-835. 

[21] Turinsky, J. (1987) Endocrinology 121, 528-535. 
[22] Espinal, J., Challis, R.A.J. and Newsholme, E.A. (1983) FEBS 

Lett. 158, 103-106. 
[23] Manchester, K.L. (1972) Excerpta Med. Int. Congr. Ser. 244, 

143-147. 
[24] Smith, R.C. and Lawrence, J.C. Jr. (1984) J. Biol. Chem. 259, 

2201-2207. 
[25] Burant, C.F., Lemmon, S.K., Treutelaar, M.K. and Buse, M.G. 

(1984) Am. J. Physiol. 247, E657-E666. 
1261 Forsayeth, J.R. and Gould, M.K. (1982) Diabetologia 23, 

511-516. 
1271 Garvey, W.T., Huecksteadt, T.P. and Birnbaum, M.J. (1989) 

Science 245, 60-63. 

94 


