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Since there is no evidence for creatine syn- 
thesis in skeletal muscle or for creatine de- 
gradation other than by slow, nonenzymatic 
formation of creatinine, one of three hypothe- 
ses should explain the low creatine content of 
skeletal muscle of dystrophic mice (1-3). 
Entry of creatine into muscle might be inhi- 
bited, loss of creatine from muscle might be 
accelerated, or the two defects might coexist. 
Relevant to choosing the correct hypothesis 
are the following two observations from 
studies of creatine kinetics in vivo: Dystroph- 
ic mice have higher than normal specific ac- 
tivity of muscle creatine 30 min after crea- 
t ine-W injection, and they have a shortened 
turnover time of body creatine ( 1 ) .  These ob- 
servations are consistent with the hypothesis 
of accelerated loss of creatine as the cause of 
the low creatine content of dystrophic muscle. 

Additional evidence is needed, however, 
because interpretation of data from studies in 
vivo requires a large number of assumptions 
(4), despite the apparent simplicity of 
creatine metabolism. Therefore, the present 
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studies of creatine entry into isolated exten- 
sor digitorum longus muscles were undertak- 
en. In  agreement with the interpretation of 
creatine kinetics in vivo, we found greater 
than normal entry of creatine into dystropic 
muscles. I n  addition, we found the creatine 
entry process in mouse muscle to differ from 
that of rat muscle ( 5 ,  6) by having a major 
nonsaturable component. 

Materials and Methods. One- to 2-month- 
old, dystrophic mice of Bar Harbor Strain 
129 and matching normal mice of the same 
strain, sex, and age were obtained from the 
Roscoe B. Jackson Memorial Laboratory. 
Normal and dystrophic mice were always 
treated similarly and studied concurrently. 
Some of the normal mice were heterozygous 
for the dystrophic trait, but they were indis- 
tinguishable from homozygous normal mice 
in these studies. After being fed a complete, 
purified diet ( 1 )  for a minimum of 1 week, 
the mice were decapitated, and their extensor 
digitorum longus muscles were removed and 
placed in vessels containing media for incu- 
bation. Approximately 3 min were required to 
obtain each muscle. 

To study entry, 0.1-0.2 pCi of creatine- 
1-l4C (sp act, 2.62 or 5.08 mCi/mmole)2 per 
2 Radioactive compounds were purchased from 

New England Nuclear Corporation. 
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TABLE I. Some Characteristics of the Mouse Extensor Digitorurn Longus. 
~ ~~~ ~~ 

Measurement Normal mice Dystrophic mice 

6.5 k 1.2 (56) 
78.0 & 1.0 (21) 

3.4 2 1.0 (56) 
Total water" (% of wet wt) 77.4 k 1.7 (21) 
Inulin space" (% of wet wt) 26.6 4.3 (50) 40.7 k 5.6 (44) 

Wt" (mg) 

Creatine" (mg/g of wet wt) 5.06, 3.76 3.14, 2.74 
Noncollagen proteinC (% of wet wt) 25.4, 26.6 23.0, 24.4 

a After 60-min incubation a t  37" in 2 ml of Krebs-Ringer bicarbonate solution (pH 7.4) un- 
der an atmosphere of O,:CO,, 95:5. The average weights of the mice were 25 g (normal) and 
15 g (dystrophic). 

Mean 
Measured in  fresh, unincubated tissue; the individual values were obtained from separate 

SD with number of deterininations in  parentheses. 

pools of extensor digitorum longus muscles. 

milliter of incubation medium served as 
tracer, and the movement of radioactivity 
from medium into muscle was measured by 
previously described methods (5, 6). Incu- 
bation conditions are given in the legends to 
Fig. 1 and 2. A one-hr incubation period was 
used routinely after experiments with shorter 
periods of incubation showed that a l-hour 
period was suitable for measurement of ini- 
tial rates over the range of creatine concen- 
trations under consideration. 

To  determine some of the characteristics of 
the mouse extensor digitorum longus mus- 
cle, creatine concentrations were measured by 
the method of Tanzer and Gilvarg ( 7 )  as 
modified by Bernt et al. ( 8 ) ;  noncollagen 
protein was dissolved in dilute iNaOH ac- 
cording to the method of Lilienthal et al. (9)  
and measured by the method of Lowry et al. 
(10); and total water was measured by dry- 
ing the muscles to constant weight in an oven 
at  105". Inulin space was measured by incu- 
bating the muscles in media containing inu- 
lin-car~boxyl-~~C (sp act, 2.68-2.84 rnCi/g) 
or inulin rnethylJH (sp act, 231 rnCi/g) at 
concentrations ranging from 2 to 8 mg/100 
ml. In  many instances, inulin space and 
creatine entry were measured simultaneously 
by using both creatine-14C and i n ~ l i n - ~ H  in 
the incubation medium. 

Results and Discussion. Some characteris- 
tics of the extensor digitorum longus muscles 
are given in Table I. Since 'the experimental 
design required intact muscles from mice 
matched for age rather than size, the dystro- 
phic muscles were about one-half as large as 

normal. Weights are given in Table I. Also 
given in Table I are creatine and noncollagen 
protein concentrations obtained from pools 
of 5 or 6 extensor digitorum longus muscles 
which individually would have been too small 
for the analyses. In  agreement with the usu- 
al results from skeletal muscle (1-3), the 
creatine content of normal extensor digitorum 
longus muscles was high and the creatine 
content of dystrophic extensor digitorum lon- 
gus muscles was relatively low, using either 
wet weight of muscle or noncollagen protein 
as a reference measurement (Table I ) .  For 
comparison, creatine and noncollagen protein 
were measured in individual samples of 
skeletal muscle from the thighs of the same 
mice, yielding the following results: creatine, 
3.94 t 0.48 mg/g of wet weight (mean t 
SD) for 11 normal mice and 3.18 2 0.75 for 
11 dystrophic mice; and noncollagen pro- 
tein, 19.3 t 3.8% of wet weight for 11 
normal mice and 19.8 t 4.3 for 11 dystroph- 
ic mice. The difference in creatine concentra- 
tions is significant with a p value of less than 

Two other characteristics, of importance 
for a study of creatine entry, are the total 
amounts of water in the muscles and the 
distribution of this water between extracellu- 
lar and intracellular spaces. As the data in 
Table I show, there was no significant differ- 
ence in the total water contents of normal 
and dystrophic muscle, although the dystro- 
phic muscles had much more water accessible 
to inulin. A time-course study of inulin de- 
position, depicted in Fig. 1, reveals an ap- 

0.01 (11). 
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MINUTES 

FIG. 1. Time-course of inulin deposition in exten- 
sor digitorum longus muscles: individual muscles 
were incubated for the specified lengths of time a t  
37' under an atmosphere of 02 :C02,  9 5 : 5 ,  in 2 ml of 
Krebs-Ringer bicarbonate solution (pH 7.4) con- 
taining either I T -  or 'H-labeled inulin. In  many 
instances, the incubation medium also contained one 
of the concentrations of creatine shown in Fig. 2. 
The means 1 SD are shown; the number of deter- 
minations at  each time interval is given in parenthe- 
ses ; ( 0 ) , normal muscles ; (0) , dystrophic muscles. 

proach to steady-state by both groups of 
muscles during incubation periods of 1 or 1.5 
hr. To what extent the approach to a steady- 
state represents the filling of potential but 
unfilled spaces in vizm and whether or not 
inulin space is identical to extracellular fluid 
volume in either group of muscles remains 
unknown. Nevertheless, calculation of the 
amount of creatine entering intracellular 
space requires an estimate of extracellular 
space and the inulin space is used for this 
purpose. 

In  Fig. 2, the initial rates of creatine entry 
into normal and dystrophic muscles are 
plotted as functions of external creatine con- 
centration. Both curves exhibit a major linear 
(nonsaturable) component ; in experiments 
not shown, linearity extended to 20 mM ex- 
ternal creatine concentration. The curves in 
Fig. 2 also suggest that a saturable com- 
ponent of entry may be operative at physiol- 
ogic serum creatine concentrations, 0.02-0.05 
mM ( 3 ) ,  but this possibility is difficult to 
evaluate in the presence of such a large non- 
saturable component of entry. These observa- 
tions on creatine transport into mouse muscle 

stand in contrast to observations from ear- 
lier studies of the rat; a saturable process is 
responsible for most of creatine entry into rat 
skeletal muscle in vitro (5, 6).  Perhaps a 
similar difference in creatine transport by the 
renal tubules of rats and mice is responsible 
for the greater creatinuria of adult mice 
( 1 2 ) .  

Creatine entry was greater into dystrophic 
than into normal extensor digitorum longus 
muscles at every external creatine concentra- 
tion, even after correcting for the greater 
inulin space of dystrophic muscles (Fig. 2 ) .  
Some or all of this difference may be attribu- 
table to the greater surface to volume ratio of 
the smaller dystrophic muscles. But irrespec- 
tive of its cause, the greater entry of creatine 
into dystrophic muscle in v2ro is incoasistent 
with the hypothesis of inhibited creatine en- 
try in vivo. On the other hand, greater than 
normal entry of creatine is entirely consistent 
with accelerated loss of creatine as the cause 
of the low creatine content of skeletal mus- 
cle of dystrophic mice. 

' I ' I ' I ' I ' I ' 11 
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FIG. 2 .  Creatine entry into normal and dys- 
trophic skeletal muscle : individual extensor digito- 
rum longus muscles were incubated for 1 hr a t  37" 
under an atmosphere of 02:COz, 9 5 : 5 ,  in 2 ml of 
Krebs-Ringer bicarbonate solution (pH 7.4) contain- 
ing inulin-'H and creatine-T as tracers. Individual 
inulin space values were used to calculate creatine 
entry. The units of entry are mmoles per liter of 
intracellular water per hour. Four control, ( O ) ,  and 
4 dystrophic, (0), muscles were studied a t  each 
concentration of creatine except as noted in paren- 
theses; the means 2 SD are shown. 
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Summary. Creatine entry into isolated ex- 
tensor digitorum longus muscles of normal 
and of dystrophic mice was studied with the 
aid of creatine-14C as a tracer. The creatine 
entry process in mouse muscle was found to 
differ from that of rat muscle by having a 
major nonsaturable component. 

At all external creatine concentrations, en- 
try of creatine into dystrophic muscles ex- 
ceeded entry into normal muscles, even after 
correcting for a greatly expanded inulin space 
in dystrophic muscles. This finding is incon- 
sistent with the hypothesis of inhibited 
creatine entry in vivo, leaving accelerated 
loss of creatine to explain the low creatine 
content of skeletal muscle of dystrophic 
mice. 

We are indebted to Mr. Samuel C. Dillard for 
technical assistance. 
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