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Training increases the concen~afion of [3Hlouabain-binding sites 
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Exerc~e is asso~ated with a net loss of K + from the working muscles and an increased ~asma  K + 
concen~at io~ indicating that the capa~ty for inWacdlu~r reaccum~ation of K + is exceeded. Tr~ning 
reduces the exercise-induced ~se in ~asma  K +, and an increased ~asma  [K +] may intedere with phy~c~ 
performance. Since the dea~ng  of K ÷ from the e x ~ a c d l ~ a r  space depends on the capa~ff  for active K + 
uptake in s k d e t ~  m u s d ~  the effects of ~ n i n g  and inacfi~ty on the to t~ concen~ation of ( N a + +  K +)- 
ATPase w~s determined. Following 6 weeks of swim ~ n i n ~  the concen~ation of [~H]ouab~n-bin~ng sites 
in ~at ~ n ~ i m b  muscles was up to 46% (P < ~001) higher Ihan in th¢se obt~ned ~ o m  age-matched consols.  
Whereas muscle Na +, K ÷ contents rem~ned unchange~ the concenWafion of ~Wate synthase increased by 
up to 76% ( P <  ~001). Tr~ning induced no change in the [~H]ouab~n-binding-~te concenWation in the 
diaphragm, Jut in lhe hea~ ven~ides,  the K%dependent 3-O-methylfluorescein phosphatase a c f i ~  
increased by 20% ( P < ~001). Muscle inactivity induced by denervation, ~ a ~ e r  immobil~ation or tenotomy 
reduced the [~H]ouab~n-binding-site concen~afion by 20-30% ( P  < ~ 0 2 - ~ 0 0 1 )  within 1 weeL In condu- 
s ~  ~ n g  ~ads  to a ~gnificant and reversi~e r~e  in the concenWation of (Na + + K +)-ATPase ~ muscle 
ceils. Th~ may be of importance for the b e n e f i ~  effec~ on p h y s ~  pedormance by impro~ng the 
maximum capacity for K + c~arance. 

Exerdse is known to be assoNated with an 
increase in plasma [K +] resulting from a net loss 
of K + from the working muscles [1,2]. D~ect  
recordings with K+-senfitive electrodes have 
shown that in the interfibre space the K + con- 
centration may reach 7-10 mM [2,3], and during 
acute maximal phyfical performance even the 
a~eriM blood plasma [K +] may reach 7 mM in 

* To whom co~espondence should be addressed. 

human s u p e r s  [4]. Plasma K + concentrations in 
venous Mood of up to around 9 mM and co~e-  
sponding de~rocardiographic  abnormalities have 
been r eposed  in long-di~ance runners [5]. These 
observations indicate that the capadty  for net 
reaccumulafion of K + into the working muscle 
fibres can be exceeded and the heart exposed to a 
K + concentration sufficient to interfere with exd- 
tabifity and performance. 

TrNNng has been shown to reduce fignificanfly 
the exerds~induced rise in plasma K + in human 
subjems [6,7] as wall as the loss of K + from 
exerdsing human skdmN muscles [8]. The capac- 
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ity to dear  K + from the plasma is to a large extent 
determined by the concen~ation of (Na + + K+) - 
ATPase in skde t~  musd~  It is in~re~in~  there- 
fore, that following 7 km of ~eadmill running per 
day with 6% devation 5 days per week for 6 
weeks, the acti~ty o f (Na  ÷ + K÷~ATPase in mrms 
of ~mol ~ / m g  protein per hour in purified plasma 
membrane fractions prepared from the gradl~ 
muscle of dogs was found to be increased by 165% 
(P  < 0.05) and that the exerdse-induced rise in 
plasma [K ÷] decreased from 1.6 to 0.4 mM [9]. It 
h~s been poin~d out that measuremen~ on puri- 
fied membrane fractions determine only a minor 
fraction (0.2-L9%) of the tot~ ( N a ÷ + K + )  - 
ATPase in heart or s k d ~  muscles [10,11]. Since 
it is not known whether the enzyme acti¼ty ob- 
tained after purification is representative for the 
to t~  population of (Na++  K÷~ATPase mole- 
cule~ a quantitative ev~uafion of changes in the 
concen~ation of ( Na++  K÷)-ATPase in muscle 
cannot at present be based on measurements on 
membrane ~action~ We have an~ysed the effects 
of endurance ~ n i n g  as wall as inactivity on the 
to t~  concen~ation of [3H]ouab~n-binding sites 
in rat skde t~  muscle biopfies, since this method 
~lows comple~ recovery of the ( N a ÷ +  K÷)- 
ATPase [12,13]. 

Mated~s  and Methods 

~ w ~ d  ~mMe W i ~  rots w~e  ~Nned by 
d N ~  ~ m m i n g  5 d a ~  a w ~ k  in a ~ m o ~ a t i -  
c ~ y  ~ n t r ~ d  ( 3 6 ° Q  wamr bmh - s ~  by 1 
h p ~  d ~  ~ d  m ~ e ~ g  by 1 h p ~  ~ e k  ~ 6 h 
per day was reached after 5 weeks. This was 
continued for 1 more week before ~NNng was 
stopped. Groups of five rats were NHed after 4 or 
6 weeks of UNn~g or after 6 weeks of UNNng 
f ~ w e d  by 1 or 3 weeks of rest. The effect of 
muscle ~ a c t i ~ f f  was ~uNed in groups of ~ u r  or 
five l ~ w e e ~ d  rats Nther by immoNfization by 
a ~ N N y  fi~ng phsmr ( H ~ c ~  ®) or by distN 
mnmomy of the achil~s mndon under ~ m h ~  
ether a n ~ s ~ e f i ~  In ~ cases, groups of age- 
mmched rats were used as con~Ns ~ order to 
N ~w  co~ecfion ~ r  the known ag~dependent de- 
crease ~ [ 3 ~ N m b ~ N n ~ f i ~  concentration 
[1~. 

The a ~ m ~ s  were ~Hed by d e c a ~ t i o ~  b~od  
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samp~s were c o l o r e d  for determination of 
thyroid hormones (T 3 and T4), and a series of 
different muscles were prepared for demrmination 
of Na +, K + contents by flame photom~ry  or the 
concen~afion of [3H]ouab~n-binding rites. This 
was performed ufing biops~s w~g~ng  around 5 
mg and a newly developed m~hod based on 
vanadat~fa~f i ta~d binding of [3H]ouab~n lo the 
(Na + + K + )ATPase  [15,12]. Pre~ous ~ud~s  have 
shown that this assay Nves the same results as 
measuremenu performed ufing intact musc~s [12]. 
Furthermor~ measurements of K~dependent  3- 
O-m~h~fluoresc~n phosphatas~ have confirmed 
that the d~erminations of [3H]ouabNn-binding 
capadty  in musc~ biopfies quantifies the totN 
amount of (N a++  K+)ATPase  in rat skd~N 
muscle [16]. For measurements of K~dependent  
3-O-meth~fluoresc~n phosphatase acti~ty in the 
hea~, crude homogen~es of the ventricle wMls 
were p~pared as earfier described [17,18]. To 
evMuate the effect of training on skd~M muscles 
ufing an independent pa rame~c  the d ~ e  syn- 
thase acfi~ty, a Ntfic add  cycle marker enzym~ 
was measured in extensor digitorum longus and 
diaphragm muscles as earlier described [19]. 

R e s ~  and D i s c u s ~ o n  

Following 6 weeks of endurance ~ n i n ~  the 
body woght and so ,us  muscle wright were 7 
(P  < 0.01) and 14% (P  < 0.001) loweL respec- 
f ivd~  than in the ag~matched consols. The 
h e a ~ / b o d y  woght ratio was increased by 14% 
(P  < 0.005). All of these changes were completdy 
reverfib~ following 3 weeks of rest. Body ~mper-  
ature was within 3 ~ 0 - 3 7 ~ ° C  after swimming and 
plasma T 3 and T 4 showed no increase with ~ n -  
ing. These observations argue ag~n~  the posfibfl- 
ity that the effect of ~ n i n g  on skdet~  muscle 
[3H]ouab~n-binding-fi~ concen~ation should be 
a simp~ outcome of increased thyroid status. This 
is of particular impo~ance in ~ew of the fact that 
hyperthyroidism in skde t~  muscles is a~oda ted  
with an increase in [3H]ouab~n-binding-fi~ con- 
centration of up to 230% [13]. Following 4 and 6 
weeks of ~ n i n ~  the d~a te  synthase acti~ty in 
extensor di~torum longus muscle was increased 
by 71 (P  < 0.001) and 76% (P  < 0.001L respec- 
f ivd~ ind~ating a t y p ~  response to the en- 
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Fi~ 1. Tim~course of the increase in [3H]ouab~n-binding-f i~ 
concen~ation in rat soleus and extensor d i~ to rum longus 
(e.d.l o muscles during ~ n i n g  and subsequent re~. 6-week-old 
femMe Wi~ar  rats were ~ n e d  by swimming for 6 weeks and 
then ~lowed to rest for up to 3 week~ A g ~ m a ~ h e d  con~o~  
were kept in the an im~ room throughout under the same 
conditions as the ~ n e d  rats. The animMs were killed by 
decapitatiom The muscles were exposed and samples of around 
5 mg wet w~ght  were prepared and incuba~d in buffer 
cont~ning  1 mM vanadate [12]. Samples were prewashed two 
times 10 min at 0°C .  They were then incubated in buffer 
containing [3 H]ouab~n (2D8 B Ci /mO and u n l a b d ~ d  o u a b ~ n  
added to a f in~ concentration of 1.10 -6  M for two times 60 
min at 37°C. This was followed by a washout for four times 30 
min at 0 ° C  to remove [3H]ouab~n from the ex~acellular 
space. A minor co~ection for nonspecific re~nt ion of 
[3H]ouab~n was based on measurements performed with 1. 
10 3 M [3H]ouab~n and unlabelled ouab~n  added to the 
buffer during incubation. The radiopurity of the [3H]ouab~n 
~otope was 95%. This was corrected fo~ The 3H acti~ty was 
determined by fiquid scintillation counting and the [3H]oua- 
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Fig. 2. The ef~c t  of endurance ~ n g  for 6 weeks and the 
concentration of ouab~n  on the binding of [ 3 H ~ u a b ~ n  in rat 
soleus muscle biopsies. Rats, ~ n i n g  and [3H~uab~n-b ind ing  
determination were as described in the legend to Fig. 1 except 
that s amp~s  were incub~ed at 1 .10 - s  to 5 .10 -6  M 
[3H]ouab~n and unhbel led ouab~n  for four times 60 rain. 
Pand  A shows ' b o u n ( ( E O )  [3H]ouab~n as a function of the 
concen~ation of [3H]ouab~n in the incubation medium (O~. 
Pand  B shows the ' bound '  (EO) venus  ' b o u n d / R e C  (EO/OD 
[ 3 H ] o u a b ~  A~er  correction for unspecific uptake and reten- 
tion of [ 3 H ] o u a b ~  v~ues  were corrected for radiopufity of 
the isotope and loss of specifically bound [3H]ouab~n during 
the washout in the cold by f a ~ o ~  of 1.04 and 1.21, respec- 
f ivdy ~ .  The ~otherms of the Sca~hard-type plot in pand  B 
were constructed u~ng  ~near regresfion a n ~ y h ~  The in~r-  
cepts with the ord in~e  denote the m a ~ m u m  [ 3 H ~ u a b ~ n -  
~ n d i n g  rite concen~ation (EO~,xL The s~pes  of the line 
denote the apparent di~ocmtion constants for r e c e p t o ~ g a n d  
in f rac t ion  (Kd). Each p ~ n t  represen~ the mean of observa- 
tions on five an imus  with bars denoting 2 × S.E. 

bain-binding-~te concentration in the samples is expressed as 
p m o l / g  wet wt. ~2-14] .  Each point represents the mean 
relative increase in [3H]ouabain-binding-fite concentration in 
five muscle biopfies obtained from five ~ained rats compared 
with five age-matched rats. The ~atimical fignificance of dif- 
ferences was determined ufing the twoqailed t-test for non- 
paired observations and indicated by P. 



durance ~ n i n g  [20]. This effect was appro~-  
ma tdy  h~ved after 1 week of d~ r~ n i ng  and 
reached the control ~ v d  after 3 weeks of rest. The 
Na +, K + contents of soleus and gastrocnemius 
musc~s showed no ~gnificant change with t r~n-  
ing. 

Tr~ning  increased the concentration of [~H] 
ouab~n-binding ~tes by b~ween 22 and 46% in 
the soleus (Fig. 1A, Fig. 2), extensor d i~torum 
longus (Fig. 1B, T a b ~  I), gas~ocnemius and spine 
muscles (Table I). In contras~ the diaphragm 
showed no ~gnificant change (Tab~  I). In ex- 
tensor d i~torum longus, the rise was somewhat 
earlier in onset than in soleu~ and the return 
towards the control levd was incomplme even 3 
weeks after the cessation of ~ n i n g  (Fig. 1). The 
selectivity of the effect of ~ n i n ~  i.e., it is dem- 
onstrated in extensor digitorum longu~ gastro- 
cnemius and spine muscles, but not in the dia- 
phragm, argues a g ~ n ~  the po~ibil i ty that the 
change is due to a unive~ally di~ributed endo- 
crine factor or gener~ stress. 1 week after cessa- 
tion of ~ n i n ~  the increase in [3H]ouab~n-bind- 
ing-~m concen~afion in s k d ~  muscles was of 
the same order of magnitude as immediately after 
~ n i n g  was stopFed (Fig. 1). The dow adaptation 
to d e ~ n i n g  of s k d e t ~  muscle [3H]ouab~n-bind- 
ing-~m concen~ation observed in the present 
study agrees with earlier observations on human 
subjec~ of a rda t ivdy  ~ow decay of the en- 
du rance -~n ing - induced  increase in max im~ 02- 
uptak~ skde t~  musc~ capil~rization, d ~ a t e  syn- 
thase and succinate dehydrogenase activities [21]. 
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In agreement with the lack of any m ~ o r  effect of 
~ n i n g  on the [3H]ouab~n binding si~ con- 
centration in the diaphragm m u s d ~  ~ n i n g  did 
not increase d ~ a ~  synthase activity in this tissue. 
In the heart ventricles, 6 weeks of ~ n i n g  in- 
creased the K%dependent  3-O-methylfluorescein 
phosphatase acfifity by 20% (P  < 0.02). 

To ensure that the increase in [3H]ouab~n- 
binding-fi~ concentration was not the ou~ome  of 
an increase in affinity of the recepto~ for ouab~n,  
[3H]ouab~n binding was measured in soleus 
muscle biops~s over a concentration range of 
l a b d ~ d  and unlabelled ouab~n  ~om 1 .10  8 to 
5.0.10 - 6  M (Fig. 2). The binding ~otherms are 
~ven  in a Sca~hard-type plot (F~.  2B) where the 
to t~  spedfic [3H]ouab~n-binding-fite concentra- 
tion (EOm~) was 372 and 502 p m o l / g  wet wt. in 
muscles ~ o m  consols  and ~ n e d  rats, respec- 
tivdy, and the apparent dissociation constant (Ko) 
for recepto~hgand interaction was 0.5 - 10 -7 M in 
muscles ~ o m  both groups of rats. Thus, affinity 
changes cannot account for the observed effect of 
~ n i n g  on [3H]ouab~n binding. It should be 
noted that when EOma × v~ues are co~ec~d  as in 
Fig. 2, they denote the [3H]ouab~n-binding-fi~ 
concentration with c o m p i l e  recovery. Separa~ 
con~ol experimen~ showed that the increase is 
not the result of changes in unspedfic uptake or 
retention of [3H]ouab~n during incubations. 

Immobihsation of one hind~mb by denervation 
has ead~r  in mice and rats been shown to cause a 
decrease in [3H]ouab~n-binding-fi~ concentra- 
tion in extensor d i~torum longus and soleus 

TABLE I 

THE EFFECT OF ENDURANCE TRAINING FOR 6 WEEKS ON THE [3H]OUABAIN-BINDING-~TE CONCENTRATION 
IN VARIOUS RAT SKELETAL MUSCLES 

Rats, t r ~ n g  and [3H~uab~n ~n~ng d~mination w~e ~,d~cfibed ~ ~e legend ~ ~& 1. The ~ s ~  a~ ~xen ~ means ± S.E. 
with the numb~ of a~m~s m parentheses. 5tafist~ ~gmficance of ~ff~enc~ was d~mined u~ng ~e tw~tai~d ~te~ for 
n o ~ p ~ d  obviations and exposed by P. 

[3 H ~ b N m b m N n ~ h ~  ~ e n t ~ f i o n  
~ m ~  w~ ~.) 

control ~ n e d  6 weeks 

Increase 
(%) 

Extensor digitorum longus 288 ± 23 (5) 413 ± 14 (5) 43 < 0.005 
Gastrocnemius 265 ± 32 (5) 331 ± 8 (5) 25 < 0~5 
Spine muscle 215 ± 14 (5) 263 ± 15 (5) 22 < 0~5 
Diaphragm 315 ± 18 (5) 322 ± 26 (5) 2 < 0.40 
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muscles by up to 30% (P  < 0.001). The decrease 
was fully reve~ib~ with r~nnervation [22,23]. In 
the present study, the immobilisation of one hind- 
limb in rats by plas~r or ~notomy for 1 week 
reduced the concentration of [3H]ouabNn-binding 
sites in soleus by 20 (P  < 0.02) and 22% (P  < 0.02), 
respectivdy. When compared to the maximum 
stimulating effect of ~Nnin~ it can be estimated 
that in rat soleus musc~ conWacti~ activity may 
increase the concentration of [3H]ouabNn_binding 
sites by up to 83%. On the ba~s of the observation 
that during deuNnin~ the [3H]ouabNn-binding- 
site concenUation in skd~M musc~s shows a slow 
return to the control level, a more pronounced 
effect of immobilisation could be expected to be 
seen u~ng techniques allowing immobilisation of 
rat hindlimbs for more than 1 week. 

The results show that endurance wNning leads 
to a ~gnificant and reverMble rise in the totN 
concentration of ( N a + +  K+?ATPase  in rat 
skd~M muscle. This confirms the observation of 
an increase obtNned uMng purified membrane 
&actions ~om dog gradfis musd~ Mthough the 
relative rise is smaller. This may be rdated to 
differences in recovery of (Na++  K+)ATPase  or 
possibly b~ween spedes and WNning procedure. 
Taken togethe~ the observations ind~a~  that 
trNning may induce a widespread increase in the 
capacity to clear K + from the exWacdlular space 
and that this effect may last for a few weeks a~er 
the return to normN acti~ty. 

It has repeatedly been sugges~d that an in- 
crease in plasma K + interferes with phys~M per- 
formance [4,24-26]. The WNning-induced rise in 
(Na + + K+?ATPase  concentration may limit the 
net K + loss ~om exerd~ng muscles and thereby 
dampen the rise in plasma K + [8,9]. This may be 
of impo~ance for the generN benefidN effects of 
training and at the same time reduce the risk of 
possible cardiotoxic effects of exerds~induced hy- 
perkNemim 

~ o ~ m ~  
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