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A myocardial sarcolemma preparation and the ouabain-sensitive 
(Na+-K+)-ATPase 

I t  is general ly  agreed tha t  the  (Na+-K+)-st imulated,  ouaba in- inh ib i ted  ATPase  
of cell membranes  serves as a " N a  + p u m p "  for the act ive t r anspor t  of N a -  out  of 
m a m m a l i a n  cells. As noted  by  SKou l, it  is essential  to demons t ra te  the ATPase  
locat ion in the outer  membrane  of the  cell, before this  Na + pump  function can be 
a t t r i bu t ed  to the (Na*-K+)-s t imula ted  ATPase  ac t iv i ty .  The existence of a (Na--K~)  - 
s t imula ted ,  ouaba in- inh ib i ted  ATPase  in hear t  nmscle ((Na+-K+)-ATPase) was ini- 
t ia l ly  repor ted  in 1962 (refs. 2 and  3), bu t  the subcellular  local izat ion of this  enzyme 
wi thin  the myoca rd ium remains  a subject  of controversy.  Thus,  the (Na<K~) -ATPase  
ac t iv i ty  has been localized to both  a sarcoplasmic re t icular  4-9 and sarcolennnal  ~°-~2 
sites in the ventr icular  myocard ium.  However ,  these var iable  conclusions might  result  
from not  having  a clear ly defined p repara t ion  of the myocard ia l  sarcolemma. Ac- 
cordingly,  this  s tudy  was a imed at  developing such a p repara t ion  of myocard ia l  
sarcolemma and apply ing  i t  to the  subeellular  local izat ion of the myocard ia l  
(Na+-K+)-ATPase.  

Canine cardiac myofibers  were p repared  from t r imme d  left ventr icle of tile dog 
homogenized for 15 sec in a 1:6 (w/v) di lut ion conta ined  in o.25 M sucrose, o .ooi  }I 
e thyleneglycol -b is - (aminoethyl ) te t raace t ic  acid (EGTA), and o.o2o M Tris maleate  
(pH 7-4). The ini t ia l  sediment ,  which was ob ta ined  after 30 rain at  22oo ~4 g, was 
washed 6 t imes in the same media,  and  finally resedimented  at  30o × g, for 4 rain. 
The presence of sarcolemmal  membranes  at  this  stage was assured by the prepon- 
derance of s t r i a ted  cellular f ragments  measur ing io  # × IOO/~. Some of these fibers 
re ta ined  in te rca la ted  discs when viewed with the phase interference microscope. This 
fiber p repara t ion  was then ex t r ac t ed  with 1.o M KI  or NaI  for I6  h at  4 ° and  washed 
in the ini t ia l  isolat ion media.  Mitochondr ia  were separa ted  b y  centr i fuging the ini t ial  
22oo × g superna tan t  at  16ooo × g for 12 min and washed once. The I6OOO ~: g 
supe rna tan t  was brought  to o.6 M with  KCI and microsomes were collected by  spin- 
ning at  211ooo × g for 2o rain and washed.  ATPase  ac t iv i ty  was assayed by  the 
me thod  of STA~I AXD HONIG is. The assay media  contained o.25 M sucrose, 0.005 M 
ATP, o.oo5 M MgC12, o.o2o M Tris  malea te  (pH 7.4) with or wi thout  o.12o M NaC1 
and o.o12 M KC1. Cytochrome oxidase and glucose-6-phosphatase act ivi t ies  were used 
as enzymat ic  markers  for mi tochondr ia  and microsomes, respect ively 1< 15. 

In i t ia l  exper iments  showed tha t  the  methods  used to prepare  skeletal  nmscle 
sarcolemma gave incomplete  ex t rac t ion  of myofibr i l lar  contents  from cardiac fibers. 
In  contrast ,  the ex t rac t ion  of cardiac  fibers wi th  I.O M K I  or NaI  led to complete  
loss of cross s t r ia t ions  leaving sarco lemma sacs which a pp rox ima te d  the size of the 
original s t r ia ted  fiber. Examples  of such prepara t ions  are shown in Figs. IA  and  IB.  
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The absence of contractile filaments within these membrane structures was also con- 
firmed by ultrastructural examination. Such preparations were fixed in glutar- 
aldehyde, post-fixed in osmium tetroxide, dehydrated, and imbedded in Araldite or 
Epon. Following appropriate sectioning, material was viewed under an RCA I I I  MU 
electron microscope. The debris within the sarcolemma included occasional swollen 
mitochondria and many small vesicles. However, myofilaments were not observed. 

In Table I are shown the specific activities of Mg 2+- and (Mg2~-Na+-K=) - 
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Fig. t. Dog card iac  fiber and  sa rco lemma prepara t ions .  (A) Ad iacen t  f r agments  of two myoca rd ia l  
cells st i l l  a t t a c h e d  by  an in t e rca l a t ed  d isk  (arrow). The cells are s t r ia ted ,  re ta in  sharp  marg ins  
a t  the  sarcole tnma.  (B) A card iac  fiker fu r ther  t r ea ted  wi th  t .o M NaI  and washed  in o.25 M 
sucrose. The cel lular  out l ine  is re ta ined  wi th  sha rp  marg ins  bu t  cross-s t r ia t ions  are no longer 
present ,  l n v a g i n a t i o n s  of the  surface h igh l igh t  ad j acen t  ridges. (Phase in ter ference  optics,  × 65o.) 

T A B L E  I 

COMPARISON OF THE SPECIFIC ACTIVITIES OF ATPases  CVTOCHROME OXlDASE AND 6LUCOSE- 
6-PHOSPHATASE IN THE VARIOUS MYOCARDIAL PREPARATIONS 

The  uni t s  are /~moles  I~t per  rain per  mg p ro te in  for ATPase,  nmoles  cy toch rome  c oxidized per  nlin 
per  mg pro te in  for cy toch rome  6 oxidase,  and imloles  Pl per  h per  mg pro te in  for glucose-6-phos- 
pha tase .  All va lues  represent  the  mean  of from 4 to 7 rep l ica te  assays  on pa i red  prepara t ions .  
In  all ins tances  the  S.E, of the  mean  was less t h a n  6 %  of the  mean, 

Preparation A TPase Cytochrome Glucose- 
oxidase 6-phosphatase 

3Ig2+ Na+-K+-~Ig2+ Na+-K+-~Ig 2+ 
(QP/) (QPi) (/~irg 2+ ) 

Whole  homogena te  o.172 o.I4o o.81 241 o.2o5 
Myofibers o. 138 o. 124 o. 89 46 o. 16o 
Mi tochondr ia  o. 612 o. 442 o. 7 t 1318 o.o64 
Microsomes o.396 o.295 o.75 94 o.952 
Sarco lemma 0.060 o. 148 2.48 48 o.2o2 
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ATPase,  cytochrome oxidase, and  glucose-6-phosphatase of the whole homogenate ,  
washed fibers, mi tochondr ia ,  microsomes and sarcolemma. ATPase  ac t iv i ty  tha t  was 
(Na+-K+)-s t imulated was only found in the sarcolemmal  prepara t ion .  Moreover, 
glucose-6-phosphatase ac t iv i ty  in the  sarcolemma was less than  2 1 %  tha t  of the  
microsome fraction,  while the cytochrome oxidase of the  sarcolemma was less than  
4 % tha t  of the  mi tochondr ia .  In  6 prepara t ions ,  p repared  with NaI ,  QPi (/zmoles Pi 
appear ing per rain per mg protein) s t imula ted  with  Mg ~+ alone averaged o.o61 j :  o.o02 
(S.E.), in the presence of Na+-K+-Mg 2+ as well QP,, averaged o.158 :L 0.0o7, repre- 
sent ing a 2.61 :~: o . I I - fo ld  s t imula t ion  by  Na+-K +. 
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Fig. 2. Ouabain and the sarcolemmal (Na÷-K+)-ATPase. The ~Pi of the sarcolemma in the presence 
of Na+-K + stirnulation is plotted as a function of the molar ouabain concentration. Data is 
presented as the mean ± 2 S.E. The threshold for ouabain was between 5" I°-S and I- lO -7 M. 
Maximum ouabain effect represented a 54 % depression of the total ATPase activity and a too % 
depression of the Na+-K + stimulation. Half-maximal depression {I5~) was seen at 5' io 7 M. 

As shown in Fig. 2, the s t imula t ion  of the  ATPase  in sa rco lemma p repa ra t ion  
b y  Na  + and K + is inhib i ted  by  ouabain.  The threshold  for this  ouaba in  inhibi t ion  
was between 5" IO-S and I .  IO -7 M. In the  6 sarcolemma prepara t ions  ex t r ac t ed  with  
NaI  and 8 ex t r ac t ed  with  KI ,  5"IO-G M ouaba in  inh ib i ted  the  Na+-K + s t imula t ion  
b y  91 =L 3 % and 92 ~: 4 %, respect ively.  Pa i red  studies wi th  p repara t ions  of mi to-  
chondr ia  and microsomes ATPase  ac t i v i t y  was not  Na  + s t imula ted  and was only 
inh ib i ted  b y  8 ± 4 % following ouaba in  (5" lO-6 M). 

In  fur ther  s tudies  i t  was shown tha t  the  ATPase  of the  sarcolemma could be 
ac t i va t ed  b y  I.O. lO -3 M Ca 2+ (CaC12) in the  absence of Mg 2+ (MgC12), while Mg 2+ was 
requi red  for Na+-K + s t imulat ion.  Moreover, in the  presence of Mg 2+, 1.o, lO -3 M Ca 2+ 
comple te ly  inhib i ted  the  s t imula t ion  of ATPase  b y  Na+-K +. Sodium azide (2.5" lO-4 M) 
and d in i t rophenol  (2.5" lO -4 M) were wi thout  effect on the  ATPase  of the  sarcolemma.  
However ,  F -  (IO. lO -3 M NaF)  comple te ly  inhib i ted  the s t imula t ion  b y  Na+-K + bu t  
d id  not  affect the  Mg2+-activated ATPase  ac t iv i ty .  

I t  is concluded tha t  sarcolemmal  prepara t ions  of hear t  muscle can be ob ta ined  
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which are free of filament contamination by extraction of washed fibers with I.O M 
NaI or KI. Enzymatic markers revealed minimal contamination by sarcoplasmic 
reticulum and mitochondria. This preparation of sarcolemmal membranes contains 
the ATPase which is stimulated by Na + and K+ and inhibited by ouabain. These 
responses are similar to those observed in the red cell ghost 16. This study does not ex- 
clude the existence of an additional (Na+-K+)-stimulated ATPase of the sarcoplasmic 
reticulum but no evidence has been obtained to support such a possibility. In contrast, 
the above results support the view that a (Na+-K+)-stinmlated ATPase in the sarco- 
lemma is a major site of action for the inotropic effect of ouabain. Furthermore, 
a physiologic role for calcium may be postulated as a modifier of the (Na+-K+) - 
stimulated ATPase of the sarcolemma. 
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