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Abstract-The role of membrane lipid composition on the modulation of ouabain sensitivity of cardiac 
Na+/K+-ATPase has been studied in uitro using several animal species. The animals can be grouped as 
ouabain-sensitive and ouabain-insensitive species. Ouabain-sensitive species (I,,; 0.5-2.2 PM) include 
sheep, marmoset, pig and the guinea pig, whilst rat and mouse form the ouabain-insensitive group 
(I~~; lOC-105 PM). Although no species variation in the distribution of major phospholipid classes was 
observed, significant differences were apparent in the proportions of certain saturated and unsaturated 
phospholipid fatty acids. Thus, there was a marked increase in the relative proportion of docosahexaenoic 
(22:6, w-3) acid in the Na+/K+-ATPase preparations from the rat and mouse compared to ouabain- 
sensitive species. Despite these differences, all animals had similar proportions of total saturated @SAT) 
and total unsaturated (XUnsat) fatty acids. On the other hand, a good correlation between the 
unsaturation index of membrane lipids and 150 value for ouabain was observed. It is proposed that acyl 
chain characteristics (unsaturation and/or chain length) rather than the head group of the phospholipid 
molecule play a major role in the modulation of Na+/K+-ATPase to inhibition by ouabain. 

The cardiotonic action of digitalis glycosides and 
their use in treating the failing heart was first reported 
by Withering in 1783 [l]. Yet, two centuries later, 
the exact mechanism of positive inotropic action of 
cardiac glycosides is not completely elucidated [2]. 
However, it is generally believed that the phar- 
macological response of heart to cardiac glycosides 
is a consequence of interaction of these drugs with 
cardiacNa’/K+-ATPase [3-81, although dissociation 
of the positive inotropic effect from inhibition of 
Na+/K+-ATPase has occasionally been reported 
[P-12]. 

It is known that Na+/K+-ATPase preparations 
from different species display varying degrees of 
“sensitivity” to cardiac glycoside inhibition [4, 131. 
For example, Na+/K+-ATPase from human, cat and 
dog are said to be highly sensitive, rabbit and guinea 
pig are moderately sensitive, whereas the enzyme 
preparation from rat heart is reported to be rather 
insensitive to inhibition by digitalis glycosides [14- 
181. However, detailed analysis of the ATPase pro- 
tein has revealed that it is remarkably constant 
between species [19,20]. In addition, the cardiac 
glycoside receptor densities in the membrane appear 
to be quite similar between digitalis-sensitive and 
digitalis-insensitive species [21-231. Thus, no clear 
explanation has been found for these apparent dif- 
ferences in “sensitivity”, although several sug- 
gestions have been made [14, 17,241. Such obser- 
vations should focus attention on the possible role 
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of membrane lipids in modulating the ouabain sen- 
sitivity of Na+/K+-ATPase. Indeed, lipid modulation 
of ouabain sensitivity of neuronal Na+/K+-ATPase 
has been demonstrated recently [25]. 

In the present study, we have further examined the 
role of membrane lipids in modulating the ouabain 
sensitivity of cardiac Na+/K+-ATPase using prep- 
arations from different species. We report that the 
“sensitivity” of Na+/K+-ATPase to inhibition by 
ouabain appears to be influenced by the acyl chain 
characteristics (chain length, unsaturation) of the 
surrounding phospholipids. 

A preliminary account of this work has been pre- 
sented to the Australian Biochemical Society [26]. 

MATERIALS ANDMETHODS 

Methods. The animals used in the present study 
include rat, sheep, pig, guinea pig, mouse and the 
common marmoset monkey (Callithrix jacchus 
jacchus). The ventricle tissue, dissected free of con- 
nective tissue and stored in 60% glycerol (in 20 mM 
Tris-1 mM EDTA, pH7.6: buffer I) at -8O”, was 
thawed and rinsed several times with ice-cold buffer 
I. The tissue (approx. 5-log) was chopped and dis- 
rupted in a medium containing 250 mM sucrose- 
30 mM L-histidine and 20 mM Tris, pH 6.8, using 
a Polytron tissue disintegrator (PT35; kinematica 
GmbH-Switzerland) at a setting of 3.5. Three sep- 
arate bursts of 10, 10 and 15 set were employed to 
disrupt the tissue. The resultant brei was centrifuged 
at 1000 g for 15 min and the pellets were resuspended 
(25 ml/g tissue wet weight) in 1 M KC1 (in buffer 
I, pH 7.6) and extracted with an equal volume of 2 M 

3649 

BP 33:22-I 



3650 M. Y. ABEYWARDENA es al. 

NaI (in buffer, 1, pH 8.0) at 0” for 60 min. For the 
preparation of pig enzyme 4 M NaI was used. At the 
end of the extraction period the mix was centrifuged 
at 27,000 g for 20 min and the pellet was resuspended 
in buffer I and filtered through cheesecioth before 
centrifugation at the above speed. The resulting pel- 
let was resuspended in 250 mM sucrose-20 mM Tris- 
1 mM EDTA, pH 7.6 (buffer II) to yield a protein 
concentration of approximately 5 mg/ml and stored 
frozen overnight at -80”. 

After thawing, the NaI-treated pellet was further 
extracted for 30 min at 30” with 0.05% (w/v) deoxy- 
cholate at a detergent/protein ratio of 1:l (w/w in 
the presence of KC1 (250 mM) and Naz-ATP 
(5 mM)). At the end of extraction, this membrane/ 
detergent suspension was centrifuged at 10,OOOg for 
20min and the resulting supernatant was further 
centrifuged at 48,000 g for 60 min to yield a mem- 
brane preparation enriched in Na+/K’-ATPase 
activity. The pellets were washed twice by resus- 
pension and centrifugation in buffer I prior to taking 
up in buffer II to give a protein concentration of 
approximately 1 mg/ml, and used for enzyme assays 
and lipid analysis. Protein was determined by the 
method of Peterson (271, using fat-free bovine serum 
albumin as standard. 

Assay of Na”/K+-ATPuse. The activity of enzyme 
in the absence and presence of various con- 
centrations of ouabain was determined using the 
coupled assay method described elsewhere [25,28]. 
The assay mix [25,29], with or without ouabain. 
containing 10-20 ,ug enzyme protein, was incubated 
at 37”. After temperature equilibration, the reaction 
was initiated by the addition of Tris-ATP to a final 
concentration of 1.5 mM. The final assay volume was 
520~1. The decrease in absorbance was monitored 
continuously at 340 nm, using a Gilford spec- 
trophotometer (model 250). The percent ouabain 
sensitivity of the enzyme preparations ranged from 
88% (rat) to 99% (pig). 

Lipid extraction and analysts. Membrane enzyme 
preparations (in distilled water) were extracted 
according to the method of Bligh and Dyer [30] with 
chloroform:methanol (2:1, v/v) containing 0.01% 
butylated hydroxytoluene. Phospholipids were sep- 
arated from other lipids by chromatography on Kie- 
selgel60 H plates [31]. A portion of the phospholipid 
fraction was heated at 70” for 30min in a sealed 
glass tube containing borontrifluoride, methanol and 
H2S04 to prepare the total phospholipid fatty acid 
methyl esters [31]. The methyl esters were analysed 
by gas liquid chromatography. Columns were packed 
with 5% SP-2310 on 100/120 chromosorb WAW 
(Supelco Inc., Bellafonte, PA). The remaining 
phospholipid fraction was used to determine the 
distribution of major phospholipid classes by the 
method of Skipski and Barclay f32). Phosphate levels 
were estimated by the malachite green method as 
described by Bowyer and King 1331. 

Chemicals. Ouabain octahydrate, pyruvate kinase 
(Type II), lactate dehydrogenase, NADH (cyclo- 
hexylamine salt) phospho-eno~-pyruvate (trimono- 
cycIohexyIammonium salt) and deoxycholate 
(sodium salt) were all purchased from Sigma Chemi- 
cal Co., St. Louis. MO. Sodium iodide (AR) was 
supplied by BDH Chemicals (U.K.). Tris-ATP was 

Ouabain (Ml 

Fig. 1. Mean dose-response curves for ouabain inhibition 
of cardiac Nat/K+-ATPase from different species. Enzyme 
preparations were assayed at 37” in the presence of 80 mM 
Na+, 20 mM K’. 2 mM Mg*+. 1.5 mM ATP and varying 
concentrations of ouabain as described in the text. Far each 
species, data shown are the mean values of four separate 
experiments. Error bars have been omitted for clarity. (0) 
sheep; (+) marmoset; (Cl) pig; (A) guinea pig; (0) rat; 

(8) mouse. 

prepared by ion exchange chromatography [25]. All 
other chemicals were of analytical grade purity. 

RESULTS 

The mean dose-response curves for ouabain inhi- 
bition of cardiac Na+/K*-ATPase preparations from 
different animal species are shown in Fig. 1. The 
specific activity and the concentration of ouabain 
which caused half-maximal inhibition of enzyme 
activity (150 value) of each enzyme preparation are 
summarized in Table 1. It is evident that the potency 
of ouabain inhibition of cardiac Na+/‘K+-ATPase 
differs considerably among the animal species inves- 
tigated, as mean 1s0 values ranged from 0.5 PM for 
sheep to 105 FM for the enzyme isolated from mouse 
heart. Therefore, the order (high+ low) of sen- 
sitivity to ouabain inhibition is sheep > marmoset- 
Z+ pig > guinea pig >>> rat 3 mouse. A fourfold 

increase in the 150 value, compared to that of sheep, 
was observed for the guinea pig enzyme, as 2.2 PM 
ouabain was required to produce 50% inhibition of 
enzyme activity. In comparison to the other four 

Table 1. Specific activity and sensitivity to inhibition by 
ouabain of cardiac Na+/K+-ATPase preparations from vari- 

ous species 

Species 

Sheep 
Marmoset 
Pig 
Guinea pig 
Rat 
Mouse 

IS(I (PM) 

0.5 k 0.1 
1.1 s 0.4 
1.3 t 0.5 
2.2 f 0.8 
loo i 12.0 
10s i Il.1 

Spec. act. * 

11.9 + 2.3 
12.7 r 2.4 
19.8 r 1.8 
10.8 + 2.8 
13.1 t 1.1 
9.9 k 1.4 

All values are mean i S.E.M. (N = 4). 
* Specific activity-pmol ATP hydrolyzeqmg protein 

per hr at 37”. 



Ouabain sensitivity of cardiac Na+/K+-ATPase 3651 

Table 2. Phospholipid class distributian of cardiac Na+/K+-ATPase preparations from different animal species 
_. 

Guinea 
Lipirt class* Sheep Marmoset Pig pig Rat Mouse 

PC 50.5 * 1.7 48.9 i 1.4 49.0 r?r 1.6 48.Q + 0.9 48.1 I 1.1 49.8 2 0.8 
PE 33.4 + 2.1 34.6 + 0.8 36.2 z!z 1.2 36.9 rt 0.9 36.2 i 1.3 33.2 2 0.x 
RPG 8.1 t 0.6 9.4 L 1.3 8.2 ” 1.4 7.0 2 0.4 8.8 ” 0.6 8.9 t 0.9 
SM + PS + PI 7.3 f 0.9 7.8 2 1.1 8.3 f: 0.9 8.2 -c 0.6 6.8 IT 1.0 7.0 IO.7 

Values given are moI% of totaf phospholip~ds (mean rt S.E.M.; N = 4). 
* Phosphatidyicho~~ne (PC); phospbatidyIethano1amine (PE); ~phosphatidylgIycero1 (DPG); sph~ngomyel~n (SM); 

Phosp~atidyIse~ne (PS); phosphatidyli~~sitol (PI). 

species, marked increases in the 150 value were appar- 
ent when both rat and mouse Na+/‘K’-ATPase were 
examined. Thus, enzyme preparations from these 
two species had mean 1s~ values of 100 and 105 PM, 
respectively, which were almost 200-fold greater than 
that observed for the sheep. It is also clear that 
enzyme preparations from all animal species had 
appreciable, yet similar, levels of specific activities 
(Table I). 

The distribution of phospholipid classes of cardiac 
Na*/K+-ATPase from different animal species is 
shown in Table 2. It is clear that together pho- 
sphatidylcholine and phosphatidylethanolamine 
account for more than 80% of the total phospholipid 
present in these membrane enzyme preparations. It 
is also evident that the proportions of these two 
major phospholipids were similar between the ani- 
mal species studied. The cont~bution from dipho- 
sphatidylglycerol (card~oi~pin) was about 8% in 
enzyme preparations from all animal species and 
sp~ngomyelin, phosphatidylserine and phosphat- 
idylinositol accounted for the remaining 7-Q% of the 
total phospholipids. 

classes, dramatic differences were found in the rela- 
tive proportions of certain phospholipid fatty acids 
from these membrane preparations. Table 3 shows 
the fatty acid composition of total phospholipids of 
various cardiac Na+/K”-ATPase preparations. It can 
be seen that whilst the relative proportion of palmitic 
(16:O) acid was similar, some species variation was 
observed in the proportion of stearic (l&O) acid, the 
other major saturated fatty acid in these membranes. 
Pig and sheep membranes had only 14-16% of total 
fatty acids as stearic acid, compared to 19-23% in 
the case of rat and mouse. On the other hand, 
compared to other animals, both sheep and pig con- 
tained relatively high proportions of the dimethyl- 
acetal (DMA) derivatives-with the total 16:0 and 
18:0 DMA proportions being 8.9% (sheep) and 
20.9% {pig) of the total phospholipid fatty acids, 
Dimethylace~ compounds are produced from 
alkenyiethers of plasmalogen phospholipids during 
the acid-catalysed methylation process [34]. All ani- 
mals contained a relatively small (less than 1.4%) 
proportion of long chain saturated iignoceric (24:O) 
acid. 

In contrast to the distribution of phospholipid Dramatic differences in the dist~but~on of certain 

Table 3. Major phospholipid fatty acids of cardiac membrane preparations enriched in Na+/K^-ATPase 
from different species 

Fatty acid 
(% y/w) Sheep Marmoset Pig 

Guinea 
pig Rat iMouse LSD* 

18:2 &i-6) 27.8 23.0 27.4 30.2 23.0 13.4 6.3 
20:4 (w-6) 14.6 19.2 18.2 fQ.O 15.9 5.4 5.7 
22.4 (w-6j 0.8 0.5 0.7 0.3 0.3 0.4 
24:0 0.3 1.5 0.3 0.5 0.3 

::4 2 
0.5 

22:5 (w-3) 2.2 2.1 1.6 1.4 1.0 1.0 0.5 
22:6 (w-3j 1.4 4.4 1.0 14.8 33.4 3.2 
2: Sat. 36.1 35.1 35.8 36.2 35.6 
X Unsat. 60.1 61.6 61.2 60.1 63.3 62.0 
2~6 43.2 42.7 46.3 49.5 39.2 19.0 
Pw-3 3.6 6.5 2.3 2.4 15.8 34.4 
0-6/w-3 12.0 6.6 20.1 20.6 2.5 05 

All values are the mean of four determinations. 
* LSD-Least signi~cance difference calculated from error estimates of analysis of variance (51). 

Mean values within a row differing by more than the LSD are significant at the 1% level. 
RMA~imethyiaceta~ derivative; w number designates the position of the first double bond from the 

terminal methyl group. 
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unsaturated fatty acids were observed between 
enzyme preparations from different animal species 
(Table 3). For instance, the proportion of mon- 
ounsaturated oleic (18:l) acid was higher in the 
sheep, marmoset monkey and pig compared to prep- 
arations from guinea pig, rat and mouse. All animals 
except mouse contained appreciably high but similar 
proportions of o-6 unsaturated linoleic (182, w-6) 
and arachidonic (204, o-6) acids. In the mouse, 
these two major fatty acids of the o-6 family 
accounted for only 19% of total fatty acids compared 
to 38-50% in all other species. However, the reduced 
levels of ~0-6 fatty acids in the mouse was com- 
pensated for by a marked increase in the proportion 
of w-3 unsaturated docosahexaenoic (226) acid. For 
example, this particular long chain polyunsaturated 
fatty acid (PUFA) alone represented over 30% of 
the total fatty acids of Na+/K’-ATPase from mouse 
heart. Similarly, enzyme preparations from the rat 
also contained a relatively high proportion of 22:6, 
compared to ouabain-“sensitive” (Fig. 1 and Table 
1) species-sheep, pig, marmoset and guinea pig, all 
of which had relatively low levels (less than 4%) of 
this long chain PUFA. Enzyme preparations from 
all animal species contained only l-2% doco- 
sapentaenoic (225) acid, the only other ~3 series 
fatty acid detected in these membranes. As a result 
of the elevated levels of the w-3 fatty acid 225, both 
rat and mouse displayed a relatively low w-6/~-3 
ratio compared to other animal species (Table 3). 
However, it was of interest to note that, in spite of 
the differences in the relative proportions of certain 
fatty acids, the overall proportions of both total 
saturated (Bat) and total unsaturated (ZUnsat) 
fatty acids were similar between all animal species. 

Fig. 2. Relationship between the unsaturation index of 
membrane phosph~iipids and the sensitivity to ouabain 
inhibition of cardiac Na*/K’-ATPase from various species. 
The unsaturation index’for each species is Z[(a)(d)] and 
was calculated from the data given in Table 3 where (a) is 
the relative proportion of each unsaturated fatty acid and 
(b) is the number of double bonds for that particular fatty 
acid. The insert shows the same data when plotted as 

unsaturation index,& vs I~~. 

The relationship between the 150 value for ouabain 
sensitivity of cardiac Na+/K*-ATPase of each animal 
species and the unsaturation index (calculated from 
the mono- and polyunsaturated fatty acids) of the 
corresponding membrane preparation is illustrated 
in Fi . 2. The values for beef brain and crab nerve 
Na+ P K+-ATPase preparations are from our previous 
studies [25,35]. It can be seen that there appears to 
be a good correlation (r = 0.93) between unsatu- 
ration index on the one hand and ~savalue for ouabain 
inhibition on the other for Na+/K+-ATPase isolated 
from neural and cardiac tissue of a variety of species. 
In addition, variation in the ouabain sensitivity of 
membrane Na+/K+-ATPase from different tissues of 
the same species (i.e. rat brain and heart) appears 
to correlate well with their respective unsaturation 
indices. It is of great interest to note that a better 
correlation (r = -0.99) between membrane unsatu- 
ration and ouabain sensitivity was seen when unsatu- 
ration index/l50 was plotted against the 150 value (Fig. 
2 insert), indicating a complex interaction between 
membrane lipids and ouabain sensitivity. 

DISCUSSION 

In the present study considerable species variation 
was observed in the sensitivity of cardiac Na+/K+- 
ATPase to inhibition by ouabain. The animals inves- 
tigated can clearly be separated into two groups-as 
ouabain “sensitive” and ouabain “insensitive” 
species, Sheep, marmoset monkey, pig and guinea 
pig were the ouabain-sensitive species whilst rat and 
mouse formed the “insensitive” group. The I50 values 
reported in the present study are comparable with 
those reported by other workers [B-16]. However, 
to our knowledge, no literature is available on the 
ouabain inhibition of both mouse and marmoset 
monkey Na+/K+-ATPase. 

The signi~cantly high Iso values for ouabain inhi- 
bition of rat and mouse cardiac Na+,/K+-ATPase 
compared to those of the sensitive group cannot be 
accounted for by differences in the distribution of 
phospholipid classes (Table 2). Several workers have 
reported that certain phospholipids, particularly the 
negatively charged phosphatidylserine and phos- 
phatidylinositol, are important in determining the 
activity of Na+/K+-ATPase [36-40]. However, the 
effect of these phospholipids on the ouabain receptor 
properties of Na+/K+-ATPase has not been 
reported. In addition, the apparent insensitivity of 
crab nerve Na”/K4-ATPase to ouabain inhibition 
does not appear to be due to a head group effect, 
but is thought to be influenced by the acyl chain 
properties of the surrounding phospholipids (25,353. 

It was of interest to note that membrane prep- 
arations enriched in Na+/K”-ATPase from all animal 
species investigated had similar proportions of both 
total saturated (Xiat) and total unsaturated (ZUn- 
sat) fatty acids, in spite of the significant differences 
in the proportions of certain individual fatty acids 
(Table 3). This may perhaps indicate some form of 
regulatory or homeostatic mechanism, as this mem- 
brane system, namely the sarcolemma, hosts a num- 
ber of lipid-dependent processes which are of key 
importance to normal cardiac function 141,421. 

The insensitivity of rat heart Na+/K+-ATPase has 
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been attributed by Allan and Schwartz [14] to an 
unstable ouabain-enzyme complex and also to bind- 
ing of ouabain to sites unrelated to enzyme 
inhibitions According to Erdmann et af. (211 the 
suggestion of Tobin and co-workers [17,18], that 
species difference in ouabain insensitivity may be 
caused by a rapid dissociation of the drug from its 
receptor, does not give a comprehensive expla- 
nation. Several other workers have reported the 
presence of low and high affinity ouabain binding 
sites t43-471. Occupation of high affinity sites has 
been correlated to positive inotropic effect without 
inhibition of Na+/K+-ATPase activity or sodium 
pump activity, at least in the rat heart [Zl]. On the 
other hand, occupation of low affinity receptors is 
thought to lead to sodium pump inhibition [4S]. As 
only low affinity receptors were found in cat heart- 
a digitalis-sensitive species-Erdmann, Philipp and 
Scholz [47] speculated that digitalis-sensitive species 
might have low affinity receptors, whereas the digi- 
talis-insensitive animals may contain both types of 
binding sites. However, it can be argued that these 
reported different binding sites for ouabain are in 
fact two different conformations of the same receptor 
or binding site. Moreover, it is tempting to suggest in 
the light of the present data that these conformation 
changes of the enzyme (receptor) protein are influ- 
enced by the phospbolipid acyl chain properties, 
particularly the chain length and the level of unsatu- 
ration of surrounding lipids. In this context it should 
be remembered that both rat and mouse Na+/K+- 
ATPase preparations contained considerably higher 
proportions of 22:6 (w-3) than those from “ouabain- 
sensitive” animal species. However, this alone does 
not give a comprehensive explanation for the vari- 
ation in sensitivity, as Na+/‘K+-ATPase preparations 
from neural tissues, such as beef or rat brain, also 
contain relatively high proportions of 22:6 (approx. 
12-18%of, yet are rather sensitive to ouabain inhi- 
bition [ZS, 491. In contrast, a good correlation 
between the overall unsaturation index of membrane 
phospholipids and sensitivity of Na+/K+-ATPase to 
inhibition by ouabain was observed for both cardiac 
and neural enzyme preparations (Fig. 2). Therefore, 
it seems likely that differences in membrane physical 
properties may play a role, at least in part, in the 
sensitivity of cardiac Na+/K+-ATPase to inhibition 
by ouabain. In accord with the findings of the present 
study, Schwalb et al. [SO] recently reported that 
structural components of the membrane other than 
the primary structure of the enzyme protein influence 
the ouabain sensitivity of Na*/K*-ATPase. 

It should be pointed out that the present study 
does not exclude the possibility that differences in 
the structure of the Na+/K+-ATPase protein may 
also be in part responsible for the apparent species 
variation in ouabain-sensitivity. However, the role 
of lipids of the membrane matrix in modulating the 
interaction of cardiac glycosides such as ouabain with 
its Na+/K+-ATPase receptor appears to be a crucial 
one. 
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