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SUMMARY

1. Following intraperitoneal injection of [3H]ouabain in rats, the isotope is rapidly
distributed in blood plasma available for binding to the Na-K-ATPase in the plasma
membranes of most tissues. In skeletal muscle tissue excised and washed 4 x 30 min
in ice-cold buffer, 95% ofthe 3H activity retained was shown to be [3H]ouabain using
a specific binding assay.

2. The [3H]ouabain bound to soleus and extensor digitorum longus (e.d.l.) muscles
in vivo and retained following wash-out in the cold showed the same saturation
characteristics as those determined when binding took place in vitro.

3. In soleus and e.d.l. muscles obtained from 28-day-old rats, the number of
[3H]ouabain binding sites measured in vivo was 583 + 19 and 720 + 22 pmol/g wet wt.,
respectively, i.e. in good agreement with previous and present results obtained in vitro.

4. In vivo measurements showed that 7 days after denervation, the number of
[3H]ouabain binding sites in soleus and e.d.l. muscles was reduced by 22 and 13 %,
respectively.

5. In the age interval from 28 to 85 days, the number of [3H]ouabain binding sites
in soleus was found to decrease by 58 %. Following i.P. injection of [3H]ouabain, the
85-day-old rats showed a more pronounced and sustained rise in plasma 3H activity,
which in part can be due to the reduced capacity for [3H]ouabain binding in skeletal
muscle.

6. K depletion induced by the administration of K-deficient diet for 3 weeks
reduced [3H]ouabain binding by 63% in soleus muscles. In the K-depleted animals,
the plasma 3H activity measured 15 min after i.P. injection of [3H]ouabain was 77 %
higher than in controls receiving the same dose per kg body weight.

7. The present in vivo results provide further support for the idea that increased
digitalis toxicity due to increasing age or K depletion is related to reduced binding
capacity for digitalis glycosides in skeletal muscle.

INTRODUCTION

Earlier investigations have demonstrated a specific reversible binding of[3H]ouabain
to the purified (Na+-K+)-activated ATPase, and over a wide range of enzyme
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activities, there was a stoichiometric relationship between the [3H]ouabain binding
capacity and the ATP-splitting activity (Hansen, 1971; J0rgensen & Skou, 1971).

Digitalis glyposides are known to bind to the external surface of the plasma
membrane (Caldwell & Keynes, 1959) and it was shown that measurements of the
displaceable binding of [3H]ouabain could be used to quantify the number of
Na-K-ATPase units also in intact cells (Baker & Willis, 1972). We have developed
in vitro techniques allowing the determination of the number of [3H]ouabain binding
sites in skeletal muscle, adipocytes (Clausen & Hansen, 1974, 1977) and lymphocytes
(Clausen, Wang, Orskov & Kristensen, 1980). This suggested the possibility of
measuring [3H]ouabain binding to tissues in the intact animal, an approach which
could provide information about changes in the synthesis or degradation of Na-K
pumps under in vivo conditions. With an intact circulation the binding of ouabain
is less dependent on diffusion, allowing for rapid equilibration between the plasma
and the cell surface, even in large muscles. In order to facilitate comparison with
earlier data and results obtained using a wide range of sizes of animals and tissues,
rats were chosen. It should be noted that the affinity of rat muscles to ouabain is
relatively high. Thus, a KD of 2-1 x 10-7 M was measured (Clausen & Hansen, 1974).
This is in good agreement with the value of 1-8 x 10-7 M obtained by Erdmann,
Philipp & Tanner (1976), and lower than the recently reported value of 5.5 x 10-7 M
for human muscle (Desnuelle, Lombet, Serratrice & Lazdunski, 1982).
Here we describe a simple method for the quantification of the total number of

[3H]ouabain binding sites in the skeletal muscles of the intact rat. The in vivo results
are in close agreement with those obtained in vitro and demonstrate the same effects
of K depletion, age and denervation (see N0rgaard, Kjeldsen & Clausen, 1981;
Kjeldsen, N0rgaard & Clausen, 1982 a; Clausen, Sellin & Thesleff, 1981 b).

METHODS

All experiments were performed using fed female Wistar rats in the age range 28-85 days (65-200 g
body weight). K deficiency was induced by maintaining the animals on Altroming pellets containing
0 75 mmol K per kg and distilled water. Metal frames were positioned in the bottom of the cages
so as to prevent the animals from having access to urine or faeces. Denervation of soleus and
extensor digitorum longus (e.d.l.) muscles was performed at the sciatic level.

Measurement8 of [3H]ouabain binding in vivo and in vitro
The rats were injected intraperitoneally with a 154 mM-NaCl solution containing [3H]ouabain

at the indicated concentrations. In order to avoid damage or perforation ofintra-abdominal organs,
a blunted 0-6 or 0-8 mm injection needle was used, and all injections were given in the right side
of the abdomen at the umbilical level so as to allow the solution to become distributed in the
abdominal cavity above the mesenteric radix with ready access to the diaphragm. After 15-120 min
the animals were killed by decapitation. Blood samples were collected from the neck vessels into
glass tubes wet with a heparin solution (30 i.u./ml) and plasma obtained by centrifugation. In some
experiments, the animals were anaesthetized by an intraperitoneal injection of amobarbitone.
Thereafter, [3H]ouabain was injected into the jugular vein and blood samples collected from the
contralateral carotid artery.

Soleus and e.d.l. muscles were dissected out as previously described (Kohn & Clausen, 1971;
Chinet, Clausen & Girardier, 1977). In the experiments with 28-day-old rats, whole muscles were
used, whereas in the larger animals the lateral segments of soleus were carefully dissected out and
used (Crettaz, Prentki, Zaninetti & Jeanrenaud, 1980). In order to minimize the dissociation of
[3H]ouabain from the plasma membrane, all dissections were performed as early as possible and
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under continued wash with ice-cold saline. The tissues were immediately transferred into ice-cold
K-free Krebs-Ringer bicarbonate buffer containing 1-27 mM-Ca and 5 mM-D-glucose. All samples
from one animal were contained in a polythene cylinder closed with a nylon net at the bottom and
attached to a gas inlet allowing continuous gassing with a mixture of 95% 02 and 5% C02. After
washing four times for 30 min in four successive tubes containing 3 ml. buffer at 0 00, the tissues
were blotted on dry filter paper mounted on a flat metal container which was kept ice-cold by
circulating water from the ice bath. After weighing, the tissues were homogenized in 2 ml. 5%
trichloroacetic acid, and by centrifugation a clear supernatant was obtained for the determination
of 3H activity by liquid scintillation counting. In each experiment, the specific activity of
[3H]ouabain in the solution injected was determined, and on this basis the 3H activity retained
in the tissue following the cold wash could be expressed as pmol [3H]ouabain per g wet weight.
From each animal, samples of plasma were precipitated with 5 % trichloroacetic acid, and after
centrifugation the 8H activity in the clear supernatant was determined using the same counting
conditions as for the tissue extracts.
For comparison, [3H]ouabain binding to muscles was also measured in vitro using methods

described in detail elsewhere (Clausen & Hansen, 1974, 1977).

Characterization of 3H activity in samples of tissue and plasma by means of Na-K-ATPase
3H activity in plasma and muscle tissue was characterized by its affinity to Na-K-ATPase

according to an established procedure used for determination of the purity of [3H]ouabain (Hansen
& Skou, 1973).

Soleus, e.d.l. or hind-limb muscles were washed four times for 30 min in 3 ml. K-free Krebs-Ringer
at 00C. They were then homogenized in 10 mM-Tris buffer (pH 7-25 at 370). The homogenate
(tissue/buffer ratio: 1/10) was heated for 60 min at 550C and the 3H activity released separated
from cellular debris by centrifugation at 100,000 g for 20 min. The 3H activity of the supernatants
was examined for extractability by Na-K-ATPase isolated from outer medulla of pig kidney.
ATPase was prepared according to the first steps in J0rgensen's procedure (1974) and SDS-activated
as described earlier (Hansen, Jensen, N0rby & Ottolenghi, 1979). To an incubation medium
containing 3 mM-Mg2+, 3 mM-Pi, 40 mM-Tris (pH 7 25) and an adequate aliquot of the 100,000 g
supernatant, Na-K-ATPase was added to a final concentration of 1-17 u./ml. (ouabain binding
capacity 140 nM). After 120 min incubation at 370, the binding of 3H activity was determined
as described elsewhere (Hansen & Skou, 1973). A second extraction was performed as follows. An
ultrafiltrate of the incubation medium was supplemented with unlabelled ouabain and ligands for
the promotion of ouabain binding so as to reach the same final concentrations as in the first
extraction. Finally, fresh enzyme was added and binding of 3H activity determined once more. In
control experiments [3H]ouabain was added to muscle homogenate from animals not treated with
ouabain and the extractability by Na-K-ATPase determined as described above.
A similar extraction of 3H activity from plasma was carried out by adding plasma from

[3H]ouabain-treated animals to the incubation medium at a final concentration of 5 %. Repeated
extractions of ultrafiltrates were performed twice. In control experiments [3H]ouabain was added
to plasma from animals not treated with ouabain. The K concentrations were adjusted to be the
same in control experiments and in the experiments with plasma or muscles from ouabain-injected
animals.

Measurements of Na-K contents, 42K uptake and K tolerance
In some experiments, samples of gastrocnemius muscle were taken immediately after killing, and

weighed and homogenized in 5% trichloroacetic acid. After centrifugation, the Na-K contents of
the clear supernatant was determined by flame photometry using an FLM photometer with internal
Li standard (Radiometer, Copenhagen).

In order to determine whether the binding of ouabain to muscles in vivo caused the expected
inhibition of active Na-K transport, the ouabain-suppressible component of 42K-uptake was
measured in soleus muscles obtained from rats which had been given an intraperitoneal injection
of a saturating dose of ouabain 60 min before they were killed. Following preparation and a wash-out
at 300C allowing the dissociation of around 30% of the ouabain specifically bound to the muscle
cells, the uptake of42K was measured in the absence and the presence of 1 mM-ouabain. As described
earlier (Clausen & Kohn, 1977), the ouabain-suppressible component of 42K uptake as determined
during a 20 min incubation can be taken as the Na-K pump-mediated K uptake. In order to assess
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the effects of ouabain on plasma K and K tolerance, rats were anaesthetized with ketamine chloride
and catheters placed in the external jugular veins on both sides. PlasmaK was determined following
intraperitoneal injection of ouabain, and in some instances the K tolerance was assessed by
recording the changes in plasma K after an intravenous injection of a 154 mM-KCI solution
(0-77 ,umol/g body weight).

Isotopes, drugs and chemical
All chemicals used were of analytical grade. K-deficient fodder was obtained from the Altromin

Co, Lage, West Germany, ouabain from the Merck Co, Darmstadt, West Germany. [3H]ouabain
was from the New England Nuclear Corporation (Boston, U.S.) and its purity checked by the
extraction method described earlier (Hansen & Skou, 1973). 42K was obtained from the Danish
Atomic Energy Commission, Isotope Laboratory, Ris0, Denmark.

RESULTS

Identification of the 3H activity in plasma and musclesfollowing intraperitoneal injection
of [3H]ouabain

It is known that in rats, cardiac glycosides are metabolized and converted to other
compounds (Cox, Roxburgh & Wright, 1959; Okita, 1969). Therefore, it is for the
present purpose essential to identify the 3H activity which is distributed in the plasma
and tissues following the injection of [3H]ouabain. Earlier studies have demonstrated
that in isolated soleus muscles (Clausen & Hansen, 1974), as well as in frog sartorius
muscle (Venosa & Horowicz, 1981), the wash-out of 3H activity from pre-loaded
muscles is considerably accelerated by the addition of non-labelled ouabain or digoxin
to the wash-out medium. In an intact muscle, [3H]ouabain released from the plasma
membrane may become bound to other cell surfaces before it can gain access to the
surrounding wash-out medium. Thus, the rate of 3H activity release represents the
net difference between the rates of over-all release and that of rebinding to vacant
sites. In the presence of an excess of unlabelled ouabain or digoxin, rebinding of
[3H]ouabain is inhibited by competition, and considerably more [3HH]ouabain is
readily released into the wash-out medium. Such experiments also demonstrate that
the 3H activity appearing in the wash-out medium, being specifically displaceable by
unlabelled cardiac glycosides, is most likely to be [3H]ouabain.

Sixty minutes after an intraperitoneal injection of[3H]ouabain, substantial amounts
of 3H activity is bound in soleus and e.d.l. muscles. From Fig. 1 it can be seen that
when this 3H activity is washed out at 30 'C, the addition of unlabelled ouabain causes
a considerable acceleration of the net release. Thus, after 180 min, only 6% of
the initial tissue level was left. When the temperature is reduced to 0 'C, the fractional
loss of 3H activity from both soleus and e.d.l. is substantially reduced, in keeping
with the well known experience that in the cold, the release of [3H]ouabain from
Na-K-ATPase is extremely slow (Tobin & Sen, 1970). The marked temperature
sensitivity of the dissociation rate is incompatible with simple physical association
and indicates that the [3H]ouabain was specifically bound to the outer surface of the
sarcolemma.

All the wash-out curves are closely similar to those recorded in experiments where
the labelling of the muscles took place in vitro, again indicating that a major part
of the 3H activity associated with the muscles is [3H]ouabain (for comparison, see
Fig. 5 in Clausen & Hansen, 1974). For a further identification of the 3H activity
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FIG. 1. The effect of temperature and unlabelled ouabain on the wash-out of 3H activity
from rat soleus muscles. 28-day-old rats (65 g body weight) were given an intraperitoneal
injection of 0-65 ml. 154 mM-NaCl containing [3H]ouabain (15 PsCi/ml) and unlabelled
ouabain (1-25 mM). 60 min later the animals were killed by decapitation, and soleus
muscles dissected out under continued wash with ice-cold saline. The muscles were placed
in polythene cylinders and transferred through a series of tubes containing 3 ml. K-free
Krebs-Ringer bicarbonate buffer without or with unlabelled ouabain (10-6 M) and at 0 0C
as indicated. At the end of wash-out, the 3H activity remaining in the muscles was
determined and, by adding successively the amount of 3H activity released into the
wash-out media, the 3H activity remaining in the muscles at each transfer between the
tubes was calculated and expressed as per cent of the initial level. Each curve represents
the mean of two to four observations and the s.E. does not exceed the size of the symbols.
The straight line was constructed by regression analysis using the values obtained during
the late slow phase of wash-out at 0 'C. Its intercept with the ordinate at time zero is
indicated and the small vertical bar indicates 2 x s.E. of the intercept value.

retained in the tissues, wash-out experiments were performed at 0 'C with intact
soleus and e.d.l. muscles as well as segmented hind-limb muscle bundles. The 3H
activity recovered from these tissues after washing and homogenization in the cold
was characterized by its affinity to purified Na-K-ATPase. If this 3H activity is
recognized as [3lH]ouabain by the specific binding sites of the Na-K-ATPase, a high
degree of binding of the isotope can be expected at the low concentrations employed
in the binding assay (Hansen, 1971). From the 3H activity recovered from the tissues
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TABLE 1. Extraction by Na-K-ATPase of 3H activity from muscle homogenates obtained from
[3H]ouabain-treated rats or from homogenates to which [3H]ouabain was added in vitro. 28-day-old
rats were given an intraperitoneal injection of 100 ,pCi of [3H]ouabain (2 nmol/g body weight).
60 min later, segments of muscles from the hind limbs or the isolated intact soleus and e.d.l. muscles
were prepared and washed out for 120 min in ice-cold K-free Krebs-Ringer bicarbonate buffer
containing 5 mM-D-glucose. The muscle preparations were homogenized and the homogenates
heated so as to allow the release of 3H activity bound to cellular debris. The extractability of this
3H activity was tested using purified Na-K-ATPase and two consecutive extraction steps. Control
experiments were performed using homogenates from untreated animals and determining the
extractability of [3H]ouabain added after the homogenization

Per cent of total 3H activity
extracted by Na-K-ATPase

Muscle preparation Procedure During During
first second Total

extraction extraction extractability
Hind-limb muscles Wash-out before 81-2 91P7 98-4
Experiment 1. homogenization

Hind-limb muscles Wash-out before 69-1 84-0 95.1
Experiment 2. homogenization
Hind-limb muscles Wash-out before 67-0 67-0 89-1
Experiment 3. homogenization

Soleus + e.d.l. Wash-out before 87-1 97 3 99.7
Experiment 1. homogenization

Soleus +e.d.l. Wash-out before 73-4 80-3 94-8
Experiment 2. homogenization

Hind-limb muscles [3H]ouabain added 80-6 87-5 97-6
after homogenization

TABLE 2. Extraction by Na-K-ATPase of 3H activity from plasma obtained from
[3H]ouabain-treated rats or from plasma to which [3H]ouabain was added in vitro. 28-day-old rats
were given an intraperitoneal injection of 100 1sCi of [3H]ouabain (2 nmol/g body weight). 15 or
60 min later blood samples were withdrawn and plasma isolated by centrifugation. The extractability
of the 3H activity in the plasma was tested using purified Na-K-ATPase and three consecutive
extraction steps

Per cent of total 3H activity extracted by Na-K-ATPase

Procedure During During During
first second third Total

extraction extraction extraction extractability
[3H]ouabain 43-8 40 0 31-0 76-6
15 min in vivo

[3H]ouabain 28-8 27-9 21-1 59.5
60 min in vivo
[3H]ouabain 29-1 27-8 26-1 62-2
60 min in vivo
[3H]ouabain
added in vitro

52-1+0-6 (3) 57-6+0-8 (3) 70-9+2-0 (3) 94-1+0-3 (3)
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and the specific activity of the injected [3H]ouabain, the concentration of ouabain
in the medium used for binding to Na-K-ATPase could be assumed to be in the range
10-9-2 x 10-8 M i.e. considerably lower than the total binding capacity of the
Na-K-ATPase added (14 x 10-8 M). From Table 1 it can be seen that for all of the
above-mentioned tissues, more than 95% of the 3H activity retained after wash-out
in the cold became bound to the Na-K-ATPase. This recovery is the same as that
obtained when the original preparation of [3H]ouabain was added directly to a
homogenate of muscles from untreated animals (Table 1).
3H activity in the plasma of [3H]ouabain-injected animals was only partially

extractable by the Na-K-ATPase, indicating that a fraction of the 3H activity
circulating in the intact animal is not [3H]ouabain, but 3H-labelled degradation
products. The results presented in Table 2 indicate that 15 and 60 min after the
injection of [3H]ouabain, respectively 77 and 61 % of the 3H activity in plasma can
be identified as [3H]ouabain. Control experiments, in which the original [3H]ouabain
preparation was added to the Na-K-ATPase showed close to 95% extraction,
indicating that the enzyme was fully capable of binding [3H]ouabain even in the
presence of plasma.
Although these experiments showed that a significant fraction of the 3H activity

in plasma was not [3H]ouabain, more than 95% ofthe 3H activity retained by muscles
after wash-out in the.cold could be identified as [3H]ouabain, being recognized by
the highly specific binding sites on the Na-K-ATPase.

Saturation and recovery of specifically bound [3H]ouabain
For a further characterization of the 3H activity retained by the muscles, a series

ofyoung rats were given an intraperitoneal injection of [3H]ouabain (0415 uCi/g body
weight) together with unlabelled ouabain in amounts from 0-75 to 20 nmol/g body
weight, corresponding to between 1/140th and 1/5th ofthe LD50 (Lendle, 1935). From
Fig. 2 it can be seen that 3H activity is taken up and retained by both soleus and
e.d.l. muscles, with saturation being evident at the highest doses. On the basis of the
specific activity of the [3H]ouabain injected, the 3H activity retained in the muscles
was expressed as pmol/g tissue wet wt. At the saturating dose of ouabain
(12-5 nmol/g body weight), the 3H activity retained by soleus and e.d.l. corresponds
to 583+19 and 720+ 22 pmol/g wet wt., respectively, i.e. values closely similar to
those obtained in experiments where the muscles were equilibrated with [3H]ouabain
in vitro (see Table 3 and Clausen & Hansen, 1974, 1977). Since there was no significant
difference between the results obtained with 20 or 12-5 nmol/g body weight (see Fig.
2), the latter dose was chosen as appropriate for further experiments. In order to
ascertain that the observed saturation reflected binding to the muscles and not
variations in the absorption from the peritoneal cavity, a series of 200 g rats were
injected intravenously with 1 ml. saline containing [3H]ouabain (0 6-10 nmol/g body
weight and 15 /XCi/animal). 15 min after the injection, the animals were decapitated
and the amount of3H activity retained in the muscles determined as described above.
The 3H activity in plasma achieved 15 min after the injection of 10 nmol/g
corresponds to a ouabain concentration of 3-5 x 10-6 M. This is 17-fold higher than
KD for ouabain binding to muscles in vitro. The accumulation of 3H activity showed
clear evidence of saturation, attaining a plateau of around 250 pmol/g wet wt. at the
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highest doses tested (5-10 nmol/g body weight). This value is closely similar to that
measured using isolated soleus muscles or the intraperitoneal route of [3H]ouabain
administration (see Table 3).

It should be noted that even at 0 0C, a certain fraction of the [3H]ouabain
associated with the specific binding sites will be lost during wash-out. From the slow

800 EAL

700

40)
E 600

E o.500

,, 400
C

: 300

' 200

n 100

0
0 5 10 15 20

Ouabain dose (nmol/g body wt.)

FIG. 2. Effect ofouabain dose on the binding of [3H]ouabain in rat soleus and e.d.l. muscles.
28-day-old rats were given an intraperitoneal injection of 154 mM-NaCl containing
[8H]ouabain (15 ,uCi/ml) and unlabelled ouabain in the dose range from 0-75-20 nmol/g
body weight. 60 min later, the animals were killed by decapitation and soleus and e.d.l.
muscles were dissected out under continued wash with ice-cold saline. The muscles were
washed 4 x 30 min at 0 0C in K-free Krebs-Ringer bicarbonate buffer. After blotting,
weighing and homogenization in 2 ml. 5% trichloroacetic acid, the clear supernatant
obtained by centrifugation was counted. On the basis of the specific activity of the
[3H]ouabain injected, the amount of3H activity retained in the muscles following the cold
wash was expressed as pmol per g wet weight. Each point represents the mean of four
to eight observations with bars denoting s.E.

component of the wash-out curve, it could be estimated that this release took place
with a half-time of 11 h, i.e. somewhat slower than reported for the release of
[3H]ouabain from Na-K-ATPase prepared from guinea-pig hearts (half-time 9 h; see
Tobin & Sen, 1970). From the straight line describing this phase of wash-out, it could
be calculated that after the standard wash-out period of 120 min, around 12 % of the
total amount bound at time zero (read off from the intercept) was lost. On the other
hand, as can be seen from Fig. 1, at 120 min (indicated by an arrow), the tissue still
contained around 4% more [3H]ouabain than the value read offfrom the straight line.
This probably represents [3H]ouabain still retained in the extracellular phase and
reduces the total error to around 8 %.
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panel). Whereas the binding capacity for [3H]ouabain in muscle decreased with the
age of the animals, the rise in the 3H activity of plasma was considerably larger and
more sustained in the older animals (Fig. 3).

In a series of parallel experiments, the number of [3H]ouabain binding sites was
compared to those obtained in vitro. Since it has earlier been demonstrated that when
measured in vitro, the number of [3H]ouabain binding sites changes most markedly
with age (Kjeldsen et al. 1982 a), during K depletion (Norgaard et al. 1981) and to

TABLE 3. Effect of age, denervation and K depletion on the number of [,'H]ouabain binding sites
in soleus and e.d.l. muscles as determined in vitro and in vivo. Rats in the age range 28-85 days
(65-200 g body weight) were used. The denervations were performed at the sciatic level 7 days before
the experiments. K depletion was induced by the administration of a K-deficient diet for 3 weeks.
The number of [3H]ouabain binding sites was measured in vitro as earlier described (Clausen &
Hansen, 1977) or in vivo (see legend to Fig. 2). The results are given as mean values +s.E. with
the number of observations in parentheses. The differences between results obtained in vitro and
in vivo were in no instance significant (P> 0-10)

[3H]ouabain binding sites under saturating conditions
(pmol/g wet weight)

Age and treatment In vitro results In vivo results
Soleus

28 days, untreated 584±12 (4) '<0001 583±19 (8) P<0-02
31 days, untreated 460±+10 (4) p <0.01 495+16 (6) P< 0.005
31 days, denervated 369±20 (4) 388±19 (6)
35 days, untreated 433 ±9 (4) P < 0-001 443 ±9 (6) p < 0-001
85 days, untreated 237±+12 (8) P < 0-0 247±+12 (l2)p < 0.001
85 days, K-depleted 95 ±4 (8) 92±11 (8)

E.d.l.
28 days, untreated 708±15 (8) P <002 720±22 (8) P < 0-02
31 days, untreated 633±15 (4) P <030 632±+15 (6) P < 0-025
31 days, denervated 602±19 (4) 552 ±24 (6)

some extent after denervation (Clausen et al. 1981 b), these measurements served as
a control for the accuracy of the results obtained using the in vivo procedure. As can
be seen from Table 3, the results obtained in vitro and in vivo were in no instance
significantly different, either in soleus or in e.d.l. It should be noted that after
denervation the decrease in the total number of [3H]ouabain binding sites, when
expressed per muscle, was 56 and 39% for soleus and e.d.l. muscles, respectively. Due
to the concomitant atrophy, the number of [3H]ouabain binding sites per g wet
weight, however, was reduced by only 22 and 13 % for soleus and e.d.l. muscles,
respectively.

.EffeCt8 of the ouabain injection on plasma K, 2K uptake and Na- cntents nmsl

From the experiments described above, it appeared that already 15 min after the
injection of a saturating dose of [3H]ouabain, virtually all Na-K pumps in skeletal
muscle had bound [3H]ouabain and should therefore no longer be capable of
performing active Na-K transport. In keeping with this, measurements of plasma
K showed that from a few minutes after the injection of ouabain, there was a

progressive rise to values around twice the control level (Fig. 4). Under these
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conditions, the intravenous injection ofKCl (0-77 #smol/g body weight) led to cardiac
arrest within 2 min. The same dose of KCl injected into control animals produced
a transient rise in plasma K of only 1 mm and was well tolerated.

Gastrocnemius muscles excised 60 min after the injection of ouabain (12-5 nmol/g
body weight) showed a Na gain of 35% and a K loss of 18% (n = 6, P < 0001). A
more quantitative estimate of the occupancy of functional Na-K pumps by ouabain

Ouabain
(12-5 nmol/g body wt.)

8

6/ Ouabain
(1 nmol/g body wt.)

E
E
E

E
'A

24
(a

0
- , . .

0 20 40 60 80

Time (min)

FIG. 4. Effect of ouabain on plasma potassium. 85-day-old rats were anaesthetized with
ketamine chloride (initial dose 01 mg/g body weight). A Silastic catheter containing
heparinized saline was placed in the right jugular vein for blood sampling. At time zero
ouabain (1 or 12-5 nmol/g body weight) was injected intraperitoneally. Blood samples of
200 #sl were withdrawn and replaced by an equivalent volume ofheparinized saline. Plasma
samples were obtained by 1 min centrifugation in a Beckmann microfuge, using dibutyl
phthalate to allow the separation oferythrocytes from plasma. PotassiWn was determined
by flame photometry. Each point represents the mean of four observations with bars
denoting S.E.

was obtained by measuring 42K uptake in soleus muscles prepared from rats pre-treated
with an intraperitoneal injection of ouabain (12-5 nmol/g body weight). From Fig.
1 it can be calculated that following 70 min of wash-out at 30 °C, ouabain will be
released from 30% ofthe total number ofbinding sites, thus allowing a corresponding
number of Na-K pumps to resume normal functioning. In these muscles, the
ouabain-suppressible component of 42K uptake was 0-152 + 0-020 gZmol/g wet weight
(n = 5). This is 40% ofthe rate measured in control muscles obtained from untreated
rats. Thus, there seems to be good agreement between the [3H]ouabain occupancy
and the functional capacity of Na-K-ATPase in the muscles.
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DISCUSSION

The major purpose of the present study has been to develop a method for the
determination of specific displaceable [3H]ouabain binding under in vivo conditions,
allowing the quantification of the number of functional Na-K-ATPase units in
skeletal muscle, where previous measurements have given inadequate or misleading
results. Measurements of Na-K-ATPase activity in muscle have usually been
performed using homogenates or membrane fractions isolated by differential centri-
fugation. Due to difficulties in ensuring exposure of all available [3H]ouabain binding
sites as well as complete recovery of Na-K-ATPase, this approach yields little or no
information about the totalenzyme activity per g tissue. Measurements of[3H]ouabain
binding to whole homogenates of mouse skeletal muscle have given values up to
128 pmol/g tissue wet weight (Lin, Romsos, Akera & Leveille, 1978). This corresponds
to 19 and 27 % of the values obtained using intact mouse soleus or e.d.l. muscles
(Clausen & Hansen, 1982). Measurements of [3H]ouabain binding to particulate
fractions obtained by differential centrifugation ofmuscle homogenateshave suggested
that sympathectomy leads to a dramatic decrease in the activity of Na-K-ATPase
(Sharma & Banerjee, 1977). However, these effects could not be confirmed in
measurements of [3H]ouabain binding to intact muscles (Clausen, Hansen & Larsson,
1981 a) and may be the result of preferential concentration of the sympathetic nerve
endings in the particulate fractions (for a discussion of the recovery problem and its
implications, see Clausen et al. 1981 a, b and Clausen & Hansen, 1982). In view of these
uncertainties, it seemed of further interest to determine the number of [3H]ouabain
binding sites in muscles under in vivo conditions, where it could be assumed that
complete structural and functional integrity as well as oxygenation were preserved.
However, in Vdivo measurements are complicated by the fact that in the intact

animal ouabain is to some extent metabolized (Cox et al. 1959; Okita, 1969).
Therefore, it is essential to identify the 3H activity in plasma and tissues. Using the
highly specific Na-K-ATPase binding assay, it was found that 20-30% of the 3H
activity in plasma was not [3H]ouabain. On the other hand, when the same test was
applied to the 3H activity retained by the muscles following wash-out in the cold,
more than 95 % could be identified as [3H]ouabain. This indicates that degradation
products of [3H]ouabain represent an insignificant source of error. A further
complication of the in vivo experiments is that following the injection of a saturating
dose of [3H]ouabain, only a certain fraction will be bound to the Na-K-ATPase in
the plasma membrane, leaving appreciable amounts in the extracellular space of the
muscles. Therefore, this has to be removed by a washing procedure. From Fig. 1 it
can be seen that during the early rapid phase of wash-out in the cold, around one
third of the total 3H activity contained in the freshly prepared muscles (at the
specified activity) is released. This presumably represents [3H]ouabain as well as
degradation products. The subsequent slow phase only approaches a straight line,
probably because the [3H]ouabain is released from several compartments (T-tubules,
vascular tissues and the sarcolemma of deeper muscle fibres). It can be estimated that
around 12% of the specifically bound [3H]ouabain is lost within the 120 min wash-out
at 0 'C. As mentioned above, this error is to some extent compensated by the
retention of [3H]ouabain in the extracellular space, leading to a net underestimation
of 8 %. Measurements performed by saturating muscles with [3H]ouabain in vitro and
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washingextracellular [3H]ouabainout inthe coldgave rise to asimilarunderestimation.
At variance with the in vitro conditions where the [3H]ouabain concentration of the
buffer remains constant, the plasma [3H]ouabain concentration in vivo was varying
considerably with time (see Fig. 3). Therefore, a Scatchard plot of the in vivo data
could not be constructed.

Direct comparison in parallel experiments show that there is no difference between
the results obtained in vitro and in vivo, neither in control rats of varying age, nor
in K-depleted or denervated animals. All the in vitro experiments were performed
using a saturating concentration of [3H]ouabain (2 x 10-6 M). From the plasma levels
of 3H activity (Fig. 3), it could be estimated that the plasma concentration in the
in vivo experisnents reached a maximum value of 3-4 x 10-6 M, i.e. a concentration
which could be assumed to give virtually complete saturation. The changes induced
with age or by K depletion or denervation could thus not be explained by competition
with endogeneous glycoside-like compounds, nor could the parallel changes observed
in vitro. On the other hand, it cannot be excluded that the changes observed in vivo
as well as in vitro are the outcome of irreversible occupation of sites by endogeneous
inhibitors.

Since the skeletal muscles contain a large pool of [3H]ouabain binding sites, a
decrease in their binding capacity will lead to a redistribution of injected [3H]ouabain
towards the extracellular space and plasma. However, compared to the total binding
capacity of the skeletal muscles, the amount of [3H]ouabain injected was large, and
differences in [3H]ouabain clearance via the liver or kidney might also have
contributed to the observed difference in plasma levels. Further experiments with
subsaturating doses of [3H]ouabain are required to identify the role of changes in the
peripheral binding capacity. The measurements of [3H]ouabain binding in muscles
lend support to the idea that the increase in digitalis toxicity developing with age
may partly be the result of increased plasma concentration following from decreased
peripheral binding capacity in skeletal muscle. In addition, the number of Na-K
pumps in the heart was reported to decrease with age (Marsh, Lloyd & Taylor, 1981).
Studies in normal infants have indicated that the peripheral volume of distribution
for digoxin decreases with age (Wettrell & Andersson, 1977).

In the K-depleted rats, the plasma 3H activity rose to a considerably higher level
than in the age-matched controls. Thus, the increased digitalis toxicity seen during
K depletion may again be explained partly by an increased plasma level resulting
from diminished peripheral binding capacity (N0rgaard et al. 1981). This adds to the
increased digitalis-sensitivity ofthe myocardium, which is known to be due to a higher
affinity for glycoside binding at low K concentrations (Zeeman, Hirsch & Bellet, 1954;
Kleiger, Seta, Vitale & Lown, 1966).
The measurements of [3H]ouabain binding in vivo indicate that with the standard

procedure adopted, virtually all Na-K-ATPase units are blocked, leading to a rapid
loss of K from the muscles into the extracellular phase and plasma. This was
associated with a decreased tolerance to intravenously administered KCl, indicating
that the skeletal muscles and their capacity for performing active Na-K transport
is decisive for the clearing of extraneous K loads. Experiments with K-depleted rats
in which 70% of the [3H]ouabain binding sites had been lost also demonstrated a
deterioration of K tolerance (Kjeldsen, N0rgaard & Clausen, 1982b).

In the isolated soleus muscles prepared from rats pre-treated with ouabain, it was

379



T. CLAUSEN AND OTHERS

possible to detect an impaired capacity for performing active Na-K transport. The
fact that the rate of ouabain-suppressible 42K uptake was 33 % higher than the
number of functional Na-K pumps would predict may be explained by a relatively
higher intracellular Na concentration caused by the preceding exposure to ouabain
in vivo.

We wish to thank Tove Lindahl Andersen and Marianne Stiirup-Johansen for skilled technical
assistance. The study was supported in part by grants from the Danish Medical Research Council
and Aarhus Universitets Forskningsfond.
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