
J. Phy~iol. (1975), 252, pp. 43-58 43
With 4 text -ftgure8
Printed in Great Britain

EFFECT OF INSULIN UPON
MEMBRANE-BOUND (NA+ -+K+)-ATPASE EXTRACTED FROM

FROG SKELETAL MUSCLE

By WAYNE A. GAVRYCK, RICHARD D. MOORE
AND ROGER C. THOMPSON

From the Biophysics Laboratory, Department of Biological Sciences
State University of New York, College of Arts and Science,

Plattsburgh, New York 12901, U.S.A.

(Received 17 December 1974)

SUMMARY

1. Insulin stimulates the activity of membrane-bound ATPase isolated
from frog skeletal muscle and from rat brain. The increase in activity of
the membrane-bound ATPase system isolated from frog ranged from
9-8 to 53 % at concentrations of Na+ (25 mm), K+ (10 mm), and ATP
(2 mm) similar to those in in vivo experiments conducted previously
(Moore, 1973). The increased activity of the membrane-bound ATPase
is, therefore, at least as great as the insulin-induced increase in Na
efflux (10-38 %) from intact cells (Moore, 1973). If the concentration of
Na+ is lowered to 4 mm and that of ATP lowered to 0-5 mm, the increase
in ouabain-inhibitable ATPase activity can reach as high as 400 %.

2. Ouabain, at a concentration (10-3 M) sufficient to inhibit stimulation
of the frog ATPase by increasing Na from 4 to 25 mm, completely blocked
the stimulation of ATPase activity due to insulin.

3. At 2 mM-ATP, 100 mm-Nat, and 20 mm-K+, conditions which maxi-
mally activate the (Nat + K+)-ATPase, insulin did not increase the ATPase,
activity. Stimulation was consistently seen at 10 mm-K+, 0-5 mm-ATP,
and either 4 mmv or 25 mm-Na+.

4. The finding that insulin does not stimulate the ATPase activity in
conditions in which the (Na+ + K+)-ATPase component is maximally
activated and especially the fact that ouabain can reproducibly inhibit
insulin stimulation of the membrane-bound ATPase activity strongly
suggest that interaction of insulin with its receptor upon the plasma
membrane somehow stimulates the (Na+ + K±) -ATPase system (ouabain
sensitive; ATP phosphohydrolase, EC (3.6. 1.3). These results are con-
sistent with previous studies of the effect of insulin upon Na efflux from
intact cells (Moore, 1973) and support the previous conclusion that the
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component of Na efflux stimulated by insulin is active. The evidence
suggests that insulin probably does not affect Vmax of the (Na++K+)-
ATPase system, but may increase the affinity of the enzyme system to
one or more effectors, most likely Na+, ATP, and perhaps K+.

5. Oxidized glutathione (2.7 x 10- M), 10-6 M albumin, and 10 M,
10-7 M, and 10-8 M cyclic AMP did not affect the ATPase activity.

6. The results are consistent with the view that the Na pump, (Na+ + K+)-
ATPase, is intimately involved with the physiological action of insulin
and may be a transducer between the binding of insulin to its receptor on
the plasma membrane and the cellular actions of insulin.

INTRODUCTION

Insulin stimulates Na efflux from frog skeletal muscle (Moore, 1973).
The following facts suggested that the increment in Na efflux produced
by insulin was active, that is, was due to a stimulation of the Na pump.
Firstly insulin stimulated net Na efflux as well as one-way 22Na efflux;
secondly both of these effects were blocked by 5 x 106 M acetylstrophan-
thidin; finally K-free Ringer inhibited the effect of insulin upon 22Na efflux
(Moore, 1973).

Zierler, Rogus & Hazelwood (1966) have shown that insulin decreases
intracellular Na in muscles from hypophysectomized rats, and Creese
(1968) has reported that insulin increased 22Na efflux from isolated rat
hemidiaphragms. However, on the basis of kinetic studies of Na efflux
from muscle not treated with insulin, Zierler (1972) has argued that the
effect of insulin upon Na efflux is not upon an active efflux from the cyto-
plasm, but upon Na movement from some other compartment, presum-
ably the sarcoplasmic reticulum, with the insulin effect being entirely
upon passive fluxes. Zierler bases this argument partly upon the report
(Rogus, Price & Zierler, 1969) that insulin did not stimulate (Na+ + K+)-
ATPase (ouabain sensitive; ATP phosphohydrolase, EC 3.6.1.3) isolated
from rat skeletal muscle. Letarte & Renold (1969) stated that insulin did
not affect the activity of (Na+ + K+)-ATPase isolated from fat cells,
although none of the experimental conditions were specified.
More recently, other laboratories have demonstrated an effect of in-

sulin upon membrane-bound ATPase, although the effect of inhibitors
considered specific for (Na+ + K+)-ATPase, such as ouabain, were not
used to help establish the identity of the ATPase. For example, Hadden,
Hadden, Wilson & Good (1972) have reported that insulin stimulates an
ATPase activity in membrane fragments from human lymphocytes. This
stimulation occurred in the presence of 5 mM-Mg2+, 5 mM-Ca2+, or 5 mM-
Mg2+ plus 100 mM-Na+ and 20 mM-K+. Jarett & Smith (1974) have
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reported that insulin stimulates a membrane-bound ATPase isolated from
rat adipocytes.
The experiments reported here demonstrate that insulin stimulates a

membrane-bound ATPase isolated from frog skeletal muscle and from
rat brain. In both preparations, the effect of insulin can be completely
inhibited by ouabain, suggesting that the identity of this ATPase is the
(Na+ +K+)-ATPase (EC 3.6.1.3) generally accepted as being associated
with, if not identical to, the sodium pump. Oxidized glutathione, albumin,
and cyclic AMP do not have an effect upon the frog ATPase activity.

METHODS

Most of these experiments were conducted using membrane-bound ATPase
extracted from frog (Rana pipien8) skeletal muscle. The animals were decapitated
and their hind legs removed. In 1970, Boegman, Manery & Pinteric reported a
method of isolation from frog skeletal muscle of membrane-bound ATPase prepara-
tion which was synergistically activated by Na+ + K+ and was inhibited by ouabain.
We have used a modification of this method to extract membrane-bound ATPase
from frog skeletal muscle with the essential modifications consisting of elimination
of the final sucrose gradient centrifugation, suspension of the final pellet in 1-0 mM-
H4EDTA neutralized with Tris, and storage for 6-9 days at -6° C. The specific
activity of the enzyme preparation (#SM Pi/mg protein. hr) ranged from 5 to 12 /t.
with the % activity due to Na+ + K+ activation averaging 75 %/o (ranging from 56
to 92%) of the total ATPase activity. For comparison of species and tissue effect,
some experiments were conducted using a membrane-bound ATPase kindly sup-
plied by Dr Amir Askari and extracted from rat brain by the method of Skou (1962).
The specific activity of the rat brain preparation was 80 s.; 90% of the activity
required 100 mM-Na +20 mM-K+ and was inhibited by ouabain, the other 10%
being Mg-ATPase.

All hydrolysis solutions contained 5 mM-MgCl2 regardless of the concentration of
ATP which was either 2, 0-5 or 0-1 mm as indicated. Na+ or K+ was present in the
concentrations indicated under Results. Tris was used as a buffer and also as a
substitute for Na+ and K+, with the total concentration of cation always being
196 mM. Insulin was always dissolved in the hydrolysis solution for 1-1-5 hr before
the experiment. The calculated concentration of insulin was 400 m-u./ml. in each
experiment. At 360 C, the pH was 7-1.

All tubes were placed in a 360 C water-bath for 10-15 min before the initiation
of the reaction by the addition of 0-1 ml. of the enzyme suspension, the enzyme
having been thawed at 22° C immediately before use. The hydrolysis was always
carried out at 360 C in a total volume of 2 ml. and the reaction was stopped by
precipitating the enzyme with 1-0 ml. cold (00 C) 15% TCA and immediately
placing the tubes on ice. In all cases, three tubes of hydrolysis solution containing
ATP and all other components except the enzyme were run through the same
procedure, including incubation at 360 C, and used as blanks to determine con-
taminating Pi and any Pi produced by non-enzymatic hydrolysis. This P. was
subtracted from the net amounts to determine the amount of P, due to enzy-
matic activity. The extent of hydrolysis of the ATP was measured by determining
Pi by the isobutanol-benzene extraction method of Swanson, Bradford & McIlwain
(1964) in the preliminary experiments, with subsequent determinations (after Table 1)
being conducted by the method of Fiske & Subbarow (1925). In all experiments
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conducted with 2 mM-ATP, the total Pi released did not exceed 6% of the terminal
phosphate of ATP. At 0.5 mM-ATP, the maximum Pi released was usually 8-10%
with a maximum of 40 %, and at 01 mm, the maximum released was 32% of the
terminal phosphate of ATP. Protein was determined by the method of Lowry,
Rosebrough, Farr & Randall (1951). At ATP concentrations of 2 and 05 mm,
the hydrolysis was linear for 1 hr; at 0-1 mM-ATP, the reaction began to deviate
from linearity at 30-40 min. Accordingly, all reactions at 2 mM-ATP were run
for 45 min and those at 0-5 or 0-1 mm were run for 30 min.

All chemicals were reagent grade. All water was deionized two times in nalgene
containers. In all experiments, Na2ATP was used and in all cases this was obtained
from Schwartz Biochemicals. Except for the experiments in Table 1, this was the
ultrapure grade. Albumin, fraction V; oxidized glutathione, and cyclic AMP were
obtained from Sigma. The insulin was low Zn (0.03% Zn) beef amorphous insulin
in the preliminary experiments but because of discontinuance of the supply, all
other experiments were conducted using Porcine insulin (0.00% Zn), 25-9 u./mg.
The insulin and ouabain were a gift from Eli Lilly.

RESULTS

Effect of insulin upon membrane-bound ATPase
In five of seven preliminary experiments conducted at 25 mM-Na+,

10 mM-K+, and 2 mM-ATP, beef insulin produced a statistically signifi-
cant (P < 0.05) increase in total frog skeletal muscle membrane ATPase
activity ranging from 9-8 to 53 % (mean 24 6 %). This concentration of
Na+ and of K+ was chosen because it approximated the initial intra-
cellular Na+ concentration (26 mM) and the extracellular concentration
of K+ (10 mM) used in experiments demonstrating an effect of insulin
upon active Na efflux from intact frog sartorius muscle (Moore, 1973).
In the remainder of the experiments, we found that insulin produced a
statistically significant increase in ATPase activity in over 90 % of the
enzyme preparations from frog skeletal muscle.

In order to rule out the possibility that the stimulation of the ATPase
activity was due to a non-specific peptide effect and the possibility that
the effect might simply be due to the presence of a disulfide linkage in a
peptide structure, oxidized glutathione was tested. 2-7 x 10-6 M oxidized
glutathione failed to produce an effect upon a frog muscle ATPase pre-
paration which did respond to insulin (+18 %, P < 0-05) at the same
concentration. In addition, 10-6, 10-7, and 10-8 M cyclic AMP did not
produce a significant effect upon the enzyme. In another experiment,
we also found that 10-6 M albumin produced no effect upon frog membrane-
bound ATPase activity at 25 mM-Na+ and 10 mM-K+.
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Effect of oucabain
Fig. 1 demonstrates that IO- 4M ouabain failed to produce a clear

inhibition of the stimulation of ATPase activity by insulin at 25 mm-
Na+, 10 mM-K+, and 2 mM-ATP. This same type of experiment was also
conducted at an ATP concentration of 0.5 mm. In this latter case, illus-
trated in Fig. 2, ouabain did produce a statistically significant decrease
in the stimulation of the ATPase activity by insulin at 25 mM-Na+ and
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Fig. 1. The effect of 10-4 M ouabain and of Na+ at 2 mM-ATP upon the
response of the membrane-bound ATPase isolated from frog skeletal
muscle. The shaded columns indicates the presence of 10-4M ouabain.
Based upon total ATPase activity, insulin produced a 15% (P < 0 005)
increase at 4 mM-Na+, 10 mm-K+; a 20% (P < 0 005) increase at 25 mm-
Na+, 10 mm-K+, and no change (+0 9%, P > 0-5) at 100 mm-Na+,
20 mM-K+, and 2 mM-ATP. In the presence of 104 M ouabain, insulin still
produced an increment in total ATPase activity at 4 mM-Na+, 10 mM-K+
of 14% (P < 0-05) and at 25mm-Na+, 10mM-K+, of 20% (P < 0-005).
In the presence of ouabain, elevation of Na+ from 4 to 25 mm produced a
17 % increase (P < 0 005) based upon total ATPase activity. The specific
activity of the enzyme is plotted in units which are defined as /ZM-P1
produced per hr per mg protein of the membrane preparation. Each column
is the average + S.D. of seven determinations.
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10 mM-K+; this inhibition was almost (95 %) complete. However, it is
of some interest that in the same experiment, ouabain at 4 mM-Na+ and
10 mM-K+ produced only about a 50 % reduction, which was not quite
significant (P > 0.05), in the response to insulin. It is possible that the
reason ouabain in this experiment was effective at 25 mM-Na+, and only
questionably so at 4 mM-Na+, is the fact that the ability of ouabain to
inhibit the (Na+ + K+)-ATPase enzyme system in the presence of Mg2+
and ATP is strongly dependent upon the concentration of Na+ (Skou,
Butler & Hansen, 1971), most likely because in the presence of both Mg2+
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Fig. 2. The effect of 10-4 M ouabain and of Na+ at 0-5 mM-ATP upon the
response ofthe membrane-bound ATPase isolated from frog skeletal muscle.
The shaded columns indicate the presence of 10-4 M ouabain. Based upon
total ATPase activity, insulin produced a 50% (P < 0-005) increase at
4 mM-Na+, 10 mM-K+, and a 70% (P < 0-005) stimulation at 25 mM-Na+,
10 mM-K+. In the presence of 10-4 M ouabain, and in the presence of 4 mM-
Na+, the stimulation due to insulin was decreased to 24 %, but was still
significant (P < 0-025). However, at 25 mM-Na+, the effect of insulin
was effectively (95 %) inhibited, being reduced to a 3 % stimulation which
was not significant (P > 0-5). Assuming that insulin stimulated only
the (Na+ + K+)-ATPase component, the stimulation at 4 mM-Na+ was
429 % and at 25 mM-Na+ was 147 %. In the presence of ouabain, eleva-
tion of Na+ from 4 to 25 mm produced no effect (+ 3-6 %, P > 0-5) upon
ATPase activity. The effect of maximal cation (Na+ + K+) activation is
illustrated for comparison. Each column represents the mean + S.D. of
seven determinations.
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and ATP, the binding of ouabain to the enzyme system is strongly de-
pendent upon Na+ (Lane, Copenhaver, Lindenmayer & Schwartz (1973).
Comparison of Fig. 1 with Fig. 2 provides a possible explanation for

the finding that ouabain inhibited the stimulation by insulin in one ex-
periment, but not in the other. In Fig. 1, not only did 10-4 M ouabain
fail to inhibit the stimulation of the enzyme by insulin, but it also failed
to completely inhibit the stimulation of the enzyme produced by increas-
ing the concentration of Na+ from 4 to 25 mm. This suggestion is re-
inforced by the results illustrated in Fig. 3 where the same experimental
format was conducted at 0.1 mM-ATP. Again, 10-4 M ouabain failed to
inhibit the stimulation of the enzyme by insulin when the concentration
of ouabain (10-4 M) was not sufficient to prevent a stimulation by in-
creasing Na+ from 4 to 25 mM.
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Fig. 3. The effect of 10-4 M ouabain and of Na+ at 0 1 mM-ATP upon the
response of the membrane-bound ATPase isolated from frog skeletal
muscle. The shaded columns indicate the presence of 10-4 M ouabain.
Based upon total ATPase activity, insulin produced a 17 % (P < 0 005)
increase at 4 mM-Na+, 10 mM-K+, and a 17 % increase (P < 0-05) at
25 mM-Na+, 10 mM-K+. At 100 mM-Na+, 20 mM-K+, and 0.1 mM-ATP,
insulin produced a 22% increase (P < 0025) in total ATPase activity.
10- M ouabain had little effect at 4 mM-Na+, 10 mM-K+ with insulin still
producing a 20% (P < 0.025) stimulation. At 25 mM-Na+, 10 mM-K+,
10- M ouabain reduced the increment in ATPase activity to a not quite
significant 9.4% (P < 0.10). In the presence of ouabain, elevation of
Na+ from 4 to 25 mm produced a 19% increase in total ATPase acti-
vity (P < 0-005). Each column represents the mean +S.D. of seven
determinations.
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The above results, plus previous reports that the (Na+ + K+)-ATPase

system isolated from toad bladder is not completely inhibited by ouabain
at concentrations as high as 10-4 M (Bonting & Canady, 1964; Cortas
& Walser, 1971) suggested using a higher concentration of ouabain
(10-3 M) to inhibit more completely the (Na+ + K+)-ATPase. Fig. 4 illus-
trates one of two experiments testing the effect of 10-3M ouabain: in
both experiments, insulin produced a statistically significant stimulation
of ATPase activity which at 25 mM-Na+ and 10 mM-K+ was significantly
inhibited by 10-3 M ouabain. In Fig. 4, the ouabain inhibition of the
insulin effect was essentially complete, with the increment in total
ATPase activity due to insulin being reduced 93 % by 10-3 M ouabain.
It is of considerable interest that in both of these experiments, not only
was the stimulation due to insulin inhibited by 10-3 M ouabain, but the
stimulation due to raising Na+ from 4 to 25 mm was also very much
reduced and was no longer statistically significant, supporting the thesis
proposed above to account for those cases where 10-4 M ouabain failed
to block the stimulation by insulin.
Although the inhibition of the insulin effect in Fig. 4 was essentially complete

at 25 mM-Na+ and 10 mM-K+, the prevention of the insulin effect was not quite
complete at 100 mM-Na+ and 20 mM-K+. This may be due to the fact that elevation
of K+ tends to decrease ouabain binding (Lindenmayer & Schwartz, 1973).
For basis of comparison, two similar experiments were conducted using the

membrane-bound ATPase extracted from rat brain. Not only did insulin produce
a statistically significant increase (25%, P < 0-05; 21 %, P < 0-005) in ATPase
activity at 25 mM-Na+, 10 mM-K+ and 05 mM-ATP, but under these conditions
10-3 M ouabain produced a complete inhibition of the insulin effect. At 10-4 M,
ouabain did not prevent a statistically significant stimulation by insulin, although
the absolute magnitude of the increment of ATPase activity due to insulin was
reduced by 60 %.

Effect at 100 mrM-Na+ and 20 mrM-K+
In five out of six experiments conducted at 2 mM-ATP, 100 mM-Na+

and 20 mM-Ks (conditions which approach maximal activation of this
ATPase preparation), insulin did not produce a statistically significant
increase in ATPase activity, even though the same enzyme preparations
had been responsive to insulin at lower concentrations of ATP, Na+,
and/or K+. In the remaining experiment, the insulin effect was small
(+9 %, P < 0*05). When [K+] was lowered to 10 mm, insulin produced
a statistically significant (13 %, P < 005) increase in frog ATPase
activity in the presence of 100 mM-Na+ and 2 mM-ATP.

Effect of ATP
Inspection of Figs. 3 and 4 demonstrates that at 0.1 and at 0 5 mm-

ATP, insulin still produced a statistically significant stimulation of frog
membrane-bound ATPase activity in the presence of amounts of Na+
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Fig. 4. The effect of 10-3 M ouabain and of Na+ at 0-5 mm-ATP upon the
response of membrane-bound ATPase isolated from frog skeletal muscle.
Shaded columns indicate the presence of 10-3 M ouabain. Based upon
total ATPase activity, insulin produced a 14% increase (P < 0005) at
4 mm-Na+, 10 mm-K+ and a 36 % stimulation (P < 0-005) at 25 mM-Nat,
10 mm4K+. The presence of 10-3 M ouabain reduced the effect of insulin at
25 mm-Na+ ,1I0 mm-K+ to + 5% (P > 0.25), a 93% reduction of the incre-
ment due to insulin, indicating a statistically significant inhibition of the
insulin effect. In the presence of 10O3 M ouabain, elevation of Na+ from
4 to 25 mm did not produce a significant effect (+6i%, P > 005). At
100 mM-Na+, 20 mM-K+, and03 5 mm-ATP, insulin produced a 30%
(P < 0-005) increase in total ATPase activity. Under these conditions,
10-3 Mouabain resulted in an 85 % decrease in the increment due to insulin
although the stimulation by insulin (+ 15%, P <0%05) was just statis-
tically significant. The dotted line represents Mg-ATPase (ouabain-
uninhibitable ATPase) activity; activity above that line is presumed to
be due to (Na+ + K+)t ATPase. Each column represents the mean+oS.D. Of
six determinations.

and K+ (100 m-Na+and 20 mM-K+) sufficient to approach maximal
cation activation of the enzyme. The observation that this occurs at
01 mM-ATP was confirmed in another experiment, as was the observa-
tion at 0-5 mm-ATP.
The fact that at 100 mm-Nab and 20 mm-K+, insulin stimulated the

ATPase activity only if [ATP] was lowered suggests that the response of
the enzyme system to insulin is dependent upon [ATP]. Indeed, inspec-
tion of Figs. 1-4 will reveal that the effect of insulin was more pronounced
as [ATP] was lowered. Another experiment designed to establish this
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dependency upon [ATP] was conducted at 4 mM-Na+ and 20 mM-K+.
This experiment demonstrated that when [ATP] was dropped from 0 5 to
041 mm, the stimulation due to insulin increased from 10% (P < 0.05)
to 70 % (P < 0-025) of the ouabain-inhibitable fraction of the ATPase
activity, with even the absolute magnitude of insulin stimulation increas-
ing from 0-15 to 0-21 u. (P < 0-05). When this experiment was repeated
at 25 mM-Na+ and 10 mM-K+, a decrease in [ATP] from 4 to 2 mm pro-
duced no change in the response to insulin (+ 57 % vs. 60 %, P < 0-005),
but a further decrease to 0-5 mm-ATP resulted not only in a percentage
increase in the response of the ouabain-inhibitable fraction to insulin
(+217 %, P < 0*005), but in an almost doubling (83% increase) of the
absolute magnitude of insulin stimulation.

DISCUSSION

Identity of the membrane-bound ATPase
Present studies. Several aspects of the above results suggest that the

ATPase activity stimulated by insulin is that traditionally considered
to be associated with, if not identical to, the Na pump, i.e. the (Na+ + K+)-
ATPase (EC 3.6.1.3). The concentration of insulin which stimulated the
activity of membrane-bound ATPase isolated from frog skeletal muscle
was within the same range as that which had previously been shown to
stimulate Na efflux from intact frog skeletal muscle (Moore, 1973).
Ouabain completely blocked the stimulation of the ATPase activity
provided the concentration of ouabain was sufficient (10-3 M) to block
completely activation of the enzyme system by Na+. The stimulation of
the ATPase by insulin was eliminated or at least very much diminished
when the concentrations of effectors for the (Na+ + K+)-ATPase (K+, and
especially Na+ and ATP) were sufficiently high to produce maximal
activation of the enzyme system. Finally the magnitude of the increase
in total ATPase activity due to insulin (9.8-53% at 2 mM-ATP) is at
least as great as the increment of Na efflux (10-38 %) produced by insulin
in intact cells from the same tissue, frog skeletal muscle. If one considers
that the increment due to insulin is most likely limited to the (Na+ + K+)-
ATPase component (i.e. if one subtracts the Mg2+-ATPase, or ouabain
uninhabitable component) the stimulation is much greater than 9-8-53 %.
This means that the stimulation produced by insulin of the energy trans-
duction mechanism (as reflected by the hydrolysis of ATP by the
(Na+ + K+)-ATPase system) is more than sufficient to account for the
increment in Na efflux and supports the hypothesis that stimulation of
Na efflux from frog skeletal muscle can be entirely accounted for by an
effect upon the sodium pump, i.e. the (Na+ + K+)-ATPase system.
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Other studies. In view of the present studies, the conclusion that the

adipocyte plasma membrane ATPase stimulated by insulin is Mg2+-
ATPase, and not (Na++K+)-ATPase (Jarett & Smith, 1974), may re-
quire reexamination. This conclusion was based upon the fact that at
high concentrations of effectors (138 mM-Na+, 5 mM-K+, and 3-5 mM-
ATP), insulin did not increase the ATPase activity; ouabain was not
used. The present results suggest that insulin would not be expected to
stimulate the (Na++K+)-ATPase system under these high concentra-
tions. Rogus et al. (1969) also tested the effect of insulin at concentrations
of Na+, K+, and ATP which maximally activated the (Na+ + K+)-ATPase
they prepared from rat skeletal muscle. This same comment applies to
the work of Hadden et al. (1972) who found a smaller stimulation by
insulin of human lymphocyte plasma membrane ATPase activity in
2 mM-ATP at 100 mM-Na+, 20 mM-K+, and 5 mM-Mg2+ than at either
5 mM-Mg2+ or Ca2+ alone.

On the other hand, it might seem that the finding that insulin stimulated mem-
brane-bound ATPase in the presence of Mg2+ (Jarett & Smith, 1974; Hadden et al.
(1972) or of Ca2+ (Hadden et al. 1972), but without added Na+ and K+, would
indicate that the ATPase in these two studies was not (Na++K+)-ATPase. This
conclusion does not necessarily follow. For example, a small amount of bound Na+
might be present; also the possibility should be considered (Moore, 1973) that
insulin increases the affinity of the (Na++K+)-ATPase system toward not only
Na+, but toward H+. This would be consistent with the report that H+ may be
able to substitute for Na+ in activating the (Na++K+)-ATPase system (Fujita,
Nagano, Mizuno, Tashima, Nakao & Nakao, 1968). Moreover, Goldfarb & Rodnight
(1970) have presented evidence suggesting that even by repeated washings, it is
nearly impossible to remove bound K+ from membrane fragments sufficiently to
inactivate all of the (Na+ + K+)-ATPase activity.

In view of these possible complexities, it seems essential to use ouabain,
as demonstrated in the present experiments, to identify the nature of
the ATPase which is stimulated by insulin.

Physiological significance
Insulin concentration and physiological effects. The concentration of

insulin (400 m-u./ml.) used in the present experiments is considerably
higher than mammalian blood levels. However, where albumin is not
used to prevent adsorption to glassware, it is the same concentration
which produces such physiological responses in frog skeletal muscle as
increased uptake of 3-0-methyl-glucose (Narahara & Ozand, 1963) and
also increased production of lactate (Ozand & Narahara, 1964).

This concentration was chosen because it is near the value which gives maximal
stimulation of active Na efflux from frog skeletal muscle (Moore, 1973). In both
studies, the comparatively high concentration of insulin required may have been

53



W. A. GA VRYCK AND OTHERS
due to species differences and/or to adsorption to glassware. So as to avoid possible
artifacts in these initial experiments, neither gelatin nor albumin was used to
prevent adsorption of insulin to glassware.

There are other findings which suggest that it is likely that the effects
of insulin described here and upon active Na efflux (Moore, 1973) have a
role in the physiological action of insulin. As early as 1923 (Briggs,
Kiechig, Doisy & Weber) it was known that insulin decreases serum K+
concentration. By infusion of insulin into the brachial artery of normal
human males, Zierler & Rabinowitz (1964) have shown that this decrease
in serum K+ is due to an uptake of K+ by adipose tissue and especially
by muscle. Elevation of plasma insulin by as little as 38,u./ml. was
sufficient to stimulate K+ uptake while producing no measurable effect
upon glucose uptake.
The present results as well as the demonstration that insulin stimulates

active Na efflux (Moore, 1973), and the absence of any known mechanism
other than the Na pump to produce K+ uptake, support the thesis that
the effect of micromolar concentrations of insulin upon K+ uptake in
mammals is due to a stimulation of the Na pump.
The plausibility that physiological concentrations of insulin stimulate

the Na pump in vivo is strengthened by the finding (Nizet, Lefebvre &
Crabb6, 1971) that 350 uu./ml. produced a very significant increase in
tubular reabsorption of Na+ in the isolated dog kidney and by the finding
that insulin therapy is associated with Na retention (Saudek, Boulter,
Knopp & Arky, 1974) in the human being.
The fact that insulin also stimulated (Na+ + K+)-ATPase activity isolated from

rat brain is of some interest in view of the general opinion that, in contrast to
muscle, the brain is probably not a target organ for insulin. However, Ellison (1958)
has reported that insulin affects K+ transport in the brain.

Relevance to studies on Na transport. These results provide strong evi-
dence against the thesis advanced by Zierler (1972) that the effect of
insulin upon Na efflux is entirely secondary to an effect upon passive
fluxes. Moreover, in view of the fact that insulin did not stimulate
membrane-bound ATPase activity in the presence of optimal concentra-
tions of.Na+, K+ and ATP, it seems unlikely that the entire effect of
insulin upon Na efflux is due to an 'unmasking' of pump sites as suggested
by Grinstein & Erlij (1974). In addition, since insulin stimulates the
(Na+ + K+)-ATPase system in vitro, it becomes more difficult to maintain
that the entire effect of insulin upon Na efflux is secondary to an induced
synthesis of new pump sites, a conclusion supported by the lack of insulin
effect upon Na:Na exchange diffusion (Moore, 1973).
The present experiments also demonstrate that it is not necessary to assume

that the stimulation of Na efflux by insulin is secondary to an increase in intra-
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cellular ATP. Indeed, under the present experimental conditions, the insulin effect
was manifest in the face of an ATP concentration which was decreasing slightly.
Moreover, insulin evidently produces no change in intracellular concentrations of
ATP (Walaas, Walaas & Wick, 1969) in rat diaphragm or in fat cells (Bihler &
Jeanrenaud, 1970) although it does stimulate the production of ATP by glycolysis
(Ozand & Narahara, 1964).
In view of the fact that 5 X 10-6 M acetylstrophanthidin produced a nearly com-

plete inhibition of the insulin stimulation of 22Na efflux, it might seem surprising
that 10-4 M ouabain did not produce a complete inhibition of the insulin effect upon
the isolated (Na++K+)-ATPase system from the same species and tissue. This
might be explained by the fact that ouabain binds to the enzyme system relatively
slowly (Lindenmayer & Schwartz, 1973). The rate of binding of acetylstrophanthidin
to the (Na+ + K+)-ATPase system has not been studied. The fact that Na+ increases
the rate of ouabain binding (Lindenmayer & Schwartz, 1973) may explain the
difference in ouabain inhibition of the insulin effect at 25 mM-Na+ versus 4 mM-
Na+ as illustrated in Figs. 3 and 4.

Molecular significance
The role of ATP. Of considerable interest is the fact that decreasing

ATP from 2 to 0 5 mm, a decrease of only fourfold, results in a substantial
increase in the responsiveness of the enzyme system to insulin. As pointed
out in Results, this is especially easy to see at concentrations of Na+
and K+ which maximally activate the enzyme system. Moreover, a
comparison of experiments conducted at 2 mm (Fig. 2) and at 0-5 mM
(Fig. 3) shows that the same pattern held true at 10 mM-K+ and 4 mM-
Na+ and at 10 mM-K+ and 25 mM-Na+. It is doubtful that this effect
involved a change in Km of the active site for ATP hydrolysis, since it
seems unlikely that the Km for this site (Site II) on the (Na++K+)-
ATPase system isolated from frog skeletal muscle would be much different
from that reported for the enzyme system in guinea-pig kidney mem-
branes, where the Km for the substrate site has been reported to be
2x 10-4mM (Post, Hegyvary & Kume, 1972). Even the lower concen-
tration of 0 5 mM-ATP is over three orders of magnitude greater than this
value.

Supporting this interpretation is the fact that in our experiments with the
enzyme system isolated from rat brain, we again observed an increase in responsive-
ness to insulin when ATP was lowered from 2 to 0 5 mm. K. D. Straub (personal
communication) has also observed the same phenomenon when studying the effect
of insulin upon the ATPase system isolated from guinea-pig brain or guinea-pig
kidney, the latter being especially to the point in view of the report by Post et al.
(1972).

Although the Km for the active site is too low, evidence exists for a
second site, an allosteric activating site (Site I), with a Km for ATP of

0.1 mM (Post et al. 1972). Lowering the [ATP] from 2 to 0 5 mm would
be expected to produce at least a partial unloading of this site. This
raises the possibility that the increased stimulation of the enzyme system
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by insulin at the lower [ATP] may be due to an insulin-induced change
in conformation (decrease in Km) of this site with a resulting increase in
the activity of the enzyme system.

Regardless of the exact mechanism, the evidence strongly indicates
that if intracellular ATP is lowered below normal levels, the response of
the (Na++K+)-ATPase system to insulin is amplified. Since one action
of insulin is to stimulate production of ATP by glycolysis (Ozand &
Narahara, 1964), this suggests the possibility of a strictly molecular feed-
back mechanism operating to control the degree of amplification of
response to a hormone.

Relevance to mechanism of insulin action. The evidence presented here
supports the earlier suggestion that insulin stimulates the Na pump either
by a 'direct' action, or by mechanisms within the membrane phase. This
by no means implies that cyclic nucleotides are not involved in the
action of insulin. However, it does support the suggestion that the Na
pump is involved as a transducer in the primary effect of insulin. Not
only does insulin elevate intracellular [K+] and lower intra-cellular [Na+]
(Moore, 1973), but by hyperpolarizing the plasma membrane (Zierler,
1959), which is most likely secondary to its stimulation of the sodium
pump, insulin shifts the equilibrium distribution of all ionic species
across the plasma membrane. Such an effect would, of course, be
most pronounced upon divalent ions, such as Ca2+ and Mg2+. Indeed,
Lostroh & Krahl (1973) have reported that in rat uterus insulin not only
elevated intracellular K+ but also intracellular Mg2+, and had no effect
upon the distribution of these ions in the presence of ouabain. The
possibility of an effect upon pH, presents an obvious means whereby
insulin might affect intracellular events (Moore, 1973). For example,
stimulation of glycolysis might be partially explained by an increase in
intracellular pH resulting in activation of phosphofructokinase, a key
enzyme in glycolysis extremely sensitive to pH elevations between 6-0
and 7 0 (Trivedi & Danforth, 1966).
Any linkage between the effect of insulin upon the sodium pump and

other actions of insulin is undoubtedly complex. Nevertheless, some
mechanism must exist for this coupling, since the finding that glycogen
synthetase cannot be stimulated by insulin in cells treated with ouabain
(Blatt, McVerry & Kim, 1972) has been confirmed by Horn, Walaas &
Walaas (1973).
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