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Abstract

Previous studies have suggested that an alteration in the ex-
pression of the NaK-ATPase of muscle may be an important
determinant of enhanced insulin sensitivity in chronic renal fail-
ure. Therefore, in the present studies we have examined the
effect of uremia on the NaK-ATPase a isoforms in skeletal
muscle, at the level of mRNAexpression and enzymatic activ-
ity. The activity of the sodium pump, as measured ouabain-sen-
sitive 'Rb/K uptake in soleus muscle, revealed a reduction in
the activity in uremia, related to the increment in plasma creati-
nine values. The decrement in 86Rb uptake by the rat soleus
muscle of experimental animals was associated with changes
on NaK-ATPase gene product. Northern analysis of mRNA
revealed isoform-specific regulation of Na,K-ATPase by ure-
mia in skeletal muscle: a decrease of - 50% in al subunit
Na,K-ATPase mRNA,as compared to controls. The decrement
in al mRNAcorrelates with the decreased activity of the
Na,K-ATPase in uremia, under basal conditions and with the
almost complete inhibition of the Na,K-ATPase, of uremic tis-
sue by a concentration of 10-' Mouabain. Although the activity
of the a2 isoform pump was not modified by uremia, the 3.4-kb
message for this enzyme was increased 2.2-fold; this discrep-
ancy is discussed. Altogether these findings demonstrate that
the defective extrarenal potassium handling in uremia is at
least dependent in the expression of a1 subunit of the
Na,K-ATPase. (J. Clin. Invest. 1991. 88:2137-2141.) Key
words: NaK-ATPase gene * rat soleus * uremia - potassium
homeostasis

Introduction

Skeletal muscle plays an important role in the clearance of a
potassium load (1) and a decreased muscle uptake of potassium
contributes to the maintained hyperkalemia observed after
meals in chronic renal failure. In fact, we and others (2, 3) have
shown a defect in extrarenal potassium disposal in azotemia,
due to a less active sodium pump in skeletal muscle (4, 5);
whereas an increment in the number of sodium pumps of the
secretory epithelia has been described in uremia (6).

As it is well established, cell potassium is mainly controlled
by the Na,K-ATPase. The Na+,K+-ATPase is the intrinsic
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membrane protein responsible for pumping Na+ and K+
against their concentration gradients. The enzyme is composed
of a catalytic subunit, a, and a smaller, glycosylated subunit, f,
whose function is unknown. Two isozymes of the a subunit of
the enzyme, known as a 1 and a2 (+), were first discovered by
Sweadner (7). Recently, a third, brain-specific, form designated
a3 was discovered using a rat brain cDNAlibrary. Even though
all three forms are - 85%homologous, they possess important
differences (8). The a2 and a3 forms have a high affinity for the
cardiac glycoside ouabain (K1o 5 = 10-6 - IO-` M) whereas alI is
relatively resistant to the drug (KO.5 = l0-4 - 10-5 M). It has
also been shown in both rat adipocytes and rat brain synapto-
somes that the a 1 and a2 isozymes have different sodium affin-
ities, with K0.5 values of 12-17 mMand 36-52 mM, respec-
tively. Insulin activation is mediated by lowering the K;D5 for
sodium of the a2 isozyme (9-10).

Little is known about the regulation of Na,K-ATPase iso-
forms in skeletal muscle in advanced chronic renal failure. We
have recently shown that the addition of oral glucose to a potas-
sium load was more effective in the translocation of potassium
to the intracellular compartment in uremic animals (4). Fur-
ther, in vitro studies indicated that insulin caused a relatively
greater stimulation of ouabain-sensitive 86Rb uptake in the ure-
mic tissue as compared to control soleus muscle (4). These
results suggest changes in the expression of the Na,K-ATPase.
Thus, this study was designed to determine the molecular basis
of the enhanced insulin sensitivity in the uremic skeletal mus-
cle. We examined the expression of two isoforms of the
Na,K-ATPase, the alI and a2, in soleus muscle fibers from
control and chronic renal failure rats. The results suggest that
tissue-specific alterations in the expressions of these two iso-
forms may be the major mechanism for the decreased potas-
sium uptake in uremic muscle tissue as compared to controls.

Methods

Animals. Male Sprague-Dawley rats (- 250 g) fed a standard rat chow
diet were used. Chronic renal failure was induced by ligating branches
of the artery to infarct about /4 of the kidney; a right nephrectomy was
performed after 4 d. The experiments were done 3-4 wk after surgery.
Plasma creatinine, blood arterial gases, pH, and plasma potassium
were controlled at the beginning of each study.

86Rb transport in skeletal muscle. The muscle was removed from
control and uremic animals and then groups of fibers weighing 8-15
mgwere incubated in separate vials.

The muscular fibers were washed for 15 min in 2 ml of KRBcon-
taining (mM) 4.2 KC1; 1.19 KH2P04; 120 NaCl; 25 NaHCO3; 1.2
MgSO4; 1.3 CaCl2; 5 -glucose (pH = 7.4). The buffer was gassed with
95% °2 and 5%CO2. Thereafter, the muscles were preincubated for 30
min in KRBin the presence or absence of 10-2 Mor l0-' Mouabain.
Finally, the muscles were incubated for 20 min in KRBcontaining
86Rb (0.1 Ci/ml) in the presence or absence of 10-2 Mor l0-' M
ouabain. The reaction was stopped by transferring the muscle into iced
KRB; the muscles were washed in cold buffer and blotted. Radioactiv-
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ity of the samples was determined by the Cerenkow radiation in a
liquid scintillation counter.

RNA isolation and Northern blot analysis. Upon killing of rats,
soleus muscles were removed and immediately processed. Total cellu-
lar RNAwas extracted from 250 mgof soleus skeletal muscle using
the guanidinium thyocianate (11). RNAwas electrophoresed on 2.2 M
formaldehyde-agarose gels (12), blotted and fixed onto nylon mem-
branes, and then hybridized to cDNA probes. The a l and a2 cDNA
was provided to us by Nelson Ruiz-Opazo, Boston University.

Isoform-specific restriction endonuclease BamHI fragments were
prepared from these probes. The a I and a2 cDNAprobes were labeled
with digoxigenin-d UTP, using the nonradioactive DNAlabeling and
detection kit from Boehringer Mannheim Corp., Indianapolis, IN.

Membranes were hybridized to the corresponding probes for 5-6 h
at 420C in 50% formamide in 5X SSC (0.3 MNaCl, 0.03 Msodium
citrate) pH 7.0 with 5%of blocking reagent, according to instructions
recommended by the kit. Then the membranes were washed at high
strigency twice in 2X SSCwith 0.1% SDSfor 1 or 2 min each at room
temperature, then twice for 15 min each in 0.1 x SSCwith 0.1% SDSat
680C to assure the specificity of the Northern. The hybridized mem-
branes were detected immediately by the enzyme-linked immunoassay
system. The amount of mRNApresent in each sample was quantified
by computer scanning densitometry analysis, comparing the intensity
of the experimental sample to control rat mRNAsamples or to the
internal standard GAPDHmRNA(glyceraldehyde-3-phosphate dehy-
drogenase) for each processed skeletal muscle (12). The specific cDNA
probe (p RGAPDH-13) was kindly provided by P. Carvallo, NIH.

DNAwas determined on 250 mgof muscle using the spectrofluoro-
metric method of Labarca and Paigen (14). Total cellular RNAwas
determined by spectrophotometry (12) and protein content by the Har-
tree method (15).

Quantification dots on Northern blots. Color dots were quantified
with a scanning densitometer (Geniscan, Fremont, CA) interfaced to
an IBM PC286 computer with a GS-4500 scanner and specially writ-
ten C program,

Significance was determined with Student's t test (paired) and ac-
cepted at the P < 0.01 level.

Results

Characteristics of the experimental rats. The characteristics of
experimental animals, 3-4 wk after partial nephrectomy (3/4),
were similar to those previously described (4). The experimen-
tal rats have body weights and blood pH values similar to con-
trol rats. The nephrectomized rats with plasma creatinine val-
ues above 1.0 mg/dl were considered with established renal
insufficiency.

To evaluate the influence of azotemia in the Na,K-ATPase
activity of the skeletal muscle we measured ouabain sensible
86Rb uptake by the soleus muscle of rats with different degrees
of renal insufficiency, as determined by plasma creatinine val-
ues. Fig. 1 includes the results on 86Rb uptake of the isolated
soleus fibers. As shown in the figure, there is an inverse rela-
tionship between both parameters: as plasma creatinine in-
creases, the activity of the sodium pump reaches very low val-
ues. These results confirm a defect in the Na,K-ATPase activity
in chronic renal failure and are indicative that this defect is
related to the degree of renal insufficiency.

Regulation of Na,K-ATPase mRNAsin skeletal muscle.
Next, we examined the expression of the two a isoforms of the
Na,K-ATPase known to be present in muscle, from control
and uremic rats. In this study, and subsequent experiments,
mean plasma creatinine values were 0.4±0.1 mg/dl and
1.6±0.4 mg/dl, respectively. Preliminary results were indica-
tive of dramatic change in both isoforms mRNAwith uremia.
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Figure 1. Correlation of plasma creatinine with ouabain-sensitive
'*Rb/K uptake by isolated soleus muscle fibers. Values represent in-
dividual rats, either sham operated animals (n = 3) or rats with dif-
ferent degrees of chronic renal insufficiency as measured by plasma
creatinine concentration (n = 11). 'Rb uptake was measured with
or without 10-2 Mouabain, as described in Methods, in triplicate
samples. The correlation between these two parameters is highly sig-
nificant (r = 0.83; P < 0.01).

Therefore, we assayed muscle weight, content of DNA, RNA,
and protein. Table I shows the results: muscle weight did not
vary significantly between both groups, nor did nucleic acids or
protein content.

Next, we examined the effect of chronic renal failure on the
relative amount of the a 1 and a2 isoforms mRNAby compar-
ing the results with GADPHmRNA, used as an mRNA
marker (13). As shown in the Northern blots of Fig. 2 there are
no significant differences in GAPDHmRNAcontent between
control and the experimental groups. Therefore, we used
GAPDHmRNAas a reference to measure the relative abun-
dance of a 1 and a2 isoforms mRNA, as compared to the
marker. The 3.4-kb a2 transcript is the major one in muscle,
whereas in brain the 5.3-kb species is the predominant form;
nevertheless, both transcripts encode the same protein.

Quantification of the levels of Na,K-ATPase a isoforms
mRNAwas made in separate samples for a I and for 3.4-kb a2.
The results obtained in several experiments are shown in Fig. 3;
mean values±SE for each isoform are expressed as the relative
color intensity of each a isoform dot blot compared to
GADPH.As shown in Fig. 3 A, a 1 mRNAlevels for the uremic
tissue decreased significantly to one-half of the control values.
When total RNAisolated from the skeletal muscle of uremic
rats was probed with the a2-specific cDNAprobe, the amount
of the 3.4-kb transcript was found to be increased over those

Table L Muscle Analysis

Group Control Uremic

Soleus weight, mg 132±6 136±5
Total DNAAig/g tissue 1040±17 1046±21
Total RNAug/g tissue 213±20 205±18
Total protein ug/g tissue 23.3±0.9 23.8±1.2

Values are mean±SE; n = 6 for all groups.
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present in normal rats (Fig. 3 B). Since the size of the probes
was different no direct comparison between the amount of a 1
vs. a2 was made (aal = 1,700 bp; a2 = 700 bp).

Data derived from this analysis suggest that the two known
a isoforms expressed in skeletal muscle are modified with ure-
mia. At least part of the altered Na,K-ATPase activity in skele-
tal muscle is at the level of the mRNA. It cannot be determined
from these experiments whether the pretranslational regulation
of the sodium pump expression is at the level of initiation of
transcription or stability of the mRNA. These possibilities are
currently under investigation.

Comparison of ouabain sensitivity in skeletal muscle of ure-
mic versus control rats. From the 86Rb/K pumping data it has
been established that in the range of I0-6-10-5 Mouabain, a2
is 90% saturated with ouabain, whereas a 1 has - 10%

Table II. Effect of Ouabain in the Muscle Na,K-A TPase Activity

Ouabain-sensitive '6Rb uptake

Controls CRF

nmol/g wet wt per min

Basal 161.7±8.0 93.3±7.5*
Plus 10-5 Mouabain 91.3±5.8 18.2±4.4
Percent inhibition 43.2±3.3 81.8±4.1*

Basal activity of the pump was measured as the difference of total ac-
tivity minus 1o-2 Mouabain. 86Rb uptake was measured at 20 min
in parallel samples. (n = 7). *P < 0.001.

bound (9). Thus, we used a concentration of 10- Mouabain to
inhibit a2 isoform almost exclusively, while at 10-2 Mouabain
complete inhibition of both a I and a2 isoforms should be ob-
tained. Therefore, we have studied the activity of the enzyme as
an Rb+ pump, under normal conditions by soleus muscle in
the presence of the above indicated concentrations of ouabain
(Table II). As shown in Results, the soleus muscle of control
rats, incubated in normal buffer, have 43% of a2 mediated
uptake; this value is similar to that recently described by Hsu
and Guidotti for intact soleus fibers (16). However, in the ure-
mic tissue the pumping activity of a2 isoform is increased as
compared to aal mediated transport. Nevertheless, the absolute
values of the a2 isoform were 75 mmol/min per g in both
normal and uremic muscles, and the enhanced sensitivity to
ouabain is mainly due to the decrement a 1 isoform from 90 to
20 mmol/min per g. This last value is consistent with the decre-
ment in alI mRNAobserved in the muscle of chronic renal
failure rats.

Discussion

One of the most prominent transport proteins in nearly all
animal cells is the Na,K-ATPase. Under physiological condi-
tions, this enzyme mediates the transport of three Na ions out
of the cell and two Kions into the cell per ATPmolecule that is
split. By this active transport, transmembranes gradients for
Na and K are maintained that are essential for a large variety of
cellular functions. In epithelial cells, the pump is involved in
potassium secretion and whole body potassium homeostasis. It
is known that in chronic renal failure, as renal mass is dimin-
ished, there is a remarkable adaptive increase in potassium
excretion by the remaining functioning nephrons (6). It has
also been reported that in uremia, there is increased gastrointes-
tinal potassium secretion resulting in an elevated stool potas-
sium content. Also, during chronic potassium load there is an
increment in the number of Na,K-ATPase units in the kidney
and colonic tissue with a concomitant increased secretion of
potassium (17, 18). As indicated above (6), in both uremic
tissues, there is an adaptative increment in the number of Na
pumps in epithelial tissue, whereas intracellular Na is elevated
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Figure 3. Relative a subunits mRNAabundance in rat soleus muscle.
The dots obtained, as shown in Fig. 2, were densitometrically scanned
and quantified. An arbitrary value of 1 was given to GAPDHmRNA
abundance of each animal. The data are presented as the mean±SEof
a 1 and a2 subunits in control (c) and uremic rats m. (n = 6 for each
mean value).
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in erythrocytes, leukocytes, and muscle cells of patients with
chronic renal failure (19). In fact, as shown here, and in pre-
vious work (4), a 50% reduction of the sodium pump activity
was found in the uremic muscle.

Several forms of rat Na,K-ATPase have been described that
are distinct with respect to sodium affinity (10) regulation by
thyroid hormones (20), sensitivity to cardiac glycosides (9) and
insulin (10). These functional differences have been correlated
with the presence of two or more isoforms of the a subunit. The
tissue distribution studies of the multiple forms of rat
Na,K-ATPase indicate that a I isoform is predominantly pres-
ent in kidney epithelial tissue, whereas a greater proportion of
a2 is present in the skeletal muscle (21).

Specific cDNA probes have been developed for the a iso-
forms of rat Na,K-ATPase (22). Therefore, the tissue-specific
expression of mRNAsencoding the a isoforms in the rat skele-
tal muscle were assessed in the present work. These studies
demonstrated that in uremia there is a change in the propor-
tional expression of the a mRNAisoforms in skeletal muscle.
In fact, in the uremic tissue we found a diminished al tran-
script as compared to those present in normal skeletal muscle
(approximately one-half). By contrast, as illustrated in Fig. 2 B,
the 3.4-kb mRNAencoding the a2 subunit in the uremic tissue
is more abundant than control: the diminished a 1 mRNAis
consistent with the reduced pumping activity of the uremic
skeletal muscle. In fact, as shown by Lytton et al. (9), while al
is pumping at about 1/2 its maximum capacity under basal con-
ditions, a2 is pumping at only 1/20 of its capabilities. Therefore a
decrement in a 1 isoform could account for the decreased up-
take of 56Rb/K in the uremic muscle. Nevertheless, there is no
such relationship in the case of a2 isoform. Even though we
have not measured intracellular electrolytes, it is known that in
uremia cell sodium is increased (23,24); the increment in cellu-
lar sodium would favour the a2 isoform activity (10). Recently,
Hsu and Guidotti (24) also described a divergency between the
amount of the a2 isoform and the transcriptional regulation of
the a2 gene in the skeletal muscles of hypokalemic rats. One
possibility for the lack of correlation between the amounts of
mRNAsand active enzyme is that the transcripts are not trans-
lated (25). Another possibility is that the a2 transcripts are
translated and the a2 polypeptides do not mature into func-
tional enzyme due to an insufficient amount of the ,B chain (26,
27). A third possibility is that the a2 transcripts are translated,
and the polypeptide is broken down more rapidly than usual.
Nevertheless, further studies need to be directed to measure the
number of units of each isoform of the Na,K-ATPase by spe-
cific antibodies (28), before final conclusions could be drawn.

It should be taken into account that we have measured the
pumping activity of the rat soleus muscle under normal condi-
tions; as it has been shown by others (16, 29) the activity of the
(Na+, K+) pump in isolated fibers incubated in a normal buffer
is a fraction of the total possible activity. Due to the low and
variable enzyme recovery. (0.2-8.9%) we have not studied the
pump activity in isolated sarcolemma; such subcellular prepa-
rations may give misleading data on the pumpactivity of skele-
tal muscle cells, as pointed out by Hansen and Clausen (29).

These results provide evidence that uremia induces gene-
specific modulation in skeletal sodium pump. Furthermore,
the modulation of NaK-ATPase is isoform-specific and the
downregulation of the a 1 mRNAmay represent a deinduction
of gene expression elicited in response to stimuli from some

intracellular changes that occurred in chronic renal failure. A
simultaneous upregulation of a2 subunit mRNAexpression
could be a related phenomena, but no evidence exists at the
present time to support this hypothesis. Herrera et al. (22) have
shown a 2- to 3-fold increase in a I mRNAand a 3- to 15-fold
decrease in a2 mRNAin the aorta and left ventricule of hyper-
tensive animals.

The changes in amounts of mRNAcould represent tran-
scriptional regulation, although changes in mRNAstability
cannot be ruled out.

Determination of the mechanisms by which specific
Na,K-ATPase a subunits genes are modulated in uremia may
provide insight into the molecular mechanisms involved in the
defective extrarenal handling of potassium.
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