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Summary. In hypothyroid rat myocardium, the low-ouabain-sen-
sitivity Na,K-ATPase activity had a K; = 107% M and accounted
for ~95% of the enzyme activity, while the high-ouabain-sensi-
tivity activity contributed ~5% to the total activity, with a K; =
3 x 10 " M. mRNA,, was 7.2- and 5.5-fold more abundant than
mRNA,, and mRNA,, respectively, in hypothyroid ventricles
while mRNA,; was undetectable. Administration of T increased
total Na,K-ATPase activity 1.6-fold; the low-ouabain-sensitivity
activity increased 1.5-fold while high-ouabain-sensitivity activity
was stimulated 3.2-fold. T; increased the number of high-affinity
ouabain-binding sites 2.9-fold with no change in K, (~2 x 1077
M). The abundances of mRNA,,;, mRNA,,, and mRNA, (per unit
RNA) following Ty treatment increased 3.6-, 10.6-, and 12.7-fold,
respectively. The larger increments in subunit mRNA abun-
dances than in Na,K-ATPase activity suggests the involvement
of translational and/or post-translational regulatory steps in
Na,K-ATPase biogenesis in response to T;. It is concluded that
T, enhances myocardial Na,K-ATPase subunit mRNA abun-
dances and Na,K-ATPase activity, and that the expression of the
high- and low-ouabain-sensitivity activities are probably a reflec-
tion of the abundances of the a2 and al isoforms, respectively.
The physiological role played by the 8 subunit remains uncer-
tain.
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Introduction

Na*,K*-activated adenosine triphosphatase (Na,K-
ATPase; also identified as the Na,K-Pump) is a
ubiquitous plasma-membrane enzyme that plays a
fundamental role in animal cells. By means of its
continuous function transmembrane gradients of
Nat and K*, resting membrane potential, and cell
volume are maintained [19]. In addition, stimulation
of Na,K-ATPase and active Na,K transport have
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been implicated as an important pathway in thyroid
hormone-induced thermogenesis [16].

Mammalian Na,K-ATPase is a noncovalent oli-
gomer of equimolar amounts of « and B subunits
that make up the mature functional enzyme [19].
Three isoforms of the catalytic o subunit have been
identified, designated «, a*, and «y in earlier re-
ports and now designated as al, a2, and «3, respec-
tively [40, 44, 51]. Tissue-specific expression of a-
subunit isoforms has been associated with the
presence of various classes of Na,K-ATPase mani-
festing differing sensitivities to inhibition by cardiac
glycosides [5, 14, 20, 44, 46, 49]. Rat liver and kid-
ney cortex nearly exclusively express the mRNA,,
isoform, whereas cardiac and skeletal muscle ex-
press both «l- and a2-mRNA isoforms [6, 15, 26,
40, 51]. In the adult rat brain, three Na,K-ATPase
a-subunit-mRNAs and their respective polypep-
tides are expressed [38-40, 48, 51]. The expression
of the various a-mRNA isoforms and 8-mRNA has
been recently described in several tissues of the rat
during development [32]. The al- and a3-mRNA
isoforms are expressed in neonatal myocardium
whereas «l- and o2-mRNAs, but not the ao3-
mRNA, are present in the adult atrial and ventricu-
lar muscle [32, 51]; a2-mRNA comprises a minor
component of the a-mRNA isoforms in the normal
adult rat heart [32, 51]. Expression of the a2-mRNA
and Na,K-ATPase activity exhibiting a high sensi-
tivity to ouabain has also been reported in a
myocyte system undergoing differentiation in vitro
[31]. Recently, a candidate isoform of the 8 subunit
(B2) of Na,K-ATPase has been cloned and se-
quenced; the corresponding mRNAg; is expressed
in rat myocardium [27], but the existence of 82 pep-
tide as a component of Na,K-ATPase awaits confir-
mation.

Thyroid hormone (T5) stimulates the Na,K-
ATPase activity of a variety of mammalian target
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tissues [2, 8, 16, 22, 33]. The enhancement of Na,K-
ATPase activity by Tj is associated with increased
numbers of specific ouabain-binding of Na*-depen-
dent phosphorylation sites in plasma membranes
isolated from target tissues [21, 22]. The Ts-induced
increase in Na,K-ATPase abundance is mediated by
increased synthesis of both subunits of the enzyme
in rat renal cortex [23, 24], and is associated with

increased abundances of mRNA,; and mRNAg [7,.

28]. Recent evidence indicates that the Ts-induced
increase in the abundances of mRNA,; and mRNAg4
in rat renal cortex is in part mediated by enhanced
transcription of the corresponding genes [11].
Thyroid hormone induction of Na,K-ATPase in
target tissues expressing more than one mRNA,
and enzyme isoform, such as the myocardium,
raises the possibility of selective or preferential reg-
ulation of isoform-specific gene expression. We
now report on the effect of thyroid status on
myocardial Na,K-ATPase «l, a2, and a3 isoform
expression as evaluated by ouabain-sensitivity of
the enzyme, quantitation of the high-ouabain-affin-
ity binding sites, and measurement of the abun-
dances of mRNA, isoforms and mRNA, by North-
ern blot analysis. The results indicate a preferential
induction of the high-affinity ouabain-binding form
of Na,K-ATPase and of the o2- and B-mRNAs by
T; in the myocardium. The increase in mRNA,; is
sufficient to account for the increase in high-affinity
ouabain-binding form and is consistent with the in-
terpretation of preferential induction of the &2 iso-
form of the enzyme. A preliminary report of some
of those findings has been presented earlier [17].

Materials and Methods

MATERIALS

Analytical grade 3,3’,5-triiodothyronine (T5), Tris, ATP, deoxy-
cholate, bovine serum albumin, ouabain and other standard com-
pounds were obtained from Sigma Chemical. *H-ouabain (24.1
Ci/mmol) was purchased from New England Nuclear, and *2P-a-
TTP (3000 Ci/mmol) from Amersham. Cellulose acetate/nitrate
filters (0.65 wm) was obtained from Millipore and nitrocellulose
paper (BA-85) from Schleicher and Schuell. ““Nick-translation’
kits were purchased from Bethesda Research Laboratories.

ANIMALS AND PREPARATION
OF MEMBRANE FRACTIONS

Hypothyroidism was induced in male Sprague-Dawley rats (200~
225 g) by maintenance on low-iodide diet ptus 0.5% sodium per-
chlorate in the drinking water for four weeks [43]. Rats were
injected subcutaneously once daily with either T; (100 ug/100 g
body weight) or diluent alone and were sacrificed at various in-
tervals thereafter. This dosage schedule ensures near-saturation
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of nuclear Tsy-receptors during the entire 24-hr interval before the
next injection of the hormone [30].

Crude plasma membrane fractions were prepared by meth-
ods described previously with minor modifications [33]. Hearts
were excised and ventricles isolated by sharp dissection and fro-
zen immediately in liquid nitrogen. After 24 hr, individual ventri-
cles were minced and disrupted using a Polytron homogenizer
(Brinkmann Instruments) two times for 20 sec each on the maxi-
mal setting in a buffer containing 250 mM mannitol, 30 mM histi-
dine, 5 mm EDTA, 5 mM Tris, 0.1% sodium deoxycholate (pH
6.8) in a volume of 10 ml/g of tissue at 4°C. Samples were centri-
fuged at 8,000 X g for 10 min. The supernatants were frozen in
liquid nitrogen and thawed to room temperature, and centrifuged
at 100,000 x g for 30 min at 25°C. The resulting pellets were
resuspended (~3.5 mg protein/ml) in a buffer (pH 7.6) containing
250 mM sucrose, 50 mm Tris, 1.25 mm [ethylene-bis(oxyeth-
vlenenitrilo)]tetraacetic acid (EGTA) (STE buffer) and dispersed
with a Potter-Elvehjem homogenizer. These crude membrane
fractions were stored at —80°C for up to six weeks prior to assay.

OuABAIN SENSITIVITY OF Na,K-ATPASE

Membrane fractions were thawed and diluted in the STE buffer.
Triplicate 100-u] samples of membrane suspensions containing
50 pg protein from hypothyroid or 25 ug protein from hyperthy-
roid rats were preincubated for 2 hr at 37°C in 0.9 ml of buffer
containing Na* and K* (see below) and varying concentrations
of ouabain. The ATPase reaction was started by the addition of
100 ul of ATP to the 0.9-ml suspensions to yield final concentra~
tions of (all in mM) 5 ATP, 105 Na*, 6 K+, 5 Mg?*, 144 Ci1 -, 5
azide, 25 sucrose, 0.125 EGTA, and 50 Tris (pH 7.4), and the
incubation continued for 60 min at 37°C. Reactions were termi-
nated by the addition of trichloro-acetic acid (5%, final concen-
tration) and phosphate was assayed colorimetrically [3]. In pre-
liminary experiments, the ATPase reaction was linear with
respect to time and concentration of protein; the reaction condi-
tions were chosen to ensure less than 10% hydrolysis of ATP
during the assay. The 2-hr preincubation period was based upon
preliminary studies demonstrating no further inhibition of
ATPase activity by 3 x 10~7 M ouabain after 1.5 hr of incubation.
Ouabain-sensitive ATPase activity accounted for ~90% of the
ATPase activity in membrane fractions isolated from either the
hypothyroid or hyperthyroid myocardium. Total, Na,K-ATPase
activity was calculated as the difference in ATPase activity in the
absence and presence of 10-2 M ouabain. The ouabain-sensitive
ATPase activity at each ouabain concentration was calculated as
the fraction of that activity to the total Na,K-ATPase activity.
Inhibition of Na,K-ATPase activity was analyzed using one-site
and two-site models by a derivative-free nonlinear regression
program, as adapted by Pressley and Edelman [34].

3H-OUABAIN BINDING
TO MYOCARDIAL MEMBRANE FRACTIONS

Five concentrations of ouabain were used: 0.50, 1.0, 3.0, 6.0 and
12 (each x10-7) M prepared by diluting *H-ouabain with nonra-
dioactive ouabain to 7.0 Ci/mmol. The assays were carried out
by a minor modification of the method of Wallick et al. [50]. The
medium contained (final concentrations, all in mMm): 0.8 EDTA,
40 Tris, 4 MgCl, 4 sodium phosphate, 100 sucrose and 0.7 EGTA
(pH 7.4). Duplicate samples of diluted membranes (50 ug pro-
tein) were incubated at 37°C for 2 hr with the above concentra-
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Table 1. Effect of T; on protein, DNA and RNA content of rat ventricular myocardium

Thyroid status mg protein/g wet weight mg protein/mg DNA RNA/DNAz=
Hypothyroid 195 £ 6 117 x5 0.95 + 0.03
Hypo + T; (24 hr) 178 = 8 117 = 4 1.21 = 0.10°
Hypo + T; (72 hr) 205 =5 137 £ 9 1.50 = 0.07°

Hypothyroid rats (Hypo) were injected daily with either diluent or T; (100 ug/100 g body weight) and
sacrificed at 24 or 72 hr of treatment; n = 10 for the diluent-injected rats (Hypo) and » = 5 for each of

the 24- and 72-hr groups. Results are expressed as means * SEM.

= The RNA/DNA ratios have been reported previously {7].
b Denotes P < 0.05 as compared to diluent-injected controls.

tions of *H-ouabain in the absence and presence of 3 X 1077 M
nonradioactive ouabain. Unbound ouabain was removed by
rapid filtration, under vacuum, through 0.65-um Millipore filters.
The filters were washed four successive times with 6 ml of ice-
cold water, in less than 15 sec, and counted in a liquid scintilla-
tion spectrometer (Packard Instrument). Specific *H-ouabain
binding was calculated as the difference in radioactivity in the
absence and presence of 3 X 107* M nonradioactive ouabain.
Nonspecific binding of radioactive ouabain to membranes was
linearly proportional to the concentration of the radiolabel and
accounted for <30% of the total radioactivity at all concentra-
tions of ouabain employed. The moles of ouabain bound by the
low-affinity site (K, = 10~* M) was calculated for each ouabain
concentration employed in the binding assay and subtracted
from the observed total binding at the given ouabain concentra-
tion to derive the moles bound to the high-affinity site. This
minor correction, which accounted for <4% of the total binding
in both hypo- and hyperthyroid membranes at all ouabain con-
centrations employed, is based on several reasonable assump-
tions including noninteraction between the sites, one ouabain-
binding site per molecule, and equivalence between the X and
K, of the low-affinity site. The resulting binding data were ana-
lyzed by the method of Scatchard [37].

DETERMINATION OF PROTEIN AND DNA

Protein concentrations were determined by the method of Lowry
et al. [25], using bovine serum albumin as a standard. DNA was
assayed as previously described [7].

IsorAaTioN OF RNA; QUANTITATION OF mRNA,
IsorForRMS AND mMRNAg ABUNDANCES

Freshly isolated ventricular tissue was frozen in liquid nitrogen
and total RNA was isolated from individual ventricles by homog-
enization in guanidine thiocyanate and ultracentrifugation, as de-
scribed previously [7]. The relative abundances of the mRNA,
isoforms and mRNA, were determined by Northern blot analysis
{7, 47]. Aliquots of total RNA (20 ug) from hypothyroid and
hyperthyroid rats were electrophoresed in adjacent lanes in repli-
cate agarose gels, as previously described [7]. The resulting blots
were hybridized with ~5 x 107 cpm of full-length rat cDNA,,,
c¢DNA,,, cDNA,;, and cDNB; [40, 41, 52], nick-translated to
near-equivalent specific activity of ~5 x 108 cpm/ug DNA. Blots
were washed under high stringency and quantified as described
previously {7]. In cases where blots were probed for a second

time, filters were washed X2 for 15 min each in a solutton con-
taining (in mm): 15 NaCl, 1 NaH,PO,, and 0.1 EDTA at 95°C,
and exposed to film before use.

STATISTICAL ANALYSIS

The data are presented as the mean + seM. P values were calcu-
lated by Student’s two-tailed unpaired ¢ test [42]. In time-course
experiments where more than one set of measurement was
made, statistical significance was determined by analysis of vari-
ance [42].

Results

In previous studies using the hypothyroid rat
model, we found that T increased total RNA (ex-
pressed per gram of tissue) and RNA/DNA ratios in
liver, kidney cortex, and ventricular myocardium
[7, 11]. In the case of the ventricle, T; increased the
RNA/g wet weight and decreased the DNA/g wet
weight such that the RNA/DNA ratios increased by
1.3-and 1.6-fold at 24 and 72 hr, respectively {7]. To
establish a common reference base for comparisons
of Na,K-ATPase activity, we measured the protein
and DNA content of ventricular myocardium (Table
1). The protein content (expressed per g wet weight)
showed no significant change at either 24 or 72 hr
after Ts. There was, however, a 1.5-fold increase in
the mass of the isolated ventricle 72 hr after treat-
ment of hypothyroid rats with the hormone (from
0.40 = 0.03 to 0.60 = 0.04 g wet weight; P < 0.05,
n = 6). The protein to DNA ratio was unchanged at
24 hr after Tj injection, and increased 1.2-fold at 72
hr. The previously reported increases in myocardial
RNA/DNA ratios following 24 and 72 hr of T treat-
ment [7] are also included in Table 1 for compari-
son.

Administration of maximal doses of T; for 72 hr
elicited a 1.6-fold increase in total Na,K-ATPase
activity in ventricular membrane fractions from 9.3
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Table 2. Effect of T; on high- and low-ouabain-sensitivity Na,K-ATPase activity

Thyroid status Total activity High-sensitivity

Low-sensitivity

Vmax KI X 10—7 Vmax KI X 1074
Hypo 93x04 0.47 £ 0.05 3207 8.8 = 0.4 1+0.1
Hypo + T; 150 = 1.1# 1.50 + 0.202 3+05 13.5 £ 1.02 0.9 = 0.1

Hypothyroid rats were treated daily with diluent or T; for 72 hr. Na,K-ATPase activities were deter-
mined as described in Materials and Methods, and are expressed as umol P,/hr/mg protein (mean =

SEM; n = 6).

The K, values were derived by nonlinear curve fitting of the data shown in Fig. 1.
2 Denotes P < 0.05 as compared to diluent-injected hypothyroid (Hypo) controls.

to 15 activity units' (Table 2). Expressed per unit
DNA, the increment in Na,K-ATPase activity is
1.9-fold, assuming that the recovery of microsomal
membrane protein is independent of thyroid status.
Although the recovery of membrane fractions were
not quantitated in the present study, the above as-
sumption is supported by the finding of equivalent
Ts-induced augmentation of Na,K-ATPase activity
in crude homogenates and isolated membranes of
rat heart [33].

The effect of T; on expression of the enzyme
activity exhibiting ‘‘high’’ and ‘‘low’” K; values to-
wards cardiac glycosides was then assessed. The
sensitivity of Na,K-ATPase to inhibition by ouabain
in hypo- and hyperthyroid membrane fractions was
analyzed by curve fitting to a two-site inhibition
model, as previously described [34]; the results are
shown in Fig. 1. In hypothyroid ventricles the two-
site model gave a minor component (5 = 2%) exhib-
iting a ouabain K; of 3 X 1077 M and a major compo-
nent with a K; of 107* M. Administration of T;
increased the proportion of the high-sensitivity (low
K;) form of the enzyme to 10 = 2% without any
change in either of the K;'s. Also shown in Fig. 1
are the predicted inhibition profiles for a single-site
inhibition model with a K; of 10~* M (dotted lines).
The derived numerical values of the Na,K-ATPase
activities associated with each site and their respec-
tive K;’s from hypo- and hyperthyroid membranes
are summarized in Table 2. T; elicited a 3.2-fold
increase in the high-ouabain-sensitivity Na,K-
ATPase activity (i.e., from 0.47 to 1.50 units) while
the low-ouabain-sensitivity enzyme increased by
1.5-fold (i.e., from 8.8 to 13.5 units) and accounted
for most of the absolute increment in Na,K-ATPase
activity. Although there was a 1.2-fold increase in
the tissue protein/DNA ratio after 72 hr of T; treat-
ment, this change does not affect the relative activi-
ties of the high- and low-sensitivity forms of the
enzyme in the hypo- and hyperthyroid ventricles.

! Activity unit = pmol Pi/hr/mg protein.

To ascertain whether stimulation of the high-
sensitivity Na,K-ATPase is due to an increase in
the abundance of enzyme sites, ouabain-binding as-
says were performed on hypo- and hyperthyroid
myocardial membrane fractions (Table 3). To count
only the high-ouabain-affinity sites, [*H]ouabain
concentrations were used (up to 1.2 X 1076 M) that
would occupy only a maximum of 1% of the low-
affinity sites. In the ouabain concentration range of
0.5 to 12 x 1077 M, linear Scatchard plots (single-
site dominance) were obtained. The 2.9-fold incre-
ment in maximal high-affinity ouabain-binding sites
was similar to the 3.2-fold increase in high-sensitiv-
ity Na,K-ATPase activity (Table 2). Based on the
Na,K-ATPase activity and ouabain-binding data,
the catalytic turnover number of the high-ouabain-
sensitivity site was 4100 and 4500/min for hypo- and
hyperthyroid myocardium, respectively.

To assess the relative abundance of Na,K-
ATPase a-subunit mRNA isoforms and B-subunit
mRNA, full-length rat a-subunit isoform-specific
c¢DNAs and ¢cDNA; were used in Northern blot
analysis [40, 41, 52]. In hypothyroid ventricle
mRNA,,; was the predominant a-isoform expressed
(migrating at ~27 S); much smaller amounts of «2-
mRNA with its characteristic bands migrating at
~35 and ~26 S were detected (Fig. 2). No mRNA;
was detectable in the adult rat myocardium, in ac-
cordance with previous reports [32, 51]. mRNAg
was expressed in the hypothyroid myocardium in
lesser quantities than mRNA,;. Because of the
lower abundances of mRNA,, and mRNA,, longer
exposure times were necessary to visualize the cor-
responding bands. The relative abundances of a-
subunit-mRNA isoforms and mRNA in the hypo-
thyroid ventricle are summarized in Table 4.
mRNA,; abundance was ~sevenfold greater than
that of mRNA,, with the latter comprising 12% of
the mRNA, pool. The abundance of mRNA; was
~16% of the combined abundances of the a-mRNA
isoforms.

Administration of T; for 72 hr increased the
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Fig. 1. Effect of thyroid status on the sensitivity of ventricular
Na,K-ATPase activity to ouabain. Ventricular membrane frac-
tions isolated from hypothyroid (O—Q) and 72-hr Ti-treated
(@—@) rats were preincubated in triplicate at various concentra-
tions of ouabain for 2 hr and then assayed for Na,K-ATPase
activity in the presence of these concentrations of ouabain. AT-
Pase activity, at each ouabain concentration, was calculated as
the fraction of total Na,K-ATPase activity. The activity in the
absence and presence of 1071 M ouabain were not different from
each other and were averaged and normalized to 1.00 (the refer-
ence Na,K-ATPase activity was that of the hypothyroid myocar-
dium). Total Na,K-ATPase activity of hypothyroid myocardium
was 9.3 + 0.4 pmol P;/hr/mg protein. T; administration increased
Na,K-ATPase activity by 61% (i.e., to 15.1 = 1.1 umol Pi/hr/mg
protein; normalized to 161% in the figure). The dotted lines rep-
resent the activity profile for a single-site inhibition model with a
K, of 104 M. The data are expressed as mean * SEM (n = 6)

abundances of mRNA,;, mRNA,,, and mRNA;; to
varying extents, while mRNA,; remained undetect-
able (Fig. 2). Of note was that the increments in
mRNA,,; and mRNA, both exceeded the increase in
mRNA,; abundance. The abundances of mRNA,,,
mRNA,;, and mRNA; (expressed per unit RNA)
measured from replicate Northern blots increased
significantly by 3.6-, 10.6-, and 12.7-fold, respec-
tively, following T; treatment (Table 5); the respec-
tive Ts-induced values are 1.6-fold greater if the
mRNA abundances are corrected for the increase in
tissue RNA/DNA ratio after 72 hr of T; treatment
[7]1 (see Table 1). In the hyperthyroid ventricle
mRNA (expressed per unit RNA or per unit DNA)
increased to ~45% of the combined abundances of
a-subunit-mRNAs (as compared to ~16% in the hy-
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Table 3. Effect of thyroid status on the number and affinity of
high-affinity *H-ouabain-binding sites in rat ventricular mem-
branes

Thyroid status Ngax K; x 1077 [M]
(pmol/mg protein)

Hypo 1.9 0.2 1.9 = 0.3

Hypo + T, 5.5 0.3 1.6 + 0.3

Ventricular membranes isolated from hypothyroid and 72-hr Ts-
treated rats were incubated for 2 hr in duplicate in buffer contain-
ing various concentrations of [*H]-ouabain (0.5 to 12 x 1077 m).
Specific ouabain-binding was determined as the difference in the
radioactivity bound in the absence and presence of 1073 M nonra-
dioactive ouabain. Ny, and K, represent maximal binding capac-
ity and dissociation constant, respectively, and are given as
mean * SEM (n = 5).

The number of sites (Nmax) was corrected for binding of *H-
ouabain to the low-affinity-sites (see Materials and Methods).

2 Denotes P < 0.05 as compared to diluent-injected hypothyroid
(Hypo) controls.

Table 4. Relative abundance of mRNA,, isoforms and mRNA; in
hypothyroid rat ventricle

Na,K-ATPase subunit mRNA Relative abundance?

mRNA, 7.2+ 1.0
mRNA,, 1.0 = 0.1
mRNA,; undetectable
mRNA, 1302

2 The relative abundance of the Na,K-ATPase subunit mRNAs
was normalized to that of mRNA,,,. Twenty-five ug of total RNA
isolated from hypothyroid ventricles was fractionated on agarose
gels in duplicate lanes and the resulting blots hybridized with
subunit-specific cDNAs, as described under Materials and Meth-
ods. Values represent = SEM; n = 5.

al az2 a3 B

285-
-

188~ -188

dil Ty dil Ty dil Ty dil Tg

Fig. 2. Na,K-ATPase mRNA, isoforms and mRNA; in ventricu-
lar myocardium of hypo- and hyperthyroid rats. RNA was iso-
lated from heart ventricles of rats treated either with diluent (dil)
or T, for 72 hr. Equal amounts of total RNA (20 ug) were loaded
in each lane, and the resulting blots hybridized with full-length
c¢DNA,; and cDNA, nick-translated to equivalent specific ac-
tivity (~5 X 10% cpm/ug DNA). The positions of 28- and 18-S
ribosomal RNA are shown
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Table 5. Effect of thyroid status on the abundance of myocardial Na,K-ATPase mRNA_, isoforms and

mRNAB

Thyroid status

Na,K-ATPase subunit mRNA content

mRNA,, mRNA,; mRNA_; mRNA,
Hypo 1.0 = 0.1 1.0 £ 0.2 Undetectable 1.0 £0.1
Hypo + T; 3.6 £ 0.4 10.6 = 2.42 Undetectable 127+ 178

RNA was isolated from hypothyroid rats injected daily with either diluent (Hypo) or T, for 72 hr. Total
RNA was fractionated in agarose gels, hybridized with full-length cDNA,; and cDNA; and quantitated
by densitometry. The blots were washed, as described under Materials and Methods, and then hybrid-
ized with full-length cDNA,, and cDNA,;. The effect of T; on each mRNA species is expressed as the
ratio to the mean of the hypothyroid values normalized to 1.0. Values are given as mean * SeM; n =

12.

2 Denotes P < 0.05 as compared to diluent-injected hypothyroid controls.

pothyroid heart), and mRNA,, comprised 29% of
the mRNA, pool. »

The time course of the increases in myocardial
Na,K-ATPase mRNAs following T; injection are
shown in Fig. 3. Although both mRNA,, and
mRNAg abundances were augmented 3 hr after T,
injection, only the increment in mRNA,,; abundance
(+74%) was statistically significant. The abun-
dances of all three mRNA species were significantly
increased both at 12 and 24 hr after T; treatment.

Because more than one mRNA species (differ-
ing in the 5’-upstream and 3’-downstream untrans-
lated regions) encodes each of the o2 and 8 subunits
of the Na,K-pump in the myocardium [40, 41, 51,
52], it was of interest to examine whether T; in-
creases the abundance of the multiple forms of
these mRNAs to the same extent. The mRNA en-
coding the a2 isoform of Na,K-ATPase migrates in
two bands, as described previously [40, 51], with
the lower ~26-S mRNA band comprising 41 = 2%
of the total mRNA; pool (n = 4) (Fig. 4). Twelve hr
after injection of the hormone, the abundance of
mRNA,, was increased 2.1-fold without signifi-
cantly changing the relative abundance of the two
mRNAs species. Figure 5 shows the Northern blot
of myocardial RNA probed with cDNA;. mRNA,
in hypothyroid myocardium exhibits three bands
migrating at ~22, ~20, and ~17 S, that account for
31 = 3%, 38 = 4%, and 32 * 2% of the total mMRNA,
pool, respectively. Also seen in the figure is some
cross-hybridization with a ~28 S band, presumably
that of ribosomal RNA (this additional band is ob-
served in blots washed at lower stringency [35]). T;
treatment for 12 hr produced a 5.9-fold increase in
the abundance of total mRNAg pool. The incre-
ments in the abundances of the three bands were
not proportionate: the 22, 20, and 17 S bands now
accounted for 47 = 2%, 26 = 2%, and 27 + 1% of
the total mRNAg pool, respectively (n = 4); the

changes in the proportions of the ~22 and ~20 S
bands were statistically significant (P < 0.53). Al-
though the different mRNAj species encode the
same fB-polypeptide [52], the physiological signifi-
cance of differential regulation of each species by T;
remains unclear.

Discussion

Recent evidence indicates that expression of
Na,K-ATPase mRNA,; and mRNA,, isoforms is
associated, respectively, with low- and high-sensi-
tivity of the enzyme to ouabain [26, 44, 45, 51].
Tissues of the rat that nearly exclusively express
the mRNA,,; isoform of the enzyme (e.g., renal cor-
tex, liver and liver-derived cells in culture) manifest
a single class of low-sensitivity sites with K,’s of 2
X 1073 to 10=* m, while tissues expressing both
mRNA,, and mRNA,; isoforms exhibit biphasic in-
hibition of Na,K-ATPase activity; the K; of the
high-ouabain-sensitivity site is ~2 x 1077 M 15, 18,
26, 31, 44, 45]. Transfection of rat cDNA,, into oua-
bain-sensitive primate cells in culture conferred the
ouabain-resistance trait to the recipients [20], con-
sistent with expression of the low-ouabain-sensitiv-
ity of the al isoform of the enzyme. And, gene
transfer and expression of an avian ¢cDNA,, (associ-
ated with a high affinity towards ouabain) in oua-
bain-insensitive mouse L cells elicited ouabain-sen-
sitive Na,K transport in the transfectants [46].
Na,K-ATPases containing al or both «1 and «?2 iso-
forms, exhibit correlative differences in sensitivity
to ouabain [14, 15, 26, 32, 44, 46, 48, 51]. Our find-
ings indicate that T; induction of mRNA,, (>10-
fold) is more than sufficient to account for the
~threefold increment in the high-ouabain-sensitiv-
ity sites. Alpha isoform composition alone, how-
ever, is not an absolute determinant of the K; for
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Fig. 3. Time course of the effect of T; on myocardial mRNA,;,
mRNA,; and mRNA, abundances. Three, 12 and 24 hr following
treatment with either T; or diluent, rats were sacrificed and RNA
isolated from ventricular myocardium. The abundances of the
corresponding mRNAs were measured by electrophoretic frac-
tionation and Northern blotting of total RNA samples and
probed with the respective cDNAs. The abundances were deter-
mined by densitometry, corrected for time of exposure to the
film [7], and are expressed as the ratio of the value for each
sample from T;-treated rats to the mean abundance of the sam-
ples obtained from diluent-treated rats at the indicated time
points. n = 5 for each of the groups at 3 hr; n = 4 and 6 for
diluent- and Ts-treated groups, respectively, at 12 hr; and n = 9
for the 24-hr groups (means = Sem). The abundance of mRNA,
was significantly increased at 3 hr, while the abundances of all
three subunit mRNAs were increased at 12 and 24 hr. Statistical
significance is denoted by the asterisks (*)

ouabain. For example, the rat renal cortex has a K;
of ~2 x 107 M, as compared to a K; of ~10~% M in
rat liver, although both contain the al isoform al-
most exclusively [15, 19, 51].

The expression of both mRNA,; and mRNA,,,
and the corresponding polypeptides of Na,K-
ATPase, in normal adult rat ventricle [5, 6, 51]
raised the possibility of differential regulation of
these isoforms by T5. In analyzing the response to
T;, we elected to examine the full transition from
hypo- to hyperthyroidism. T; treatment for 72 hr
increased total Na,K-ATPase activity of the ven-
tricular myocardium 1.6-fold, in accordance with
results reported previously [7, 33]. The low-oua-
bain-sensitivity form increased 1.5-fold, while the
high-ouabain-sensitivity enzyme increased 3.2-fold
(Fig. 1 and Table 2). Preferential stimulation of the
high-sensitivity activity, presumably that of the a2
isoform, correlated with an increased number of
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Fig. 4. Expression of myocardial mRNA,; in diluent- and T
treated hypothyroid rats 12 hr following T injection. RNA was
isolated from ventricles 12 hr after diluent or T; administration.
Twenty ug of total RNA was loaded per lane, and the resulting
blot hybridized with full-length ¢cDNA,,. Dif and T; denote di-
luent- and T;-treated rats. The positions of the 28 and 18 S ribo-
somal RNA are shown. The experiment was performed two
times in duplicate as shown in the left and right panels
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Fig. 5. Expression of myocardial mRNA, in diluent- and Ts-
treated hypothyroid rats 12 hr following T; injection. Conditions
are those described in the legend to Fig. 4, except that electro-
phoresis was continued for a longer period to obtain further sepa-
ration of the RNA bands, and the resulting blot was probed with
¢DNA;. The positions of 28 and 18 S ribosomal bands are
shown. Some cross-hybridization is seen with an RNA band mi-
grating at 28 S (presumably that of ribosomal RNA). Dil and T;
denote diluent- and Ts-treated rats

high-affinity ouabain-binding sites (2.9-fold), vield-
ing no significant change in the calculated catalytic
turnover of ~4000-4500/min for this site (Table 3).
These turnover numbers are similar to the value of
~4500/min reported for the high-ouabain-sensitiv-
ity site in diaphragms of hypothyroid and T;-treated
rats [13]. In a recent study, Haber and Loeb re-
ported a selective induction of the high-ouabain-af-
finity isoform of Na,K-ATPase in rat diaphragm fol-
lowing T; treatment [13]. They noted that while the
high-ouabain-affinity enzyme activity (presumably
a2) accounted for ~% of the total activity in hypo-
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thyroid muscle, the activity and the number of oua-
bain-binding sites attributable to this site was selec-
tively increased some ~2.5-fold in the hyperthyroid
state. In the developing rat neonatal brain, how-
ever, hypothyroidisim reduced the expression of
both the high- and low-ouabain-affinity forms of the
enzyme [38]. These findings imply that differential
regulation of the high-affinity form by T; may be
tissue specific.

The abundance of mRNA,, (expressed per unit
RNA) in hypothyroid rats treated with T; for 72 hr
increased 3.6-fold while that of mRNA,, increased
by greater than 10-fold (Table 5). We have also ob-
served a preferential induction of &2 in rat skeletal
muscle Na,K-ATPase mRNAs [17]. Of interest is
the finding that in rat tissues expressing nearly ex-
clusively a single « isoform (such as liver and renal
cortex expressing al), T; did not appear to induce
the expression of other mRNA, isoforms (unpub-
lished observations). Moreover, the Na,K-ATPase
mRNA,; isoform which is not present in the adult
rat ventricle remained undetectable following T;
treatment. Thus in contrast to the effects of T; on
the expression of the myosin heavy chains [36], Tz
did not act as an absolute molecular ‘‘switch’” in the
expression of the Na,K-ATPase «-subunit iso-
forms. In the heart, liver, kidney, and skeletal mus-
cle, our results indicate that T; augmented only the
constitutively expressed « isoforms, and in cardiac
and skeletal muscle, the «2 isoform is induced
markedly and preferentially by T; (Table 5) [11, 17].

In this study no attempt was made to separate
the various cell types present in the myocardium
prior to analysis. Both the a1 and a2 Na,K-ATPase
isoforms are present in preparations of adult rat car-
diac myocytes isolated by tissue disruption and dif-
ferential centrifugation [5]. It is thus probable that
the preferential stimulation of the a2-isoform de-
scribed herein reflects the enhanced expression of
this enzyme isoform in cardiac myocytes. Recent
studies have implicated the role of high-ouabain-
sensitivity Na,K-ATPase sites in the positive iso-
tropic effect of digitalis glycosides in rat myocar-
dium [1, 12, 29}, while inhibition of the
low-ouabain-sensitivity site correlates with toxic ef-
fects of these agents [4, 10]. If we postulate that the
number of uninhibited high-sensitivity ouabain-
binding sites is of importance in the inotropic re-
sponse, then the preferential induction of the «2
Na,K-ATPase isoform by T; would necessitate a
higher concentration of ouabain to leave free the
same number of uninhibited sites, and could explain
in part the increased sensitivity of hypothyroid and
the decreased sensitivity of hyperthyroid myocar-
dium to the therapeutic effects of cardiac glycosides
{4, 10].
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Na,K-ATPase isolated to near-homogeneity
from various sources is composed of equivalent
amounts of « and B8 peptide subunits [19]. One of
the striking findings of the present study is the lack
of equivalence in the abundances of mRNA, and
mRNA; under the various thyroid states examined.
In the hypothyroid steady state, the ventricular
myocardium contained ~sixfold more mRNA,, (to-
tal of «1 and «2) than mRNAg. The increments in
both the enzyme activity and mRNA,,; abundance in
myocardial tissue appear to reach near-steady-state
values at 72 hr after daily administration of recep-
tor-saturating doses of Ts [7, 30, 33]. In the hyper-
thyroid ventricle, despite the very large (12.7-fold)
increment in mRNA, content, the abundance of to-
tal mRNA,, still exceeded mRNAg by ~twofold.

Orlowski and Lingrel [32] recently reported that
in the euthyroid adult rat myocardium the abun-
dance of mRNAj exceeds the combined abun-
dances of the mRNA, isoforms by ~55%. These
findings taken in the context of our results, raise the
possibility of discontinuities in the transition from
the hypo- to eu- to hyper-thyroid states in the
myocardium, i.e., differential induction of the 8
subunit (relative to @l and «2) in the transition from
hypo- to euthyroidism, and differential induction of
the « isoforms relative to that of 8 in the transition
from eu- to hyperthyroid state. Alternatively, tech-
nical errors in quantifying the relative abundances
of the « and B8 subunit RNAs may also have to be
considered. Of note is that Orlowski and Lingrel
used subunit-specific molecular fragments as probes
while we used full-length cDNA probes. In other
related experiments (unpublished observations) and
as is also seen in Fig. 2, using our hybridization and
wash conditions no cross-hybridization between the
probes and the related isoform mRNAs was de-
tected.

In addition to the inequality in the abundances
of subunit mRNAs, there is also a striking discrep-
ancy between the Ti-induced increment in mRNA
abundance versus increases in enzyme activity.
Both types of discrepancies have been noted in pre-
vious studies in various rat tissues as well as in
cultured cells, suggesting translational and/or post-
translational control of e and B subunit contents [7,
9, 11, 35]. Recently a putative isoform of the 8 sub-
unit of Na,K-ATPase has been .cloned and se-
quenced, and the corresponding cDNA hybridizes
to RNA isolated from rat myocardium [27]. The ex-
pression of this putative isoform may account for
some of the nonequivalence between the « and B
subunit mRNA abundances in the myocardium, but
not for the discrepancy between increases in
mRNA abundances versus enzyme content.

The abundances of mRNA,;, mRNA,,, and



G.G. Gick et al.: T; Induction of Myocardial Na,K-ATPase

mRNA; significantly increased between 3 and 12 hr
following injection of the hormone (Fig. 3); at 3 hr,
mRNA,, content was higher than that of diluent-
treated controls, while at 12 hr, all three mRNAs
were increased in abundance. It is important to note
that the Ts-induced augmentation in myocardial
Na,K-ATPase subunit mRNA abundances shown in
Fig. 3 precedes the increment in cardiac
Na,K-ATPase activity and changes in Na® and K~*
concentrations reported previously in the same hy-
pothyroid rat model [33]. The fractional increments
in the three mRNAs were not equal at 12 and 24 hr,
perhaps reflecting the approach of each mRNA to a
different ‘‘steady-state’” value at 72 hr of T; treat-
ment (Table 4). A complete analysis of the kinetics
of accumulation of the mRNAs would require a
knowledge of the rates of synthesis and degradation
of each species during the approach to the new
steady state. Previous studies on thyroidal regula-
tion of Na,K-ATPase gene expression in rat renal
cortex and liver implied that the Ts-induced incre-
ments in mRNA abundance are mediated both at
transcriptional and post-transcriptional levels [11].
The roles of gene transcription and post-transcrip-
tional processing of « isoform and 8 mRNAs in re-
sponse to T in the heart remain to be defined.
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