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Isoform-S

pecific Modulation of Na*,K*-ATPase

a-Subunit Gene Expression in Hypertension

VicTtoriA L. M. HERRERA, ARAM V. CHOBANIAN,

NELsON Ruiz-Oprazo

Sodium, potassium—adenosine triphosphatase (Na*,K*-ATPase) is hypothesized to be
involved in systemic vascular hypertension through its effects on smooth muscle
reactivity and myocardial contractility. By means of RNA blot analyses of cardiac,
aortic, and skeletal muscle RNAs in two rat hypertensive models, Na*,K*-ATPase a-
subunit messenger RNA isoforms (a2 and «3) were shown to be deinduced in
response to increased intravascular pressure. The changes were observed after 48 hours
or more of experimental hypertension. Under these conditions, there is coordinate
induction of another a isoform (al) and of B-subunit messenger RNAs, probably in
response to alterations in sodium flux rather than to elevated blood pressure.

HE NA-, K-DEPENDENT ADENOSINE

I triphosphatase ~ (Na*,K*-ATPase)
maintains the Na* and K* electro-
chemical gradient across the cell membrane
to which is coupled other vectorial transport
mechanisms important for cell homeostasis
and specialized functions (1). Because
Na*,K*-ATPase maintains the Na* gradi-
ent, this enzyme has been hypothesized to
be involved in the pathogenesis of hyperten-
sion through its effects on vascular smooth
muscle reactivity (2-4) and myocardial con-
tractility (5). Conflicting data have been
reported regarding changes in Na*,K*-
ATPase activity in various types of experi-
mental and human hypertension (6, 7). At
least three a-subunit isoforms, al, a2, and
a3 (a, at, alll) (8) have been characterized
in rats (8, 9) and humans (10). These iso-
forms have a complex pattern of expression
(9, 11) and significant functional diversity
(12, 13). Identification of isoform-specific
differential regulation of expression during

Section of Molecular Genetics, Cardiovascular Institute,
Boston University Medical Center, Boston, MA 02118.
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hypertension could give insight into the
roles of the isoforms and the molecular
mechanisms involved in hypertension.

We therefore have analyzed Na* ,K*-
ATPase a- and B-subunit mRNAs in differ-
ent tissues during hypertension in two rat
models—rats uninephrectomized and treat-
ed with deoxycorticosterone (DOC)-salt
(14) and rats infused with angiotensin-II (A-
II) for short periods (15) (Table 1). RNA
blot analyses of Na*,K"-ATPase mRNA
were done with RNA from aortic, cardiac
left ventricular, and skeletal muscle from
hypertensive and control rats. In aorta, a
two- to threefold increase (16) in amounts
of a1-subunit mRNA was noted only in rats
treated with DOC-salt (Fig. 1A) and per-
sisted from 2 to 8 wecks of DOC-salt ad-
ministration. The amounts of aortic al
mRNA in normotensive, uninephrecto-
mized rats treated with DOC-low salt
(DOC-LS) were equivalent (16) to those in
uninephrectomized controls, thus eliminat-
ing the possibility that our results were due
to an up regulation of al mediated by
DOC. The al mRNA in aortas from the

hypertensive rats treated with A-II for short
periods, however, did not show any up
regulation (16) as compared to aortas from
control normotensive rats infused with A-II
medium (acetic acid, 0.01N) or with
subpressor doses of A-II (Fig. 1B, C1 and
C2, respectively). These results along with
the twofold increase (16) in al mRNA in
the skeletal muscle of hypertensive rats treat-
ed with DOC-salt (Fig. 2) demonstrate that
the al up regulation is not a direct response
to increased intravascular pressure. This al
up regulation is not a nonspecific phenome-
non, since the amounts of mRNA of other

A DOC-salt B
2 weeks 8 weeks

B-actin > "

Fig. 1. Na*K*-ATPase «- and B-subunit
mRNAEs in aortas from hypertensive rats. (A) The
mRNA of Na*,K*-ATPase subunits a1, a2, and
B (a3, none detected) were analyzed in separate
RNA blots with equivalent amounts of total
cellular RNA derived from pooled aortas from
hypertensive, uninephrectomized rats treated
with DOC-salt (H), control uninephrectomized
rats (Cl), and control normotensive DOC-LS
rats (C2). As a control, B-actin mRNA was also
detected. The specific hybridizing bands to the
respective probes are indicated by arrowheads.
Two hybridizing bands are detected in a2 and B,
representing two sizes of mRNAs with different
lengths of 3'UT generated by differential utiliza-
tion of polyadenylation signals (8, 21). (B)
Na*,K*-ATPase a-subunit mRNAs, al and o2,
were analyzed in aortic total cellular RNA from
rats made hypertensive by 1-week intraperitoneal
A-II infusion. C1, control normotensive rats with
pump implanted to infuse medium. C2, control
normotensive rats with subpressor dose of A-II
infused (75 ng/min). H, hypertensive rats with
pressor dose of A-II infused (200 ng/min). Specif-
ic hybridizing bands to respective probes are
noted with arrowheads. Total cellular RNA wag
isolated from pooled aortic samples (» = 3) and
RNA blots were done (9). Random-primed 32P-
labeled cDNA probes were prepared (22) and
represented comparable amino acid coding re-
gions: al, 5' untranslated region (UT)-3'UT;
a2, amino acid 27 to 3'UT; a3, amino acids 10 to
940 (23); B, 5'UT-3'UT (24); B-actin 5'UT-
3'UT. Under stringent hybridization and wash-
ing conditions (9), the a-subunit cDNA probes
used do not cross-hybridize with each other.

REPORTS 221



genes such as a tropomyosin and B-actin did
not show any change (Fig. 1A). Further-
more, the increase is tissue-specific because
the al mRNA in the left ventricle also
remained unchanged (16) (Fig. 3A).

To investigate possible modulation of
expression of 2 and a3, we then analyzed
aortic and left ventricular RNA blots. We
used the same preparation of mRNA and
the same procedures as we used for al
analysis. The mRNA of a2 shows a 3- to 15-
fold decrease (16) in aortic samples from
hypertensive animals, whether treated with
DOC:-salt or short-term with A-II (Fig. 1, A
and B). Similarly, we also detected a marked
a2 down regulation, 3- to 15-fold (16), in
the left ventricle of hypertensive rats—both
in hypertrophied [increased left ventricular
wet weight, including interventricular sep-
tum, to body weight ratio X 1000

Fig. 2. Na*K*- DOC-salt
ATPase a- and B-sub- 2 weeks
unit mRNAs in skele- —
tal muscle in hyper-

tensive rats treated 85
with DOC-salt. Na™*,

K*-ATPase  a-sub-

unit isoforms al, a2
(a3, none detected),

(LV/BW) ratio] and nonhypertrophied
[equivalent LV/BW ratio as in controls] left
ventricular myocardial samples (Table 1 and
Fig. 3, A to C). Aortas and left ventricles
from hormone-treated but nonhypertensive
rats (DOC-LS or subpressor A-II) did not
show this down regulation (Figs. 1B and
3B). These data suggest that the a2 down
regulation in the left ventricular myocardi-
um and aorta is elicited by increased intra-
vascular pressure. Consistent with this hy-

Fig. 3. Na* K*-ATPase
a- and B-subunit mRNAs
in hypertensive rat left
ventricular myocardium.
(A) Subunit isoforms al,
a2, and a3 mRNAs were
analyzed in three separate
RNA blots of total cellular
RNA from a rat treated
with DOC-salt for 8
weeks (Table 1). H, hy-

&3 B -

B DOC-salt
2 weeks

A DOC-salt (8 weeks)

pothesis, the skeletal muscle, which is not
exposed directly to increased blood pressure,
did not show this down regulation in the
hypertensive rats treated with DOC-salt
(Fig. 2). The mRNA of a3, which has an
unknown function, is not detected in aorta
or in hearts of young adult rats (13 weeks
old) (9, 11). In hearts of older rats (19 weeks
old), however, ®3 mRNA is detected and is
also found to be decreased threefold (16) in
the left ventricular myocardium of hyperten-

Gl H Ci1 H
- -
=
C A-ll

pertrophied left ventricle
from a 19-week-old hyper-
tensive rat treated with
DOC-salt; C1, normal left
ventricle  from  age-
matched control unineph-
rectomized rats. We used
the same preparation of
mRNA and the same pro-
cedures for both. Specific

and B-subunit mRNAS hybridizing bands to re- © > | BE Qggg
were analyzed in three spective cDNA probes are SRS : L
separate RNA blots of noted (arrowheads). (B) The mRNAs of a2 and B were analyzed in two separate RNA blots of total
equivalent amounts of cellular RNA from individual rat left ventricle (n =5, two of each group shown here) in the

total cellular RNA
from skeletal muscle
(gluteus muscle group)
of a hypertensive rat
treated with DOC-
salt (H), a control uni-
nephrectomized nor-
motensive rat (Cl) and a control normotensive
rat treated with DOC-LS (C2). We used the same
preparation of mRNA and the same procedures
for all three. Specific hybridizing bands to
respective cDNA probes are indicated by arrow-
heads.

hypertensive rats treated with DOC-salt (H) for two periods of induction, 2 weeks (13-week-old rats)
and 8 weeks (19-week-old rats) (Table 1). We used the same preparation of mRNA and the same
procedure as before. Cl1, control uninephrectomized rats; C2, control normotensive rats treated with
DOC-LS. Specific hybridizing bands to respective cDNA probes are noted with arrowheads. No
hybridizing band to a3 cDNA probe was detected in the 13-week-old rats treated for 2 weeks with
DOC-salt (data not shown). (C) In the A-II model, Na*,K*-ATPase subunit mRNAs, al, a2 (a3 not
detected), and B, were analyzed in three separate RNA blots of total cellular RNA obtained from
nonhypertrophied left ventricle from individual (# = 4, two shown) hypertensive rats (H) (infused for
48 hours with A-II, see Table 1). We used the same preparation of mRNA and the same procedure as
before. Specific hybridizing bands to respective probes are indicated by arrowheads. Methods are
essentially as in Fig. 1, except that total cellular RNA was obtained from individual rat left ventricle
samples. Total cellular RNA from brains was used as a positive control in the determination of the
nondetectable levels of a3 in 13-week-old rat left ventricles.

Table 1. Physiological parameters of hypertensive and control rats. The hypertensive uninephrectomized rats treated with DOC-salt for 2 weeks (H), age-
matched control uninephrectomized rats (C1), and control uninephrectomized rats treated with DOC-LS (C2) were prepared as described (14) except that
slow-release DOC acetate pellets (100 mg per pellet, Innovative Research of America) were implanted subcutaneously in the hind leg; the pellets delivered ap-
proximately 1.5 mg of DOC per 100 g of body weight per day. The DOC-low salt (C2) group received regular drinking water instead of 1% saline. Blood
pressure measurements were obtained weekly by the tail cuff method (14). The hypertensive uninephrectomized rat treated with DOC-salt for 8 weeks (H)
and age-matched control uninephrectomized (C1) rats were prepared essentially as described (14) with 1.5 mg DOC per 100 g of body weight (subcutaneous
biweekly injections) and 1% saline drinking water for the hypertensive group. In the A-II model, hypertension was induced in some rats via intra-arterial (IA)
infusion of isoleucine®-angiotensin-II (Sigma Chemical) for 48 hours at a dose of 200 ng/min with direct daily arterial blood pressure measurements. In other
animals, A-II was administered by intraperitoneal (IP) infusion for 1 week by Alzet osmotic minipumps (Alza Corporation) (15) at 200 ng/min for the
hypertensive group (H) and 75 ng/min for the control subpressor group (C2). Angiotensin-II medium (0.01N acetic acid) was infused in another control
group (Cl). Blood pressure measurements were obtained daily by the tail cuff method (14) and are * standard deviation. #, number of rats; BP, blood
pressure; LV/BW, left ventricular wet weight (including interventricular septum) to body weight ratio X 1000 of the two animals per group whose left
ventricular RNA blots are presented.

DOC-salt model A-II model
Measure 2 weeks 8 weeks 48-hour IA infusion 1-week IP infusion
Cl C2 H Cl. H Cl H Cl C2 H
n 6 6 5 5 5 4 4 2 3 3
BP (mmHg) 117 (+10) 140 (£8) 220 (x15) 122 (+10) 170 (+10) 120 (£19) 168 (+5) 141 (x6) 131 (x15) 213 (x11)
LV/BW 21,21 22,22 3.0,3.2 1.7,1.9 3.0,2.7 21,20 21,22 2.3 23,22 24,23
222 SCIENCE, VOL. 241



sive rats after 8 weeks of DOC-salt treat-
ment (Table 1 and Fig. 3A).

This complex modulation of a-subunit
mRNA isoforms in hypertension raises a
question about the status of Na*,K'-
ATPase B-subunit mRNA expression. Al-
though all the biochemical properties of
Na™,K*-ATPase are localized to the a sub-
unit, the vectorial transport of ions is detect-
ed only in the intact o complex. We there-
fore assessed the amounts of § mRNA in the
aortic and left ventricular RNA blots. We
used the same preparation of mRNA and
the same procedures as we used for al
analysis. The B-subunit mRNA is modulat-
ed together with al mRNA. In the aorta,
where a 2- to 3-fold increase in a1 mRNA
and a 3- to 15-fold decrease in a2 mRNA
are noted, a 2-fold increase in B mRNA (16)
was detected (Fig. 1A). In skeletal muscle,
where the major o isoform, a2, does not
change and the minor o isoform, al, in-
creases twofold, an equivalent increase in -
subunit mRNA (16) was likewise detected
under stringent hybridization conditions
(Fig. 2). In the left ventricle, where the
amount of al mRNA does not change,
amounts of 3 mRNA likewise did not ap-
pear to change (16) (Fig. 3, B and C). Thus,
the parallel modulation of B and a1 mRNAs
suggests coordinate regulation of the B and
al genes.

These results provide evidence that hyper-
tension induces gene-specific modulation in
vascular and cardiac tissues. Furthermore,
the modulation of Na™,K*-ATPase is iso-
form-specific. The down regulation of the
amounts of a2 mRNA (and probably also
that of a3 in the left ventricle) in left
ventricle and aorta of hypertensive rats may
represent a deinduction of gene expression
elicited in response to stimuli from increased
intravascular pressure before development
of hypertrophy. This deinduction appears to
be closely related to pressure increments,
since it was detected in left ventricular sam-
ples of hypertensive rats that were infused
with A-II for 2 days (Table 1). The mecha-
nisms of transduction of a mechanical pres-
sor stimulus to a genetic response are un-
known. Because of similar findings in aortas
and skeletal muscle of hypertensive rats
treated with DOC-salt (Figs. 1A and 2), the
up regulation of al- and B-subunit mRNA
expression is clearly not pressure-related,
but could be secondary to alterations in Na*
flux induced by DOC-salt treatment; other
studies have documented increased Na™ in-
flux in these tissues (17, 18). The increase in
al mRNA correlates with increased vascular
Na® ,K*-ATPase activity in hypertensive
rats treated with DOC-salt (19, 20).

The increase in a1l mRNA may be in
response to an increase in Na® influx to
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maintain homeostatic levels of intracellular
Na*, and the decrease in the number of
Na* K*-ATPase mRNA molecules in the
left ventricle might be an adaptive process to
increments in vascular pressure. This de-
crease in Na*,K*-ATPase mRNA may un-
derlic a decrease in the number of Na*
pumps, which could be an endogenous
equivalent of a ouabain-induced Na*,K*-
ATPase inhibition resulting in cardiac ino-
tropy. These changes in amounts of mRNA
could represent transcriptional regulation,
although changes in mRNA stability cannot
be ruled out. Determination of the mecha-
nisms by which specific Na*,K*-ATPase a-
and B-subunit genes are modulated in hy-
pertension may provide insight into the
molecular mechanisms involved in the
pathogenesis or consequences of hyperten-
sion.
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Amyloid B Protein Precursor Is Possibly a Heparan
Sulfate Proteoglycan Core Protein

DAVID SCHUBERT, ROLLY SCHROEDER, MONIQUE LACORBIERE,

Tsunao SAITOH, GREG COLE

The amyloid B protein peptide is a major constituent of amyloid plaque cores in
Alzheimer’s disease and is apparently derived from a higher molecular weight
precursor. It is now shown that the core protein of a heparan sulfate proteoglycan
secreted from a nerve cell line (PC12) has an amino acid sequence and a size very
similar to those of the amyloid B protein precursor and that these molecules are
antigenically related. This amyloid B protein precursor—related protein is not found in
the conditioned medium of a variant cell line (F3 PC12) that does not secrete heparan
sulfate proteoglycan. The synaptic localization and metabolism of this class of
proteoglycans are consistent with its potential involvement in central nervous system

dysfunction.

ILAMENTOUS AMYLOID STRUCTURES
accumulate in the brain of patients
with Alzheimer’s disease (1), Down
syndrome (2), and a number of infectious
encephalopathies (3). In Alzheimer’s dis-
ease, areas of disorganized neuropil called
neuritic plaques surround a core of extracel-
lular amyloid. The core has two major com-
ponents, inorganic aluminosilicate (4) and a

protein of approximately 4000 daltons
termed [ protein (2) or A4 (5). On the basis
of a partial amino acid sequence of the
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