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ABSTRACT Three isoforms (a1, a2, and a3) of the
catalytic (a) subunit of the plasma membrane (PM) Na1

pump have been identified in the tissues of birds and mam-
mals. These isoforms differ in their affinities for ions and for
the Na1 pump inhibitor, ouabain. In the rat, a1 has an
unusually low affinity for ouabain. The PM of most rat cells
contains both low (a1) and high (a2 or a3) ouabain affinity
isoforms, but precise localization of specific isoforms, and
their functional significance, are unknown. We employed high
resolution immunocytochemical techniques to localize a sub-
unit isoforms in primary cultured rat astrocytes, neurons, and
arterial myocytes. Isoform a1 was ubiquitously distributed
over the surfaces of these cells. In contrast, high ouabain
affinity isoforms (a2 in astrocytes, a3 in neurons and myo-
cytes) were confined to a reticular distribution within the PM
that paralleled underlying endoplasmic or sarcoplasmic re-
ticulum. This distribution is identical to that of the PMNayCa
exchanger. This raises the possibility that a1 may regulate
bulk cytosolic Na1, whereas a2 and a3 may regulate Na1 and,
indirectly, Ca21 in a restricted cytosolic space between the PM
and reticulum. The high ouabain affinity Na1 pumps may
thereby modulate reticulum Ca21 content and Ca21 signaling.

The Na1 pump is a plasma membrane (PM) transport ATPase
that maintains low cytosolic Na1 and high K1 concentrations
in almost all animal cells. This pump is composed of het-
erodimers of two types of subunits, a and b, both of which
occur in multiple isoforms, at least in birds and mammals
(1–4). Glycosylated b may help to assemble and transport the
a subunit to the PM (5). The catalytic a subunit of this
transport protein contains the binding site for the selective
Na1 pump inhibitor, ouabain (1, 2). Isoforms of the a subunit
with high affinity (a2 and a3) and low affinity (a1) for ouabain
have been characterized; indeed, the ouabain affinities differ
greatly in a few species, including the rat (1, 2), where the IC50
is .10,000 nM for a1, and only 10–500 nM for a2 and a3 (1,
6). These isoforms also exhibit kinetic (ion affinity) differences
(1, 2, 7).
Both high and low ouabain affinity a subunits are up- and

down-regulated independently (3, 8, 9). The isoform-specific
differences in the ouabain-binding region, especially in a2 and
a3, are highly conserved in widely divergent species, but the
physiological significance of these isoforms is not understood
(4, 10).
Recent immunocytochemical studies have addressed the

issue of Na1 pump localization and have reached conflicting
conclusions regarding possible functional significance. Poly-
clonal antibodies (pAbs) raised against purified toad kidney
Na1 pump a were used to locate a subunits in smooth muscle

of the toad stomach (11). Labeling with this antiserum was
confined to PM overlying junctional sarcoplasmic reticulum
(SR), where it colocalized with the Na1yCa21 exchanger (11).
This fit the view that the Na1 pump plays an important role in
regulating intracellular Ca21 stores (12), but the apparent
paucity of Na1 pump molecules in other (extensive) PM
regions is puzzling. In contrast, a1 and a2 appeared to be
uniformly distributed in the PM of guinea pig and rat cardiac
myocytes, respectively, suggesting that there is not ‘‘a physio-
logically significant colocalization of Na1 pump isoforms with
Na1yCa21 exchangers in heart’’ (13). We employed antibodies
specific for the three a isoforms to examine this issue in rat
astrocytes, neurons, and arterial myocytes, and have obtained
a different result that provides a new perspective on the
possible function of the different isoforms.

MATERIALS AND METHODS

Primary Culture of Arterial Smooth Muscle Cells, Astro-
cytes, and Hippocampal Neurons. Myocytes were dissociated
and cultured from adult rat mesenteric artery (MA) (14).
Virtually all cultured MA cells crossreacted with antibodies
raised against smoothmuscle a-actin. Astrocytes were cultured
from the brains of day-old rats (15); purity was verified by
crossreactivity with antibodies raised against glial fibrillary
acidic protein. Hippocampal neurons were cultured from 17-
to 18-day-old rat embryos (16). All cells were grown on 12-mm
glass coverslips. MA cells and astrocytes were studied after
7–10 days in culture; neurons were cultured for 14–21 days
before use.
Isolation of MA Myocytes. Rat MA was dissected in Ca21-

free medium to prevent contraction. After removing adipose
tissue and adventitia, the arteries were incubated in culture
medium containing collagenase (2.5 mgyml) and washed in
physiological salt solution (PSS). Individual myocytes were
dispersed, by agitation, on coverslips coated with Cell-Tak
(Collaborative Biomedical Products, Bedford,MA). Following
adhesion ('45 min), the cells were fixed and immunolabeled.
The PSS contained: 140 mM NaCl, 5.9 mM KCl, 5 mM
NaHCO3, 2 mM MgCl2, 0.2 mM CaCl2, 0.05 mM EGTA, 11.1
mM glucose, and 10 mMHepes titrated to pH 7.4 with NaOH.
Immunoblotting. Membranes were prepared from cultured

myocytes, astrocytes and neurons, and fresh rat soleus muscle,
as described (14). Membrane proteins were separated by
SDSyPAGE and immunolabeled with antibodies raised
against specific a subunit isoforms (17).
Immunofluorescence Microscopy. Cells on coverslips were

fixed (45 min, 228C) with 0.45% (wtyvol) formaldehyde in: 75
mM cyclohexylamine (free base), 75 mMNaCl, 10 mMEGTA,
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10 mM MgCl2, and 10 mM piperazine-N,-N9bis (2-ethane
sulfonic acid) adjusted to pH 6.8 with HCl. The cells were then
immunolabeled (14). Nonspecific crossreactivity was blocked
(4 hr, 228C) with normal donkey or goat serum diluted 1:6 with
‘‘antibody buffer’’ (500 mM NaCly10 mM MgCl2y20 mM
NaN3y20 TriszHCl, pH 7.4). pAbs, diluted in antibody buffer,
were applied to coverslips (4–17 hr, 228C). The coverslips were
then washed, probed (4 hr, 228C) with diluted (1:500 in
antibody buffer), affinity-purified secondary antibodies la-
beled with the appropriate fluorochrome (Jackson Immu-
noResearch), and washed again in antibody buffer. When
monoclonal antibodies (mAbs) were used, cells were fixed for
45 min with periodate-lysine-paraformaldehyde [50 mM, 100
mM, 1% (wtyvol)] fixative (18). Coverslips were mounted in
90% glyceroly10% 1M TriszHCl (pH 8.5), containing 1 mgyml
p-phenylenediamine.
Cells were imaged in a Nikon Diaphot microscope and

images were acquired with a CELLscan system (Scanalytics,
Billerica, MA) equipped with a STAR-1 cooled CCD camera.
Out-of-focus fluorescence in freshly isolated myocytes and in
high magnification images was ‘‘restored’’ by mathematically
reassigning out-of-focus fluorescence to the in-focus plane
(19) with CELLscan. Background ‘‘haze’’ was removed from
lowmagnification images with a CELLscan ‘‘nearest neighbor’’
deblurring algorithm.
DiOC Labeling. Cells were exposed (2 min) to PSS contain-

ing 0.5 mgyml DiOC (3,39-dihexyloxacarbocyanine iodide; 0.5
mgyml stock solution in ethanol). DiOC is a fluorochrome that
stains mitochondria (brightly) and SR or endoplasmic reticu-
lum (ER) (20).
Antibodies. a1 subunits were labeled with pAbs [either

‘‘NASE’’ (10) or one here denoted ‘‘PcSynA1’’ (21)] or mAbs
[McK1 (22) or C464–6B (21)]. mAbs [McB2 (22)] or pAbs
[‘‘HERED’’ (10)] were used to label a2 subunits. pAbs were
used to label a3 subunits [either ‘‘TED’’ (10) or one here
denoted ‘‘PcSynA3’’ (21, 22)]. Antibodies were generously
provided by R. W. Mercer (Washington University, St. Louis)
and M. J. Caplan (Yale University, New Haven) (PcSynA1,
C464–6B, and PcSynA3), T. A. Pressley (Texas Tech Univer-
sity, Lubbock) (NASE, HERED, TED), K. J. Sweadner (Har-
vard Medical School) (McK1, McB2), and F. Wuytack (Katho-
lieke University, Leuven, Belgium) (SERCA-2b pAbs raised
against the SRyER Ca21 pump).
All antibodies used in this study have been well character-

ized (10, 17, 21–23). Sample Western blots (Fig. 1) confirm the
antibody specificity: MA myocytes express a1 (primarily) and
a3 (17); astrocytes and skeletal muscle express a1 and a2, and
neurons express all three isoforms. The figure legends indicate
which antibody was used for each experiment illustrated.
Rabbit preimmune serum was used as a control for primary

rabbit pAbs; MOPC-21 (Sigma) was used as a control for the
primary mouse mAbs.

RESULTS AND DISCUSSION

Immunolabeling of a Subunit Isoforms in Freshly Isolated
MAMyocytes. Fig. 2 A and B shows single focal plane restored
(19) immunofluorescent images of two freshly isolated, fixed
MA myocytes. One cell was labeled with antibodies raised
against the a1 isoform of the Na1 pump (Fig. 2A); the second
was probed with antibodies raised against a3 (Fig. 2B). The
labeling in both cases is punctate, and probably corresponds to
clusters of Na1 pump molecules. The antibodies apparently
labeled only the cell surfaces (Fig. 2 Aa and Ba), suggesting
that most of the epitopes are located in the PM and not in
intracellular organelles (3, 4). In cross sections (Fig. 2 Aa and
Ba Insets), however, the distribution of label seems more
complex because the cell surfaces are invaginated with folds
and caveolae (24, 25). Much of the label is observed in the folds
(or rows of caveolae), and can be followed through several
cross sections (arrows in Fig. 2 Aa and Ba Insets). Moreover,
although a3 labeling in myocytes seems much more sparse

FIG. 1. Western blot of representative mAbs and pAbs used in this
study. The gels were probed with (from top to bottom): monoclonal
(C464–6B) and polyclonal (NASE) anti-a1 antibodies, monoclonal
(McB2) and polyclonal (HERED) anti-a2 antibodies, and polyclonal
anti-a3 antibodies (TED). PcSynA1 and PcSynA3 data are published
in ref. 17. The four lanes in each gel each contained 10mg of membrane
protein per lane (100 mg for the VSM lane probed for a3). VSM,
vascular smooth muscle; A, astrocytes; N, neurons; SKM, skeletal
muscle.

FIG. 2. Distribution of Na1 pump a subunit isoforms in freshly
isolated, fixed MA myocytes. (A) Cell was labeled with PcSynA1
directed against a1. (B) Cell was labeled with PcSynA3 raised against
a3. The ‘‘single focal plane’’ images were restored with CELLscan. (A
and B Insets) Cell cross sections, perpendicular to the plane of the
coverslip, at the positions indicated by the double arrows in Aa and
Ba. The four consecutive cross sections are 0.25 mm apart. After these
images were captured, the cells were treated with DiOC (Ab and Bb)
to stain the SR (arrowheads) and mitochondria (arrows).
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than a1, differences in distribution are difficult to discern. The
same cells were later stained with DiOC to identify intracel-
lular organelles (SR and mitochondria: Fig. 2 Ab and Bb and
Insets). Most of the SR is devoid of immunoreactive Na1 pump
molecules, but we cannot exclude the possibility that some
epitopes are located in the SR immediately subjacent to the
PM.
Localization of a Subunit Isoforms in Cultured MA Myo-

cytes. Problems with interpretation, due to surface invagina-
tions and other irregularities, can be minimized by using
cultured cells that are flat and have relatively smooth surfaces.
For example, Fig. 3 illustrates the distribution of Na1 pump a
subunit isoforms in primary cultured MA myocytes. The low
magnification images show that these cells express both the a1
(Fig. 3Aa) and a3 (Fig. 3Ba) isoforms. The two labels appear
to be distributed differently: a1 labeling is diffuse, whereas a3
exhibits an organized reticular pattern.
Restored high magnification images of portions of two other

MA myocytes in Fig. 3 Ab–d and Bb–d reveal details of the
arrangement of these two a isoforms. The a1 isoform is
distributed ubiquitously over the surface of the myocyte (Fig.
3Ab). This is distinctly different from the reticular staining

pattern observed with DiOC (Fig. 3Ac), which stains the SR
(Fig. 3C) as well as mitochondria, most of which lie on the SR
(Fig. 3Bc). The antibodies are specific (Fig. 1); also, rabbit
preimmune serum does not label the cells (Fig. 3D), nor does
MOPC-21, a control for the mAbs (not shown). The extensive
colocalization of DiOC and antibodies raised against the SR
Ca21 pump in another myocyte (Fig. 3Ca–c) indicates that
DiOC labels the SR.
In contrast to a1, the a3 label is distributed in a distinct

reticular pattern (Fig. 3Bb), which parallels the organization of
the underlying DiOC-stained SR (Fig. 3Bc). Indeed, when
image Bc is overlaid on image Bb, extensive overlap of the
labels is observed (Fig. 3Bd), as indicated by the large amount
of yellow in the reticular network.
Distribution of a Subunit Isoforms in Astrocytes. This

striking difference in isoform distribution is not limited to
smooth muscle cells. Comparable results are obtained in
primary cultured rat astroglia (Fig. 4), except that these cells
express a2 and not a3 (Fig. 1; ref. 22). Low power images
reveal that a1 is ubiquitously expressed (Fig. 4Aa), as in the
myocytes, whereas a2 labeling is organized in a reticular
pattern (Fig. 4Ba).

FIG. 3. Localization of Na1 pump a1 and a3 isoforms in primary cultured MA myocytes. (Aa and Ba) Low magnification images of cells
crossreacted with mAbs (C464–6B) specific for a1 (Aa) or polyclonal TED antibodies specific for a3 (Ba). The original f luorescent images were
filtered by ‘‘nearest neighbor’’ deblurring using CELLscan. (Ab–d and Bb–d) Restored high magnification images of portions of two myocytes. One
cell (Ab–d) was crossreacted with polyclonal anti-a1 NASE, and the other (Bb–d), with anti-a3 PcSynA3; both were later treated with DiOC to
stain the SR (arrowheads) and mitochondria (arrows) (Ac and Bc). DiOC image Bc was colored red and overlaid on the PcSynA3-labeled image
(Bb, green) in Bd; yellow, areas of overlap (note the reticular pattern). Using a 232 contingency table (26), we calculated that 5% of the pixels
in the image should overlap by chance, whereas we observed 11% overlap. The kappa statistic (where k 5 21.0 to 11.0) can be derived from the
contingency table (27); k . 0 indicates that the overlap is greater than chance. For the data in Bb–d, k 5 10.33. Comparable statistics for Ab–d
are: 27% overlap of pixels expected, but only 20% observed, and k 5 20.27. (C) Colocalization of SR Ca21 pump and DiOC staining. The myocyte
was labeled with anti-SERCA-2b antibodies (Ca) and then stained with DiOC (Cb); arrowheads in Cb point to SR. (Cc) Overlay of images Ca and
Cb; the dense yellow reticular pattern indicates the extensive overlap (19% overlap of SERCA-2b-labeled pixels with DiOC-labeled pixels expected,
39% observed; k 5 10.79). (D) Control cells incubated with preimmune rabbit serum (Da) and then stained with DiOC (Db).
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Similar ubiquitous distribution of a1 is observed in astro-
cytes labeled with pAbs (Fig. 4Ab) and in those labeled with
mAbs (Fig. 4Ae). The a1 distribution is clearly different from
the reticular pattern of DiOC staining (Fig. 4Ac) or
SERCA-2b labeling (Fig. 4Af ) of the ER. Thus, a1 does not
colocalize with the ER (Fig. 4 Ad and Ag). In contrast, both
polyclonal (Fig. 4Bb) and monoclonal (Fig. 4Be) a2 antibodies
distribute in reticular patterns that overlap extensively with
underlying ER (as indicated by the yellow reticular patterns in
Fig. 4 Bd and Bg). Therefore, at least in rat astrocytes as well
as arterial myocytes, this pattern seems to be specific for the
high ouabain affinity isoforms. Furthermore, antibodies raised
against the SERCA-2b Ca21 pump (Fig. 4Bf ) and against the
Na1 pump a2 isoform (Fig. 4 Bb and Be) both label the cells
in reticular distribution patterns comparable to that of the ER
stained with DiOC (Fig. 4Bc).
The apparent absence of Na1 pump a2 andyor a3 isoforms

from extensive areas of PM in these cells raises the question of
whether these subunits are retained within the SRyER, rather
than being transported to the PM (3, 4). Functional evidence,
however, indicates that substantial numbers of these subunits

are, in fact, present in the PM. Nanomolar ouabain increases
Ca21 stores in rat arterial myocytes (28), presumably as a
consequence of primary elevation of intracellular Na1 and a
secondary, Na1yCa21 exchanger mediated, rise in Ca21 (12).
In cultured rat astrocytes, 0.1–1.0 mM of ouabain inhibits the
Na1 pump (29) and increases stored Ca21 (V. Golovina and
M.P.B., unpublished work). These ouabain concentrations are
at least 100-fold below the IC50 for inhibition of rat a1 (1, 6,
29, 30). Thus, we infer that the PM must contain functional a2
(astrocytes) or a3 (myocytes) subunits.
Localization of a Subunit Isoforms in Neurons. Neurons

express all three Na1 pump a isoforms, of which a3 (Fig. 1) is
the most abundant (1, 23). Low power images of cultured
hippocampal neurons reveal the distribution of the a1 (Fig.
5A) and a3 (Fig. 5B) isoforms. The intense labeling, with a3
antibodies, of both cell bodies and processes contrasts with the
absence of label in underlying astrocytes (Fig. 5Ba), which
express a2 but not a3 (Fig. 1; ref. 22) (astrocytes were later
identified by staining for glial fibrillary acidic protein in some
preparations). Both astrocytes (arrow) and neurons, however,
possess a1 (Fig. 5A). The a1 labeling appears relatively

FIG. 4. Localization of Na1 pump a1 and a2 isoforms in primary cultured astrocytes. (Aa and Ba) Low magnification images of cells incubated
with McK1 mAbs specific for a1 (Aa) or McB2 mAbs specific for a2 (Ba). The original f luorescent images were filtered by ‘‘nearest neighbor’’
deblurring. (Ab–d and Bb–d) Restored high magnification images comparing portions of two astrocytes labeled with pAbs. One cell (Ab–d) was
crossreacted with anti-a1 antibodies (PcSynA1), and the other (Bb–d) with anti-a2 antibodies (HERED). Both cells were later treated with DiOC
(Ac and Bc) to stain ER (arrowheads) and mitochondria (arrows). When the respective antibody-labeled images (green) and DiOC-stained images
(red) were superimposed (Ad and Bd), a yellow (overlapping) reticular pattern was observed with anti-a2 antibodies (Bd). (Ae–g and Be–g).
Restored high magnification images comparing portions of two astrocytes labeled with mAbs. One cell (Ae–g) was crossreacted with anti-a1
antibodies (McK1), and the other (Be–g), with anti-a2 antibodies (McB2). Both cells were also (double) labeled with anti-SERCA-2b antibodies
(Af and Bf) to identify the ER. When the respective a subunit-labeled images (green) and SERCA-2b-labeled images (red) were superimposed
(Ag and Bg), a yellow (overlapping) reticular pattern was observed with anti-a2 antibodies (Bg). The k values (see Fig. 3 legend) for the data in
Bd and Bg were both 10.50, indicating good correlation (overlap) between a2 and the ER (7.5% of pixels from the two images were overlapping,
whereas only 2% overlap was predicted for Bd; 9% overlap was observed versus 3% predicted for Bg). The k values for Ad and Ag were 20.34
and 20.86, respectively, which indicates that overlap of ER and a1 labels was due to chance.
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uniform in cell bodies and processes, whereas a3 antibodies
label focal ‘‘hot spots’’ (arrowheads) in axons and dendrites
and are nonuniformly distributed on the soma (Fig. 5Ba).
At higher magnification, restored single focal plane images

(Fig. 5 Bb–i) show that the a3 antibodies are present in
neuronal PM and not in interior organelles. This is best
illustrated in optical ‘‘sections’’ through the cell body, parallel
to the coverslip (Figs. 5 Bb and c vs. DiOC staining in 5 Bf and
g). The a3 label appears punctate, and is distributed in a
distinct reticular pattern that is seen at the convex surface of
the cell body (Fig. 5Bd). It is difficult to correlate, precisely, the

surface a3 labeling directly with underlying cell organelles
when the structures are distant from the coverslip (Fig. 5 Be
and i), but the subsurface pattern of DiOC staining (Fig. 5Bh)
clearly resembles the surface a3 distribution pattern (Fig.
5Bd).
Physiological Significance of a Subunit Localization. The

difference between the ubiquitous distribution of the a1
isoform and the specific localization of a2 and a3 in PM that
overlies subplasmalemmal (junctional) SR or ER in these three
cell types is remarkable. This raises the possibility that the low
and high ouabain affinity isoforms have different functions.
The location of the high affinity isoforms appears to provide
a clue because the SR and ER sequester Ca21, and the Ca21
released from these organelles controls numerous cell activi-
ties. A critical link between the Na1 pump and cell Ca21 is the
PM Na1yCa21 exchanger, which is also localized to PM
regions that overlie junctional SR and ER (11, 14, 15, 31). The
energy required to control cytosolic Ca21 via the Na1yCa21
exchanger is derived from the Na1 electrochemical gradient
generated by the Na1 pump (12). Thus, the high ouabain
affinity isoforms may play an indirect role in regulating
[Ca21]cyt in a restricted space ([Ca21]cyt/r) between the PM and
the junctional SRyER; in this way, these Na1 pumps may help
to control the Ca21 content of the SRyER and thereby
influence numerous cell processes that depend upon mobili-
zation of stored Ca21. Moreover, intracellular Ca21 inhibits
the Na1 pump, and a2 and a3 have higher affinities for Ca21
(IC50s on the order of 1026 M) than does a1 (32, 33). A small
rise in [Ca21]cyt/r may therefore have a positive feedback effect
on [Ca21]cyt/r, as well as on stored Ca21 and the cell responses
that are activated by mobilization of this Ca21 (12).
Additionally, it seems relevant that the low and high ouabain

affinity isoforms are differently regulated during cell devel-
opment and as a result of hormone action (3, 8, 9). Indeed,
expression of the Na1yCa21 exchanger and the a2 (but not a1)
Na1 pump isoform are reciprocally regulated in rat cardiac
muscle (9), in which a2 is the predominant high affinity
isoform in adults [a3 predominates in neonates (8)]. The a1
may simply be a ‘‘housekeeping’’ form that is required to
maintain a low ‘‘bulk’’ cytosolic Na1 concentration.
Our findings suggest a functional basis for the presence and

different regulation of both low and high ouabain affinity
isoforms of the Na1 pump a subunit in the same cell. These
results are circumstantial evidence that there may be restricted
cytosolic ‘‘microdomains’’ between the PM and the junctional
SR or ER in which the Na1 and Ca21 concentrations may
differ from those in the bulk cytosol; indeed, there is evidence
for sub-PMNa1 (34, 35) as well as Ca21 (35, 36) gradients. This
could be the rationale for colocalization of high ouabain
affinity Na1 pumps and Na1yCa21 exchangers in these PM
areas. This might reveal how an endogenous ouabain isomer
(12, 37–39), which circulates at nanomolar concentrations (40)
and is present in the brain (38, 39), could, by modulating the
activity of these high ouabain affinity Na1 pumps (28, 37), play
a role in many physiological, and even pathophysiological,
processes (12). Finally, this may also explain why the isoform-
specific features of the ouabain binding regions of a2 and a3
have been so well conserved during the evolution of higher
animals (4, 10). EvenHydra have Na1 pumps with high and low
affinity for ouabain (41). Thus, it seems reasonable to specu-
late that these concepts may also apply to many other species,
including man.
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