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SUMMARY

1. mRNA transcripts for three isoforms of the a subunit of (Na, K)-ATPase
have been previously identified in the rat nervous system and designated a1, a2
and o3.

2. In order to study the localization and expression of the different « isoform
mRNAs on a regional and cellular level in the brain, we prepared probes from
the unique 3’ untranslated region of rat a1 cDNA and from a segment containing
a portion of the translated region of rat a3 cDNA. These probes were used in dot
blot and in situ hybridization assays of rat brain.

3. al mRNA was found predominantly in cerebral cortex, dentate gyrus of
hippocampus, and specific isolated brain-stem nuclei such as locus ceruleus and
motor nuclei V and VIL. In contrast 3 mRNA was found predominantly in
pyramidal neurons in the deep layers of cerebral cortex, in both pyramidal and
dentate gyrus neurons of the hippocampus, and in neurons of most subcortical
structures of the thalamus, basal ganglia, and brain-stem nuclei.

4. In the cerebellum, Purkinje cells showed predominantly a3, as did
stellate and basket cells. The granule cells contained predominantly al.

5. These experiments show that mRNAs for both a1 and a3 isoforms of
(Na, K)-ATPase are found in neurons of the CNS. The isoforms have unique
cellular and regional distributions, which in some cases overlap.
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INTRODUCTION

(Na, K)-ATPase accounts for at least 30% of the resting energy metabolism of
the brain, utilizing energy derived from the hydrolysis of ATP to pump Na™ out
of cells in exchange for K* (Albers et al., 1989). Three isoforms of the «
(catalytic) subunit of (Na, K)-ATPase have been identified in rat brain and
designated a1, o2, and a3 (Shull ef al., 1986; Herrera et al., 1987; Urayama et
al., 1989; Shyjan and Levenson, 1989). a1l is identical to the isoform found in
kidney, and in rodents, a1 has a lower affinity than &2 or a3 for ouabain (Hara et
al., 1989; Price and Lingrel, 1988; Urayama and Sweadner, 1988). a3 isolated
from rat pineal gland has a higher affinity for Na* than has kidney a1 (Shyjan et
al., 1990). The Na* affinity for a2 in rat adipocytes is increased by insulin
(Lytton, 1985). a2 and a3 are not found in kidney, but are found in other tissues
in addition to brain and show tissue-specific developmental expression (Orlowski
and Lingrel, 1988). The three « isoforms are products of three distinct genes
(Yang-Feng et al., 1988), and the isoforms in myocardial cells in culture are
differentially regulated by hormones (Orlowski and Lingrel, 1990). These
observations suggest that the isoforms may be separately adapted for special
regulatory features in different cell types.

The three different « isoforms in rat have substantial homology in nucleic
acid sequence and corresponding homology in the translated amino acid
sequences (Shull ef al., 1986; Herrera et al., 1987). However, the untranslated
regions of the mRNAs are unique. We have exploited this feature to create a
35S-labeled riboprobe from the 3’ untranslated region of a1 cDNA. We have also
created a riboprobe to a relatively distinct region of the translated a3 cDNA
sequence. This riboprobe is proved not to cross-react with the 1 mRNA by in
situ hybridization analysis of spinal cord and peripheral nerve and by dot blot
analysis of kidney and peripheral nerve (Mata et al., in press). We have now used
these specific probes to study the differential distribution of a1 and a3 isoform
mRNAEs in the brain of the rat.

In order to test hypotheses regarding the special functions of the isoforms, it
is necessary to determine their regional and cellular distribution. There are very
few data regarding isoform-specific mRNA expression in brain. Schneider et al.
(1988) employed a probe for &3 mRNA and reported localization in neuron-rich
structures in forebrain and in Purkinje cells in rat cerebellum. Hieber et al. (1989)
used a probe for 1 mRNA to study distribution on a cellular level in mouse
cerebellum and retina. Filuk et al. (1989) used oligonucleotide probes for a1, a2,
and a3 to map their regional distribution in rat cerebrum. They found a3 mRNA
in deep cortical layers and subcortical structures, and a1 mRNA mainly in
superficial layers of cortex but not in subcortical nuclei. Our results confirm this
pattern and extend these previously reported results to show a unique distribution
also in the cerebellum and brain stem and to define several distinct normal
populations which express either a1 and/or a3 mRNAs.

METHODS

Production of Riboprobes. Cloned rat « isoform cDNAs, graciously pro-
vided to us by Dr. Robert Levenson (Yale University) and by Dr. Jerry Lingrel
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(University of Cincinnati College of Medicine), were used to prepare subclones
containing the 3’ untranslated region of the a1 isoform cDNA and a segment of
the translated region of a3 isoform cDNA. A 203-bp BamH1-Pst1 restriction
fragment from the 3’ end of the ol cDNA and a 416-bp Pst1-EcoR1 fragment
containing a portion of the translated region of the a3 cDNA were subcloned into
the vector pGEM4. *S-Labeled riboprobes were prepared by transcription of
the linearized clones in the presence of **S-labeled UTP for in situ hybridization
studies. **P-Labeled probes for use in dot-blot studies were prepared in a similar
manner by transcription in the presence of **P-UTP. Because the 3’ untranslated
region of the a1 isoform is a unique sequence, this riboprobe is specific for al.
The translated region of the a3 isoform used to produce the riboprobe has 70%
homology with a1, but evidence obtained with spinal cord and peripheral nerve
(Mata et al., in press) as well as additional data in brain presented below
indicates that under our hybridization conditions, the riboprobe recognizes a3
mRNA specifically.

Dot Blotting. RNA dot blotting was carried out essentially as described
previously (Bevilacqua et al., 1988). Total cellular RNA was isolated from cortex,
basal ganglia, brain stem, and cerebellum using a commercially available kit
(RNAzol B, Cinna/Biotecx Laboratories, Texas) and spotted on GeneScreen
membranes. RNA was isolated from kidney as reported earlier (Hieber et al.,
1989). Hybridization to *’P-labeled RNA probes was carried out at 70°C with
prehybridization, hybridization, and subsequent washing of filters as described
previously (Bevilacqua et al., 1988), except that these procedures were all carried
out at 70°C. Autoradiograms of the filters were produced on Kodak XAR film
exposed at —80°C.

In Situ Hybridization. In situ hybridization was performed essentially as
described by Watson et al. (1987). Briefly, animals were sacrificed by decapitation
and 10-um cryostat sections of brain were covered with an aliquot of hybridization
buffer containing approximately 5 X 10* cpm/ul of **S-labeled RNA probe and
sealed with coverslips. Sections were hybridized for 21 hr at 55°C. After removal
of the labeled probe, the sections were rinsed twice with 2x SSC at room
temperature for 30 min, once with 50% formamide in 2X SSC at 55°C for 30
min, treated with 50 ug/ml RNase A for 30 min at 37°C, washed with 0.5M NaCl,
10mM Tris, 1 mM EDTA for 30 min at 60°C, and finally, rinsed with 2x SSC,
water, and a graded series of alcohols. The slides were initially exposed to Kodak
XAR film for times ranging from 3 to 10 days, before being dipped in emulsion
and developed. This allowed both examination of autoradiographic images on
film and light microscopic examination of the slides. The X-ray film was analyzed
using an Imaging Resources Inc (London, Ont.) image analyzer and digitized
images were photographed. Developed slides were counterstained with cresyl
violet and photographed under bright-field and dark-field optics.

RESULTS

The in situ hybridization gave distinct autoradiographic patterns for the two
different isoforms. In the cerebral hemispheres, a1 labeled predominantly cortex,
hippocampus, and habenula (Fig. 1), while a3 labeled all these structures and the
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ALPHA-1 ALPHA-3
Fig. 1. Computer-digitized image of film autoradiogram of rat cerebral
hemisphere in situ hybridization with *°S-labeled a1 and a3 riboprobes. The
film was exposed overnight. d, dentate gyrus of hippocampus; p, pyramidal
cells of hippocampus; r, reticular nucleus of thalamus; a, amygdala; h,

habenula; vt, ventral posterior nucleus of thalamus; vh, ventromedial
nucleus of hypothalamus; ch, choroid plexus.

ALPHA-1 ALPHA-3

Fig. 2. Computer-digitized image of film autoradiogram of rat cerebral hemisphere in situ
hybridization with **S a1 and &3 riboprobes. The «1 hybridization was exposed for 4 days and. the
@3 hybridization overnight in order to obtain images of equivalent density to facilitate comparison
of the distributions. cp, caudate-putamen; 123, layers of cortex; 5, layer of cortex.
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Fig. 3. Computer-digitized image of film autoradiogram of cerebellum and
brain stem in sifu hybridization with **S-labeled a1 and a3 riboprobes.
Three-day exposure. V, trigeminal nucleus; VII, facial nucleus; 1c, locus
ceruleus; f, facial nerve; py, pyramids.

deep nuclei including striatum, thalamus, and amygdala with similar intensity
(Fig. 1). In the cerebral cortex, the a1 probe labeled layers 1, 2, and 3 more
densely than deeper layers, while the a3 probe labeled layer 5 more intensely
than the more superficial layers (Fig. 2). In the hippocampus, «1 labeling was
more intense in the dentate gyrus than in the pyramidal cells, while a3 labeling
was equally intense in both dentate gyrus and pyramidal cells (Figs. 1 and 2).
With a longer exposure it could be seen that the al probe labeled the
caudate-putamen more intensely than the pallidum, while the a3 probe labeled
the caudate-putamen and pallidum equally (data not shown).

In the brain stem, most neurons were strongly labeled with the a3 probe
(Fig. 3b). Some structures, such as the substantia nigra pars compacta, the red
nucleus, and the motor nucleus of III, were particularly intensely labeled with this
probe. In contrast, dense «1 labeling was seen in neurons of only a few, isolated
brain-stem nuclei including the locus ceruleus, the motor nucleus of V, and the
VII nerve nucleus (Fig. 3a).

In the cerebellum, the a3 probe labeled Purkinje cells most strongly. Basket
and stellate cells were also labeled, while little label was seen in the granule cell
layer (Figs. 4b and d). In comparison, a1 preferentially labeled the granule cell
layer (Fig. 4a and 4c).

In all of the brain regions examined, irn situ hybridization signal was localized
predominantly over neuronal perikarya with both probes (Fig. 5). The only
strongly labeled nonneuronal structure was the ependyma of the choroid plexus,
which was labeled exclusively with the a1 probe (Fig. 1).

Dot-blot analysis of cortex and brain stem showed both a1 and a3 mRNAs
in these neural structures. Kidney RNA was labeled with the a1 probe but was
not labeled with the a3 probe (Fig. 6).

DISCUSSION

These results confirm unique distributions for «1 and a3 isoforms of the
catalytic subunit of (Na, K)-ATPase in the central nervous system.
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Fig. 4. Microscopic view of in situ hybridization with a1 (a and c) and a3 (b
and d). **S-labeled riboprobes seen in bright field (a and b) and dark field (c
and d). g, granule cell layer; white arrows, Purkinje cells; arrowheads, basket
cells; open arrows, stellate cells. Exposure time, 1 week. (a,c) X312 and
(b,d) x 500; reduced 40% for reproduction.

Schneider et al. (1988) used a riboprobe prepared from an a3 cDNA
corresponding to the full-length coding region to study &3 distribution in adult rat
brain cryostat sections and also found a3 in neuron-rich regions of brain including
cortex, thalamus, hippocampal dentate gyrus, habenula, and the Purkinje cells of
cerebellum. The distribution suggested that a3 is most abundantly expressed by
“specific major neurons”’ of adult brain (Schneider et al., 1988).
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Fig. 5. High-power microscopic views of in situ hybridization of cortex with
a1 35S-labeled riboprobe (a) and thalamus with @3 **S-labeled riboprobe (b).
Most of the grains are clustered over neuronal nuclei. Arrows, capillary
endothelial cells. Exposure time, 1 week.x500; reduced 40% for
reproduction.

Hieber et al. (1989) used a riboprobe prepared from a 483-bp cDNA insert
from the coding region of a1 to study « isoform distribution in the cerebellum.
High levels of expression were found in stellate, basket, and granule cells, as well
as in Purkinje cells. However, the a1 probe used in that study was constructed
from a highly conserved region of the coding sequence, and the signal may have
represented cross-reactivity with a3 mRNA under in situ hybridization
conditions.

Filuk et al. (1989) using synthetic oligonucleotide probes to obtain regional
maps in the rat cerebrum, found a1 mRNA mainly in layers 2 and 3 of cortex. In
hippocampus, granule cells contained more &l than pyramidal neurons did. a1
was relatively sparse in deep nuclei. a2 and a3 mRNAs were diffusely
distributed.

Our results with the longer riboprobes confirm the main observations in rat
cerebrum obtained with the synthetic oligonucleotide probes for a1 and &3 (Filuk
et al., 1989). As reported in the earlier study, a1 is expressed mainly in the more
superficial layers of cortex and in the granule cells of the dentate gyrus, while a3
is expressed at high levels in deeper cortical laminae, in thalamic nuclei, striatum,
and hippocampal granule and pyramidal cells. We did not confirm a higher level
of expression of either isoform in pyriform cortex which was reported earlier
(Filuk et al., 1989). Prior studies of brain stem are not available for comparison.
Our results demonstrate a marked separation of isoform distribution, with a3 in
most brain-stem nuclei and a1 in only a few, isolated, nuclei. In the cerebellar
cortex, in contrast to earlier data (Schneider er al., 1988), a3 is expressed in
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neurons of all layers but principally in neurons of the Purkinje and molecular
layers. The present data with a specific a1 probe show that in cerebellar cortex,
al is expressed mainly in granule cell layer.

The a3 probe which we have constructed has some potential to cross-react
with 1 mRNA, since it contains a portion of the translated region which has
substantial homology with the a'l sequence. In dot-blot analysis, the a3 probe did
not cross-react with kidney mRNA, which contains a1 but not a3 isoform (Fig.
6). A stronger argument for the specificity of the two probes is found in
comparing their unique distributions seen with in situ hybridization in similar
sections. For example, the a1 probe but not the &3 probe labels the ependyma of
choroid plexus (Fig. 2). In the brain stem, the a3 probe labels neuronal perikarya
in most nuclei, while the al probe labels neuronal perikarya only in a few
discrete nuclei. Similarly, unique distributions of a1 and a3 labeling with these
probes were seen in the spinal cord and dorsal root ganglia of the peripheral
nervous system (Mata ef al., in press).

The absence of detectable signal with either probe in astrocytes, oligoden-
droglia, and vascular endothelial cells under these conditions suggests that the
amount of (Na, K)-ATPase mRNA in these cells is much less than that found in
neurons. It does not imply that (Na, K)-ATPase is not present in these cells. In
spinal cord, for example, w1 signal was detected in white matter tracts after long
exposure times of 4 to 6 weeks (Mata et al., in press). Also, additional isoform
mRNAs not detected with ol and a3 probes may be present. It should also be
noted that while it is valid to compare the amount of labeling between cells or
regions using a single probe hybridized under identical conditions, it is not
possible to infer the relative amounts of different mRNAs by comparison of the
amount of labeling produced by two different probes.

Both al and a3 polypeptides can be identified in cortex, brain stem, and
cerebellum by Western blot using monoclonal antibodies specific for each isoform
(Urayama ef al., 1989). These results are consistent with our dot-blot results for
mRNA but are not informative regarding regional and cellular distribution of the
isoforms. Our in situ results indicate that both al and &3 mRNAs are found in
neurons but that their proportions vary in different regions. Cultured astrocytes
appear to express only al polypeptide (Sweadner, 1979) as defined by gel
electrophoresis and ouabain affinity. Axolemmal preparations from rat brain stem
contain only a3 polypeptide (Sweadner, 1988). The axonal abundance of «3
polypeptide is probably due to the preponderance of a3 mRNA-containing
neurons in the brain stem as seen in the current in siru analysis, and tracts derived
from cortical 3 mRNA-containing neurons. Immunocytochemical studies using
monoclonal antibodies specific for « subunit isoform polypeptides have been
published only for retina and optic nerve (McGrail and Sweadner, 1989), cochlea

B ® » B . &
Fig. 6. Dot blot of brain stem (B), cortex C ®» C ® s
(C), and kidney (K) with **P-labeled probe. K ®® K

Left, al; right, &3; 5, 2.5, and 0.5 ug total
RNA as indicated. 52505 5 2505
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(Schulte and Adams, 1990), and vestibular organ (Spicer et al., 1990). Applica-
tion of these antibodies to the CNS will be of importance in localizing the
translated products, particularly in cells containing mRNAs for multiple isoforms.

Previous work has indicated some biochemical differences between the two
isoforms. Rodent a1 has a lower affinity both for ouabain and for Na* than has
a3 (Sweadner, 1979, 1989; Urayama and Sweadner, 1988). While the functional
difference between these isoforms has not been defined, the presence of the two
different isoforms in various proportions in distinct brain regions and in distinct
neuronal cell types confirms the suggestion that they subserve functional
differences related to specific neuronal properties. These may relate to regulation
of Na* and K* gradients at different set points, which may in turn be related to
special characteristics of membrane potential, flux of other ions (Ca**, H*), and
solutes dependent on these gradients (amino acids, glucose) or neurotransmitter
systems.

The current study defines the neuronal distribution of isoform-specific a1
and &3 mRNAs in brain and can be used to identify alterations in « isoform
mRNA expression in pathologic conditions and in normal development and

aging.
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