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1 | INTRODUCTION
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Abstract

Mutations in genes encoding Nat/K*-ATPase a1, a2, and o3 subunits cause a wide
range of disabling neurological disorders, and dysfunction of Nat/K"-ATPase may
contribute to neuronal injury in stroke and dementia. To better understand the path-
ogenesis of these diseases, it is important to determine the expression patterns of
the different Na™/K"-ATPase subunits within the brain and among specific cell types.
Using two available scRNA-Seq databases from the adult mouse nervous system, we
examined the mRNA expression patterns of the different isoforms of the Nat/K*-
ATPase «a, f and Fxyd subunits at the single-cell level among brain regions and various
neuronal populations. We subsequently identified specific types of neurons enriched
with transcripts for al and «3 isoforms and elaborated how «3-expressing neuronal
populations govern cerebellar neuronal circuits. We further analyzed the co-
expression network for al and a3 isoforms, highlighting the genes that positively cor-
related with a1 and a3 expression. The top 10 genes for a1 were Chn2, Hpcall, Nrgn,
Neurod1, Selm, Kcnc1, Snrk, Snap25, Ckb and Ccndbp1 and for o3 were Sorcs3, EmI5,
Neurod2, Ckb, Tbc1d4, Ptprz1, Pvrl1, Kirrel3, Pvalb, and Asic2.
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and a3 isoforms are predominantly observed in glia and neurons,

respectively (Bottger et al., 2011; Cameron et al., 1994; Dobretsov

The Na*/K*-ATPase is an essential transmembrane protein in most
eukaryotic cells. It maintains the concentration gradients of Na* and
K* across the cell membrane, which are used for a variety of cell
maintenance processes. In neurons, these gradients are also needed
for action potential generation and excitability. Structurally, the Na™/
K"-ATPase is a complex of three protein subunits, namely the cata-
lytic a subunit, the auxiliary p subunit, and the small regulatory subunit
(Arystarkhova et al, 1999; Jaisser et al., 1992; Lutsenko &
Kaplan, 1993; Mercer et al., 1993; Morth et al,, 2007; Schneider
et al.,, 1985; Shinoda et al., 2009; Shull, Greeb, & Lingrel, 1986; Shull,
Lane, & Lingrel, 1986). Four o subunit isoforms are expressed in mam-
malian cells in a spatiotemporally regulated manner (Blanco &
Mercer, 1998; Clausen et al., 2017; Lingrel et al., 1990). Within the

nervous system, the al isoform is ubiquitously expressed, while a2

et al, 2019; Edwards et al, 2013; Murata et al., 2020; Richards
et al., 2007; Sweadner, 1991). The a4 isoform expresses exclusively in
testis and is essential for sperm motility and fertility (Jimenez,
McDermott, Sanchez, & Blanco, 2011a; Jimenez, Sanchez,
et al,, 2011; Shamraj & Lingrel, 1994). Similarly, the three p isoforms
express differently among nervous tissues and cells, yet p1 appears to
be the predominant isoform among neurons (Arystarkhova &
Sweadner, 1997; Clausen et al., 2017; Lecuona et al., 1996; Peng
et al,, 1997; Zlokovic et al., 1993). Even though there are seven small
regulatory subunit isoforms, Fxydé and Fxyd7 are the major isoforms
in CNS neurons (Beguin et al, 2002; Delprat et al., 2007;
Geering, 2005; Kadowaki et al., 2004; Sweadner & Rael, 2000).

Given the importance of Na*/K*-ATPase in electrically excitable

tissues, it is not surprising that mutations of a1, «2, and a3, the three
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a-subunit isoforms expressed in the nervous system, cause severe
neurological disorders. Mutations of ATP1A1, encoding al, cause
forms of epilepsy, Charcot-Marie-Tooth disease, and hereditary spas-
tic paraplegia (He et al., 2019; Lassuthova et al., 2018; Schlingmann
et al., 2018; Stregapede et al., 2020). Consistent with its expression in
astrocytes, mutations of ATP1A2 («2) cause familial hemiplegic
migraine type 2, thought to involve inadequate astrocyte clearance of
extracellular K* and neurotransmitters (Gritz & Radcliffe, 2013;
Vanmolkot et al., 2006). Mutations in ATP1A3 («3) cause many rare
neurological diseases involving various combinations of symptoms,
such as dystonia, hemiplegia, cerebellar ataxia, epilepsy, and intellec-
tual disability. These include rapid-onset dystonia-parkinsonism (RDP)
(Anselm et al., 2009; Brashear et al, 2007; de Carvalho Aguiar
et al., 2004; Lee et al., 2007; McKeon et al., 2007; Rodacker et al., 2006),
alternating hemiplegia of childhood (AHC) (Heinzen et al., 2012; Hoei-
Hansen et al., 2014; Panagiotakaki et al., 2010; Rosewich et al., 2012;
Yang et al., 2014), cerebellar ataxia, areflexia, pes cavus, optic atrophy,
hearing loss (CAPOS) syndrome (Demos
et al., 2014; Heimer et al., 2015; Maas et al., 2016), and catastrophic
early life epilepsy, episodic apnea, and postnatal microcephaly
(Paciorkowski et al., 2015). The majority of patients with AHC have
causative heterozygous a3 mutations (>74%) (Heinzen et al., 2012).

and sensorineural

Moreover, transgenic mice with heterozygous knockout of o3
(DeAndrade et al., 2011; lkeda et al., 2013; Ikeda et al., 2017; Moseley
et al.,, 2007), or with a3-point mutations (D801Y, D801IN or 1810N)
which impair enzymatic activity (Clapcote et al., 2009; Hunanyan
et al., 2015; Isaksen et al., 2017; Kirshenbaum, Clapcote, et al., 2011;
Kirshenbaum, Saltzman, et al., 2011), manifest disease symptoms simi-
lar to those in humans. In addition to these genetic disorders, dysfunc-
tion of Na'/K'-ATPase in neurons may contribute to the
pathogenesis of diseases such as stroke and dementia (reviewed in
[de Lores Arnaiz & Ordieres, 2014]). Taken together, these findings
demonstrate that adequate Na*/K"-ATPase activity is essential for
normal nervous system function.

Our understanding on the specific roles of Na™/K*-ATPase sub-
unit isoforms, especially o3, in central nervous system (CNS) function
could be significantly improved by knowing the expression patterns of
Nat/K"-ATPase isoforms in different brain regions and within neuro-
nal populations at the single-cell level. Previous histological studies of
o isoform expression in the brain have shown that neurons express
multiple o isoforms with variation between different cell types
(McGrail et al., 1991). However, isoform expression has not been sys-
tematically quantified among individual cells. Therefore, it is still
unclear whether all neurons of a particular type (such as interneurons)
express the same Nat/K"-ATPase isoforms, or if there are subpopula-
tions of neurons and brain regions with differing isoform expression.
Related questions are whether neurons co-express multiple Na*/K*-
ATPase isoforms, as has been shown in cardiac tissue (Harada
et al., 2006), and which a-f isoform combinations predominate in each
region and neuronal type.

Recent advances in single-cell sequencing technologies have
made possible the assessment of the expression level of target genes

within thousands of individual cells, enabling the discovery of cellular

heterogeneity of gene expression. Two recent studies have provided
single-cell transcriptomes for the whole CNS from adult mice
(Saunders et al., 2018; Zeisel et al., 2018). In this study, we used these
two databases to analyze the expression patterns of all Na*/K*-
ATPase subunits and their respective isoforms among brain regions
and cell types. We identified the populations of neurons in which a3
transcripts are enriched and asked whether expression of other genes
could potentially be correlated. We expect that this comprehensive
analysis will be a useful source of information to those interested in
the pathogenesis of neurological diseases related to the Na*/K*-
ATPase.

2 | METHODS

21 | Dataset preprocessing

The gene raw counts and the cell type annotation for each single cell
were downloaded from two online databases published by
Dr. McCarroll's lab (http://dropviz.org/, Saunders et al., 2018) and
Dr. Linnarsson's lab (http://mousebrain.org/, Zeisel et al., 2018). The
raw counts containing the unique molecular identifier (UMI) counts/
gene/cell were filtered to discard: (1) cells with robust (>55%) mito-
chondrial gene expression, (2) cells expressing less than 50 or more
than 7500 genes, (3) cells with total read number less than 100 or
more than 50,000, and (4) genes that were not expressed or were
detected in less than three cells. The intention of this initial filter is to
exclude the low-quality cells, which include broken cells which might
result in low genes, low UMls, or robust mitochondrial genes (llicic
et al., 2016), and doublets that are likely to have extreme high genes
or UMls.

The two filtered gene expression datasets were further processed
using the Seurat 3 package (Stuart et al., 2019). Briefly, the two count
matrices were normalized using the Seurat “NormalizeData” function
with default settings. Batch-effect correction for each dataset was
implemented through the Seurat “ScaleData” function using the num-
ber of UMI and mitochondrial gene expression detected per cell. The
UMAP visualization plots (Figure S1) for the two datasets show that
the common cells from different batches were mixed well after
adjusting batch effect regardless of whether all cells or only cells from
the cerebellum, the brain region we were particularly interested in,
were used for plots, indicating the robustness of batch-effect correc-
tion. The batch information from database (Saunders et al., 2018) was
extracted using the cell ID which was formatted as “batch.ID”_"single.
cell.ID,” while the batch

et al., 2018) was extracted from the column “Flowcell” in their anno-

information from database (Zeisel

tation file. The values for gene expression in the finalized datasets
were converted from corrected counts to the adjusted log,(CPM + 1),
where CPM represents the counts per million reads mapped. For the
subsequent analysis, the clustering information for individual cells was
inherited from the downloaded cell type annotation files. The mean
expression value of a target gene in a cell class or in a neuronal cluster

is the arithmetic mean of the gene expression values of individual cells
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within that cell class or neuronal cluster. The percentage of positive
cells for a target gene in a cell class or in a neuronal cluster is the pro-
portion of cells with non-zero expression of the target gene in that
cell class or cluster.

2.2 | Zscore for a gross product per cell cluster
To estimate the abundance of al or a3 mRNA molecules in each
cluster, the gross product of al or a3 transcripts is defined as:

Prod; = mean; = proportion;

where Prod; is the al or a3 product of the cluster i, mean; is the mean
expression value of al or a3 transcripts of the cluster i, and proportion;
is the proportion of cells expressing al or a3 in the cluster i.

The Z score represents the weight of the al or a3 gross product
of a specific cluster as compared to the rest of the clusters, described

by the equation:

_ Prod; —p
n o

Z;

where Z; is the Z score of the cluster i, Prod; is the al or a3 gross
product of the cluster i, u and ¢ are the mean and standard deviation

of al or a3 products of all clusters except the cluster i, respectively.

2.3 | Statistical analysis for co-expression between
Na™/K*-ATPase subunits and isoforms

Statistical calculations were performed using R (Team, 2019). To eval-
uate the magnitude of gene co-expression between the different
Na*/K*-ATPase subunits and isoforms, Spearman's correlation coeffi-
cients between all possible subunit and isoform pairs were calculated
in all clusters using the mean expressions of isoforms within each clus-
ter. We decided to calculate Spearman's correlation instead of
Pearson's correlation for evaluating the gene-gene correlation, due to
its outstanding performance at analyzing scRNA-seq libraries (Hou
et al., 2019). Although both methods have been utilized to analyze
scRNA-seq data, Spearman's correlation is less sensitive to outliers,
compared to Pearson's correlation. The R function heatmap.2 was uti-
lized to generate the heatmaps for the visualization of the mean
expression values of the Na*/K"-ATPase subunits and isoforms.

In its general form, Euclidean distance between two vectors
X and Y of n elements is defined as the square root of the sum of
squared differences between corresponding elements of the two vec-

tors, shown below:
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For Euclidean distance between two neuronal clusters X and
Y containing n genes, x; and y; refer to the expression of gene
i in each cluster. These distances were used to create the dendro-
grams shown in the heat maps.

For Euclidean distance between two genes X and Y in n clusters,
x; and y; refer to the expression of each gene in cluster i. These dis-
tances were used to create the dendrograms that represent the rela-
tionships of transcript expression similarity among Nat/K"-ATPase
subunits and neurotransmitter markers.

R function “dist” was implemented to calculate Euclidean dis-
tances, which were subsequently examined by Ward's hierarchical
agglomerative clustering method using R function “hclust” with
Ward's method “ward.D2.” Briefly, the pair of neuronal clusters
(or genes) with minimum distance the three isoforms tested (or the
seven genes tested) was identified and merged, and this agglomera-
tion step was repeated until all neuronal cluster (or genes) were mer-
ged, resulting in a hierarchical clustering of n neuronal clusters
(or genes). For the gene expression dendrogram trees, a similar
approach was applied. The distance for merged clusters (or genes)

was assessed by the Lance-Williams formula (Szekely & Rizzo, 2005),

show below:
UC.C) = it e Mt e
d(C, u C,,Ck) _n,-+nj+nkd(c"ck)+n,~+n,-+nkd(c"ck)
N
7n;+nj+nkd(c"c’)

where C, C;, and C, refer to three disjoint vectors with sizes n;, nj, and
ny respectively.
Eventually, the R function “plot” was used to represent the

obtained hierarchical clustering as dendrograms.

2.4 | Correlation analysis to identify relevant genes
co-expressed with a isoforms

We performed co-expression analyses for al and a3 isoforms using
neuronal clusters in which these isoforms are enriched. A series of fil-
ters were applied to remove genes with low expression, cells not
expressing selected genes and cells expressing a large number of dif-
ferent genes. These filters are necessary because scRNA-seq data
have lower sensitivity and higher level of technical noise than bulk
RNA-seq data. Thereby, low-expression genes are prompt to intro-
duce bias in correlation analysis. To better describe the context and
rationale of these filters, they will be outlined in the Result Section.
For those genes and cells remaining after filtering, we calculated the
Spearman's correlation coefficients and the false discovery rate (FDR)
adjusted p values between for all gene pairs. The FDR-adjusted
p values were calculated via Benjamini-Hochberg approach, which is
defined as (Benjamini et al., 2009):

. nx*p;
piadJ :m|n{m|n{j_m}71}
jzi
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where piadj is the adjusted p value, n is the total number of p values,
and j is the rank of p; after ordering all p values from small to large.

2.5 | Gene ontology analysis

Gene ontology enrichment analyses were performed using ShinyGo
software package v0.61 (FDR < 0.05) (Ge et al., 2020) and DAVID
v6.8 online server (https://david.ncifcrf.gov/tools.jsp) to conduct
Gene Ontology (GO) (Huang da, Huang da et al., 2009). Gene symbol
lists for the top 100 genes positively correlated with the expression of
al or a3 isoforms were submitted to search for possible enrichment
in biological processes using both packages. In ShinyGo software
package v0.61, the strength of a selection is based on the p value,
which depends on the number of submitted genes matching a specific
biological process and the total number of genes assigned to the pro-
cess by the database, followed by FDR correction. The software gen-
erates hierarchical clustering trees that summarize the significant
biological processes, according to their enrichment FDR value. The
smaller the value, the more confidence the biological process is repre-
sented by the top 100 genes. The analysis using DAVID server was
implemented based on the workflow in the user's manuals (https://
david.ncifcrf.gov/content.jsp?file=functional_annotation.html), using
official gene symbol as the retrieval identifier and Mus musculus as the
background.

2.6 | Immunostaining for al and a3 isoforms
Wild-type mice (2-month-old) were anesthetized with isoflurane and
subsequently perfused with 4% paraformaldehyde (PFA). Brain tissues
were collected and post-fixed in 4% PFA at 4°C overnight and then
cryoprotected with 30% sucrose in phosphate-buffered saline (PBS).
Coronal slices of the cerebellum (50 pum) were obtained with a cryo-
stat (Leica CM3050 S, Germany) and processed for immunofluores-
cence. Antibodies for fluorescence and confocal microscopy were
monoclonal antibody to o3 isoform (1:500 dilution; Cat. # ab2826,
Abcam) and monoclonal antibody to a1 isoform 1 (1:100 dilution; Cat.
# a6F, Developmental Studies Hybridoma Bank).

2.7 | Antibody characterization

The Anti-ATP1A3 antibody (1:500 dilution; Cat. # ab2826, Abcam)
was a monoclonal antibody raised against canine cardiac microsomes
in the laboratory of Dr. Kevin Campbell (HHMI, University of lowa)
(Arystarkhova & Sweadner, 1996). It stained a pattern of Na™/K"-
ATPase a3 isoform in mouse interneurons (Picton et al., 2017).

The ATP1A1 antibody (1:100 dilution; Cat. # a6F, Developmental
Studies Hybridoma Bank) was a polyclonal antibody raised against
purified chicken kidney alpha subunit (Takeyasu et al., 1988). It visual-
ized al isoform in the plasma membrane of rat hippocampal neurons
(Azarias et al., 2013).

3 | RESULTS
3.1 | Differential expression pattern of Na™/K™-
ATPase subunits in distinct cell classes

After filtering out low-quality cells (see Methods), 319,320 cells from
(Saunders et al, 2018) database and 160,783 cells from (Zeisel
et al., 2018) database remained to be used for subsequent analysis.
The two raw count matrices from these cells were normalized and
scaled using the Seurat package (see Methods). Using the identities of
individual cells given in the downloaded cell type annotation files, we
annotated 565 and 265 cell clusters from (Saunders et al., 2018) and
(Zeisel et al., 2018) databases, respectively. Among these cell clusters,
9 cell classes were identified for the adult mouse nervous system,
including CNS neurons, neurogenesis, peripheral nervous system
(PNS) neurons, astrocytes, oligodendrocytes, ependymal, peripheral
glia, immune, and vascular cells. Expectedly, CNS neurons are the cell
class with the largest diversity of unique clusters recognized in both
databases (Table S1).

To study the expression profiles of Nat/K"-ATPase subunits in
different cell classes, we examined the mean expression level of all
isoforms of the Na*/K"-ATPase subunits as well as the percentage of
cells expressing a specific isoform (positive cell) within each cell class.
As shown in Figure 1 and Table S2, both databases displayed a com-
parable expression profile of the different subunit isoforms of the
Na*/K*-ATPase subunits among those cell classes that were common
to the two datasets. Consistent with previous reports, subunit
isoforms exhibited distinct cell type-dependent expression patterns.
For example, al isoform (Atplal) was ubiquitously detected in both
neuronal and non-neuronal cells. Its expression was enriched in CNS
neurons, oligodendrocytes, and ependymal cells, but not in astrocytes.
o2 isoform (Atpla2) broadly expressed in non-neuronal cells, particu-
larly in astrocytes, while a3 isoform (Atpla3) was neuron-specific,
especially in CNS neurons. o4 isoform (Atpla4) was not found in any
cell class, which serves as an additional quality control of the data
since it is exclusively expressed in testis (McDermott et al., 2012). The
p1 isoform (Atp1b1) predominated in CNS neurons, while 32 (Atp1b2)
and B3 (Atp1b3) isoforms were found mostly in astrocytes and oligo-
dendrocytes respectively. The expression of small regulatory subunits
(Fxyds) also varied largely among different cell classes. Fxyd1 isoform
was mainly found in glial cells, while Fxydé and Fxyd7 isoforms were
present in CNS and PNS neurons, yet the latter also expressed Fxyd2
isoform. Fxyd5 isoform was found in vascular cells of the brain.

3.2 | Transcriptional profile of Nat/K™-ATPase
isoforms in CNS neurons

CNS neurons, as the largest cell population in the mouse nervous sys-
tem, were annotated into 324 and 160 clusters in (Saunders
et al., 2018) and (Zeisel et al., 2018) databases, respectively. In each
neuronal CNS cluster, we calculated and compared the mean expres-

sion of the relevant Nat/K"-ATPase isoforms. Figure 2a1,a2 show
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that in both datasets al, o3, 1, Fxydé, and Fxyd7 were the major
Na*/K*-ATPase isoforms in mouse CNS neurons, yet there are vari-

ations of expression levels among isoforms. Given that the core

enzyme consists of a heterodimer of one « and one  subunit, these
results indicate that most of the functional Na*/K*-ATPases in CNS

neurons contain al/f1 and a3/p1 complexes. Indeed, in CNS neu-

rons expressing al or a3, p1 transcripts are predominant (Fig. 2a1,

a2, Figure S2). Further, in all cases in which p1 transcripts co-

expressed with either B2, p3, or both, the expression values for 1

transcripts were always higher (Table S3).
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Next, we asked whether expression of subunits in functional
Na®/K"-ATPase complexes are correlated at the transcript level.
Figure 2b1,b2 show hierarchical clustering heatmaps for a1, a3, and 1
from both datasets. p1 isoform is ubiquitously present in most neuronal
populations, while a1l and a3 transcripts appear to be sometimes nega-
tively correlated with each other. Quantitively, these co-expression pat-
terns of al, a3, and B1 isoforms were further confirmed by estimating
the Spearman's correlation between these three isoforms in CNS
neurons (Figure 2c1,c2). Figure S3 shows these plots for the major
Nat/K*-ATPase isoforms present in CNS neurons.

Are inhibitory or excitatory neurons poised to preferentially
express al or a3 isoforms? To address this question, we computed,
for both datasets, pairwise Euclidean distances among a1, a3, and p1
isoforms of the Na* /K" -ATPase, together with two marker genes for
excitatory neurons (Slc17aé and Slc17a7) and two marker genes

for inhibitory neurons (Gad1 and Gad2). The complete list of expression

TABLE 1
than 2 for a1 isoform from (Saunders et al., 2018) database
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values for these target genes among all neuronal clusters from both
datasets is available as Table S4. Based on the divergence in gene
expression patterns in all CNS neuronal clusters, in both datasets, the
Euclidean distance calculations and hierarchical agglomeration (see
Methods) classified three groups: Atplb1, Atplal together with the
two excitatory marker genes and Atpla3 together with the two inhibi-
tory marker genes (Figure 2d1,d2). These results suggest that there is a
tendency for clusters expressing predominantly a1 isoform to be asso-
ciated with excitatory neurotransmitter markers, while those clusters
predominantly expressing a3 isoform do so with inhibitory neurotrans-
mitters. It is important to consider that the observed association is not
exclusive. Individual clusters can express either or both isoforms, and
some neurons that predominantly express a3 isoforms are excitatory
and vice versa. The tendency and examples of non-exclusivity can be
found in Tables 1-4. These results confirm previous findings at the RNA
and protein level that the a3 subunit is predominantly expressed in

Transcript expressions for the Na®™/K*-ATPase isoforms and neurotransmitter markers in neuronal clusters with Z scores larger

Cluster name  Atplal  Atpla3  Sicl7a6  Slc17a7  Gadl Gad2 Region Cluster common name

FC_6-6 2.538 2.105 0.000 2.056 0.000 0.836 Frontal cortex Deep layer pyramidal cells

PC_2-1 2.546 0.955 0.413 1.276 0.020 0.029 Posterior cortex Neurofilament, Layer4?

PC_2-10 2.294 1.134 0.624 1.196 0.018 0.026 Posterior cortex Layer 5a

PC_2-7 2.257 1.413 0.187 1.622 0.021 0.028 Posterior cortex Layer 2/3

FC_6-1 2.212 1.105 0.062 1.471 0.012 0.022 Frontal cortex Superficial layer pyramidal cells—Layer 2/3

PC_2-5 2171 1.101 0.255 1.359 0.017 0.024 Posterior cortex Layer 2/3

FC_6-3 2.132 1.167 0.228 1.605 0.011 0.020 Frontal cortex Deep layer pyramidal cells—Layer 5a

PC_2-4 2.064 1.032 0.175 1.459 0.012 0.014 Posterior cortex Layer 2/3, IEG+

PC_2-11 2.050 1.207 0.341 1.305 0.013 0.024 Posterior cortex Layer 5a

PC_3-1 1.957 1.681 0.121 1.191 0.008 0.018 Posterior cortex Layer 5a, entorhinal cortex, Cbin1+

PC_2-2 2.031 1.277 0.224 1.239 0.024 0.030 Posterior cortex Retrosplenial cortex (RSG)/Entorhinal
cortex, Layer 2/3

PC_2-9 1.861 1.336 0.107 1.464 0.017 0.030  Posterior cortex  Layer 5a, BCO06965+

HC_3-4 1.676 1.876 0.298 1.144 0.112 0.000 Hippocampus Entorhinal cortex

PC_2-14 1.790 1.335 0.519 1.238 0.020 0.029 Posterior cortex Retrosplenial cortex (RSG)/Subiculum/

Parasubiculum

Note: Expression values represent the average value of the expression of the gene in that cluster, of which brain region and common name are also
provided. All values were rounded to 3 decimal places. The cluster names, regions and their common names were inherited from the downloaded cell type
annotation files of the published online scRNA dataset.

FIGURE 2 Expression and correlation of Na*/K*-ATPase subunits and their isoforms within the CNS neuronal clusters. (a1,a2) Violin plots
for mean expressions of Na* /K" -ATPase subunits and isoforms within CNS neuronal clusters. Each dot represents one neuronal cluster, while
each violin plot reflects the expression distribution of each individual isoform in the neurons from the mouse brain. (b1,b2) Heatmaps of mean
expressions for al, a3, and p1, the major candidates to form the minimal functional Na*/K*-ATPase complexes. Each row represents one
neuronal cluster, while the color is assigned according to the mean expression value of the gene in the corresponding cluster. More
comprehensive heatmaps of all CNS Na*/K"-ATPase subunits and isoforms are shown in Figure S3. (c1,c2) Spearman's correlation coefficients
between al, a3, and B1. The colors are assigned according to the values of correlation coefficients. Spearman's correlation coefficients between
all CNS Na*/K*-ATPase subunits and isoforms are shown in Figure S3. (d1,d2) Euclidean distance trees for the a1, a3, f1, and neurotransmitter
markers. The distance refers to the divergence between gene expression profiles. The colors represent the grouping of genes based on the
pairwise distances. a1, b1, c1, and d1 were generated using data from Saunders et al. (2018), while a2, b2, c3, and d3 were made using data from
Zeisel et al. (2018). The average gene expression per cluster was determined as described in Section 2.1. Spearman's correlations in (b,c) and
Euclidean distances in Figure 2(d) were calculated as described in Section 2.3
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TABLE 2 Transcript expressions for the Na™/K*-ATPase isoforms and neurotransmitter markers in neuronal clusters with Z scores larger
than 2 for a1 isoform from (Zeisel et al., 2018) database

Cluster name
TEGLU7
TEGLUS8
TEGLU9
TEGLU4
CBINH2
TEGLU16
TEGLU10
TEGLU11
HBINHS8

Atplal
2.069
2.053
1.912
1.896
1.861
1.509
1.499
1.405
1.207

Atpla3
0.740
0.727
1.017
1.834
2.387
1.106
1.307
1.155
2491

Slc17a6

0.067
0.112
0.096
0.089
0.000
0.165
0.058
0.006
0.000

Sic17a7 Gadl

2.001
2.164
2371
2.620
0.120
2.371
3.138
2.789
0.000

0.045
0.031
0.016
0.037
1.858
0.036
0.019
0.037
3.609

Gad2
0.019
0.011
0.027
0.013
1.307
0.030
0.020
0.016
1.693

Region
Cortex
Cortex
Cortex
Cortex
Cerebellum
Cortex
Cortex
Cortex
Medulla

Cluster common name

Excitatory neurons, cerebral cortex
Excitatory neurons, cerebral cortex
Excitatory neurons, cerebral cortex
Excitatory neurons, cerebral cortex
Granular layer interneurons, cerebellum
Excitatory neurons, cerebral cortex
Excitatory neurons, cerebral cortex
Excitatory neurons, cerebral cortex

Inhibitory neurons, hindbrain

Note: Expression values represent the average value of the expression of the gene in that cluster, of which brain region and common name are also
provided. All values were rounded to 3 decimal places. The cluster names, regions and their common names were inherited from the downloaded cell type
annotation files of the published online scRNA dataset.

TABLE 3 Transcript expressions for the Nat/K*-ATPase isoforms and neurotransmitter markers in neuronal clusters with Z scores larger
than 2 for a3 isoform from (Saunders et al., 2018) database

Cluster name
CB_4-2
CB_3-2
CB_3-1
CB_3-3
STR_14-1
HC_1-25
HC_5-13
STR_14-3
CB_4-1
HC_1-6
HC_1-7
HC_1-10

Atplal
0.611
0.729
0.459
0.393
0.190
0.437
0.413
0.286
0.151
0.293
0.120
1.011

Atpla3
3.189
3.114
3.018
2.943
2.674
2.638
2.588
2.630
2.620
2.649
2.574
2.635

Slc17a6

0.000
0.000
0.000
0.000
0.000
0.000
0.482
0.000
0.524
0.011
0.006
0.000

Slc17a7
0.054
0.029
0.006
0.000
0.000
0.081
0.814
0.000
1.015
0.051
0.077
0.094

Gad1
2.885
3.004
2.006
2.148
3.343
2.374
0.032
3.234
0.000
2923
2.552
2.705

Gad2
3.072
2.234
1.905
2.479
3.026
3.774
0.000
3.160
0.000
2.500
1.835
2.849

Region
Cerebellum
Cerebellum
Cerebellum
Cerebellum
Striatum
Hippocampus
Hippocampus
Striatum
Cerebellum
Hippocampus
Hippocampus

Hippocampus

Cluster common name

Golgi interneuron

Cerebellum basket cells 2

Cerebellum basket cells 1

Cerebellum basket cells 3

Fast-spiking interneuron, Pvalb+
Interneuron, (candidate CGE-derived 10)
Postsubiculum

Fast-spiking interneuron, Pvalb+/Rgs12+
Unipolar brush cell

Interneuron, Basket 1

Interneuron, Basket 1

Interneuron, OLM4 (Dentate enriched?)

Note: Expression values represent the average value of the expression of the gene in that cluster, of which brain region and common name are also
provided. All values were rounded to 3 decimal places. The cluster names, regions and their common names were inherited from the downloaded cell type
annotation files of the published online scRNA dataset.

TABLE 4 Transcript expressions for the Nat/K*-ATPase isoforms and neurotransmitter markers in neuronal clusters with Z scores larger
than 2 for a3 isoform from (Zeisel et al., 2018) database

Cluster name
HBGLU7
HBGLU8
HBINH7
HBGLU9
HBINHS8
HBGLU6

Atplal

0.379
0.503
0.246
0.160
1.207
0.355

Atpla3

2.644
2.610
2.644
2.531
2491
2417

Slc17a6

1.575
2.026
0.000
2.207
0.000
1.663

Slc17a7
2.580
2.760
0.000
0.956
0.000
2446

Gad1
0.008
0.000
1.396
0.000
3.609
0.005

Gad2
0.070
0.086
0.994
0.032
1.693
0.328

Region Cluster common name

Pons Excitatory neurons, hindbrain
Pons Excitatory neurons, hindbrain
Pons Inhibitory neurons, hindbrain
Medulla Excitatory neurons, hindbrain
Medulla Inhibitory neurons, hindbrain
Pons Excitatory neurons, hindbrain

Note: Expression values represent the average value of the expression of the gene in that cluster, of which brain region and common name are also
provided. All values were rounded to 3 decimal places. The cluster names, regions and their common names were inherited from the downloaded cell type
annotation files of the published online scRNA dataset.
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FIGURE 3 Identifying neuronal clusters with high expression of FIGURE 4 Identifying neuronal clusters with high expression of

transcripts encoding for al. (a1,a2) Scatter plots of the expression of
ol transcripts versus the proportion of cells expressing al for CNS
neuronal clusters. Each circle represents one neuronal cluster.
Clusters above the 95th percentile for either variable are shown in
coral or cyan, the latter corresponding to those clusters with Z scores
higher than 2. Red dotted lines define the 95th percentile limits.
(b1,b2) Histograms for Z scores from CNS neuronal clusters. Red
dotted lines define Z scores equal to 2. The number of clusters in bins
with Z larger than 2 are shown above the bars. al & b1 and a2 & b2
were generated using data from Saunders et al. (2018) and Zeisel

et al. (2018), respectively. The determinations of expression and
proportion were described in Section 2.1. The gross product and Z
score were calculated as described in Section 2.2

inhibitory neurons in various regions of rodent brains, such as the hippo-
campus (Bottger et al., 2011; Ikeda et al., 2013; Murata et al., 2020).
Interestingly, at the transcript level we observed that in CNS neu-
rons the expression value of the p subunit tended to be about 50%
higher than the expression value of the a subunit (Table S4, statistics
spreadsheets). Given that the main function of the § subunit is to
assist the assembly and traffic of Na*/K*-ATPase complexes, the
excess of B subunit transcripts may ensure sufficient trafficking of

pumps to the plasma membrane.
3.3 | Identification of neuronal clusters expressing
the highest levels of a1l or o3 transcripts in the CNS

To identify those neuronal clusters with the highest expression of

transcripts for the al or a3 isoforms in the mouse CNS, we applied

transcripts encoding for 3. (a1,a2) Scatter plots of the expression of
a3 transcripts versus the proportion of cells expressing a3 for CNS
neuronal clusters. Each circle represents one neuronal cluster.
Clusters above the 95th percentile for either variable are shown in
coral or cyan, the latter corresponding to those clusters with Z scores
higher than 2. Red dotted lines define the 95th percentile limits.
(b1,b2) Histograms for Z scores from CNS neuronal clusters. Red
dotted lines define Z scores equal to 2. The number of clusters in bins
in which Z was >2 are shown above the bars. al and b1, and a2 and
b2 were generated using data from Saunders et al. (2018) and Zeisel
et al. (2018), respectively. The determinations of expression and
proportion were described in Section 2.1. The gross product and Z
score were calculated as described in Section 2.2

two criteria in each dataset. First, we plotted the average expression
level versus the proportion of cells expressing al or a3 isoforms of
all CNS clusters for both datasets and implemented 95th percentile
filters for both variables. Figures 3al,a2 and 4al,a2 show these
plots for al and a3, respectively. The information of those clusters
above at least one of the imposed thresholds are shown as
highlighted clusters in Table 5 (x1) and Table 6 (3). Second, we cal-
culated the Z scores of each cluster from both datasets, plotted
their distributions and established a limit at >2, where the Z score
represents the distance between the gene gross product (expression
mean x proportion) in a specific cluster and the cluster population
mean (see Methods). Figures 3b1,b2 and 4b1,b2 show these distri-
butions of Z scores for the isoforms al and o3, respectively. The
information of those clusters with Z scores larger than 2 are den-
oted by red fonts in Table S5 («1) and Table Sé («3). In both data-
bases, the Z score distributions for the al or a3 isoform are
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different. In the case of a3, it appears as a normal distribution,
whereas in the case of al it does not. The shape of the Z-score dis-
tribution inherits the shape of the gross product because the Z
score is a linear transformation of the gross product (see Methods).
In the case of ol the distribution of values of expression is skewed
towards the low end, while for the a3 isoform the distribution is bell
shaped (data not shown). This signifies that a1 transcripts, as a pop-
ulation across all clusters, were less abundant than «3 transcripts.
Clusters that were above the 95th percentile of average expres-
sion or positive cell percentage are shown in Figures 3al,a2 and 4al,
a2 as either coral or cyan circles, the latter representing clusters with
a Z score higher than 2. As expected, all cyan clusters meet at least
one of the 95th percentile thresholds. Tables 1 and 2 show the anno-
tated names for those neuronal clusters with Z scores for al isoform
larger than 2 from each database. These tables contain the expression
values for the al isoform, and, as well, the expression values for the
other a isoform (x3, in this case) and the four neurotransmitter
markers. The corresponding Tables 3 and 4 contain the same informa-
tion for those neuronal clusters with Z scores for a3 isoform larger
than 2 from each database. Both datasets consistently show that most
of the clusters highly expressing a1 isoform (Tables 1 and 2) originate
from the Cortex. With two exceptions in Table 2, most of the clusters
dominantly express genes associated with excitatory neurotransmis-
sion, particularly Slc17a7. The two exceptions are the results of our
selection method, that is, we only considered the expression values of
ol isoform, yet these two clusters also abundantly expressed a3 iso-
form and the inhibitory neurotransmitter markers. For the a3 isoform
(Tables 3 and 4), in one dataset 10 out of 12 clusters correspond to
cell types from the cerebellum or hippocampus, while in the other
dataset the six clusters are cell types from the pons and medulla in
the hindbrain, also referred to as the brainstem. The potential reason
for the discordance between the brain regions in Tables 3 and 4 is
that Saunders et al. (Saunders et al., 2018) did not take tissue samples
from the pons and medulla, as well as the olfactory bulb. Then, we
asked whether removing the clusters which originated from the pons,
the medulla and the olfactory bulb in the database of Zeisel
et al. (2018) could establish some agreement between the two
datasets. Indeed, Figure S4 and Table S7 show nine clusters that meet
at least one of the 95th percentile thresholds, of which six are from
the hippocampus, the cortex, and the cerebellum. These data com-
bined suggest that the brain regions in mice with highest expression
of a3 isoform transcripts are the pons, the medulla, the cerebellum,

and the hippocampus. Interestingly, these a3-enriched brain regions
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have been reported to be related to neurological diseases linked
with a3 mutations (Oblak et al., 2014; Saito et al., 1998; Sasaki
etal., 2017).

3.4 | Populations of neurons expressing transcripts
from the a1 and a3 isoform genes in the context of a
neuronal circuit: The cerebellum

To better understand the significance of the distinct expression levels
of the neuronal a3 and a1 isoform in the mouse brain, it is useful to
characterize the pattern among different neuron subtypes in the con-
text of the circuitry of specific brain regions. We chose the cerebellum
because it has a relatively simple neuronal circuitry as compared to
the hindbrain or the hippocampus, and it is a region that has been
linked to multiple symptoms of AHC.

For this purpose, we first generated two heatmaps, one for
each database (Saunders et al., 2018; Zeisel et al., 2018), using
the mean expression values for the different o« and B isoforms of
clusters originated from the cerebellum (Figure 5a1,a2). From these
databases, 9 and 5 neuronal clusters were annotated as neuron
types coming from the cerebellum by Saunders et al. (Saunders
et al., 2018) and Zeisel et al. (Zeisel et al., 2018), respectively. Based
on the gene expression signature for cerebellar neurons, these
14 clusters were categorized into seven major populations: Golgi
cells, basket cells, Purkinje cells, unipolar brush cells, inferior
colliculus, granule cells, and neuroblasts (Figure 5a1,a2). It is worth
noting the consistency between both databases. In both, Golgi,
basket and Purkinje cells predominantly express the neuronal-
specific a3 isoform transcript, while granule cells appear to express
more transcripts from the al isoform. Consistent with the overall
observations of CNS clusters, p1 isoform is the most abundant
transcript among Na'/K"-ATPase isoforms in the cerebellum. In
the cerebellum, the unipolar brush cell cluster is an exception
to the general association between neuron's neurotransmission
type and abundance of a specific « isoform. The neurons from this
cluster are excitatory neurons, yet transcripts from the o3 isoform are
predominant.

Overall, the pattern of expression of transcripts for the a1 and o3
isoforms observed in the cerebellum in the two databases is in good
agreement with previous histological studies (Bottger et al., 2011,
Hieber et al., 1991; lkeda et al., 2013; McGrail et al., 1991; Peng
et al., 1997; Watts et al., 1991). To further support these studies, we

FIGURE 5

Expression spectrum of the « and p isoforms in the mouse cerebellum. (a1,a2) Heatmaps of mean expressions for the o and p

isoforms in cerebellar neuronal clusters. Each row refers to each cerebellar neuronal cluster, where its color is assigned according to its expression
value. al and a2 were generated using data from Saunders et al. (2018) and Zeisel et al. (2018), respectively. The determinations of expression
were described in Section 2.1. (b, c) Representative images of immunostaining of mouse cerebellar slices using a1l and a3 antibodies. Purkinje cells
(yellow arrow), granule cells (blue arrow), Golgi cells (red arrow), basket cells (purple arrow) and glomeruli (white arrow). GL, granular layer; ML,
molecular layer; PCL, Purkinje cell layer. Dashed lines represent the approximate locations of the PCL. N = 2 (animals), n = 8 (slices) for two-
month-old WT mice. Scale = 20 um. (d) lllustration of the cerebellar neuronal network. Filled-colors refer to the preferential expressions of either
al (light blue) or a3 (coral), while outline-colors represent whether the neuron is excitatory (cyan) or inhibitory (red)
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performed immunohistochemistry assays on adult mouse cerebellar
slices (Figure 5b,c). We used the morphology and spatial location to
identify the cell types. Experiments using al antibodies
(e.g., Figure 5b) showed that the soma of Purkinje cells lack a1 sub-
units (Figure 5b, dark regions in the Purkinje cell layer [PCL], yellow
arrows). Clearly, in the granular layer (GL), there are cells abundantly
expressing the al subunit. There are al ring-stained cells which are
small (~5 pum in diameter), numerous, and tightly packed together
(Figure 5b, blue arrows), indicating that they are likely granule cells.
There are also regions in the GL which are densely labeled and nor-
mally adjacent to a granule cell (Figure 5b, white arrows). These
regions might represent abundant a1 staining in the complex glomer-
uli structures. There is more diffuse al staining in the molecular layer
(ML) (Figure 5b), which likely corresponds to the presence of the al
subunit in axons from the granule cells. The a3 staining pattern in the
cerebellum is notably different than that of «l staining (Figure 5c).
Purkinje cells are now encircled by fluorescence (Figure 5c, yellow
arrows), confirming that the a3 subunit is the predominant a isoform
in these cells. The GL appears to have substantial a3 staining with a
characteristic punctuated pattern. Golgi cells are expected to be in
this layer, yet in rodents there is one Golgi cell for every ~400 granule
cells (Korbo et al., 1993), so it would be difficult to detect a Golgi cell
among the broad punctuated pattern of the a3 staining. Nonetheless,
the size and wide arborization of some cells, such as the one indicated
by the red arrow (Figure 5c), were suggestive of Golgi cells. Even
though unipolar brush cells are more abundant than Golgi cells and
have a characteristic morphology, we cannot establish with confi-
dence that they can be identified by a3 staining. In the ML, there are
two main types of interneurons, the stellate cells, and the basket cells.
The latter type was the only one identified in both databases. The
basket cells are mainly located in the lower half of the ML, like the
cells indicated by purple arrows (Figure 5c). Overall, these results are
consistent with our statistical analysis of the two databases, as well as
previous studies at the protein and mRNA level (Bottger et al., 2011;
Hieber et al., 1991; Ikeda et al., 2013; McGrail et al., 1991; Peng
etal., 1997; Watts et al., 1991).

Combining the information at the mRNA and protein levels
described above, Figure 5d shows a simple anatomical illustration of
the cerebellar neuronal circuitry, in the context of the predominant o
isoform in each type of neuron. Clearly, the processing of electrical
activity in the cerebellum is determined by neurons that predomi-
nantly express the a3 isoform. Therefore, it is not surprising that this
brain region is implicated in disorders linked to mutations of this iso-
form. In summary, our analysis and data strengthen the importance of
the a3 isoform in the local cerebellar network.
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3.5 | Correlation analysis to identify relevant genes
that co-express with a1 and a3 isoforms

We next asked whether the expression of transcripts from the o1 and
a3 isoforms correlated to the expression of transcripts from other
genes, which would provide a more systematic perspective of their
function and identify genes involved in common biological processes.

To identify the co-expression networks for a1l and a3 isoforms,
we considered only the top « enriched neuronal clusters identified by
percentile thresholding (Figures 3al,a2 and 4al,a2). For each « iso-
form, we combined the clusters from both databases, totaling 31 clus-
ters for the al isoform and 34 clusters for the o3 isoform. We first
examined the expression spectrum of all detected genes across the
selected neuronal clusters and noticed a large proportion of genes
with low expression, as is commonly observed in most scRNA-Seq
studies. The quantification of low-expressed genes could be less reli-
able and may hinder downstream correlation analysis. Therefore, we
implemented an expression threshold (referred as Expr25), to discard
those genes with average values of expression lower than the 25th
percentile of all the mean expression values. The filtered subdataset
for al enriched clusters was composed of 20,515 genes and 66,328
cells, while the filtered subdataset for a3 enriched populations was
composed of 15,962 genes and 3930 cells. The large difference
between the number of cells in these two subdatasets is due to the
overwhelming number of granule cells sequenced. As expected,
Atplal and Atpla3 remained in both filtered subdatasets.

Then, we generated submatrices composed by the expression
values for either al or a3 and the expression values of a test gene in
all cells, which are referred as the gene-gene matrices. These matrices
contained 2 genes x 66,328 cells and 2 genes x 3930 cells for al
and o3, respectively (Figure S5). We noticed that in many cells, the
value for the expression of a test gene was lower than the 25th per-
centile established previously. This is likely due to both biological vari-
ability and technical difficulties. Even though imputation and data-
smoothing could address this issue, these data are prompt to generate
false positive gene-gene correlations later. Therefore, we opted for a
second filter to discard all cells in a gene-gene matrix that contained
expression values less than the expression threshold Expr25,
established above (Figure S5). Finally, any gene-gene matrix con-
taining less than three cells were also discarded (Decision step “x = 3”
in Figure S5). Only one gene-gene matrix from the a1 was discarded
but none for «3. From the filtered gene-gene matrices, we computed
three variables: the numbers of cells remaining, the Spearman's corre-
lation coefficients and the corresponding p values. The first two vari-
ables were visualized in two ways. First, Figure Séa,c show the

FIGURE 6 Genes correlated with the expression of al. (a) Volcano plot of Spearman's correlation coefficients versus -log10 (FDR-adjusted

p values). Each symbol represents one test gene. The half-symbols on the top edge is the default manner that R package uses to plot those genes
with infinity values. Top 10 genes with highest positive correlations are marked with red color. Spearman's correlation and the corresponding
log10 transformed FDR-adjusted p values were described in Sections 2.4 and 3.5. (b) A hierarchical clustering tree that summarizes the significant
biological processes. The sizes of the blue dots and their corresponding values refer to the Enrichment FDR for the specific biological process,

calculated by ShinyGo software (see Section 2.5)
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distributions of the number of cells remaining for a1 and «3, respec-
tively. Both distributions are skewed towards the left, that is, gene-
gene matrices containing few cells remaining were dominant. Second,
by plotting the number of cells remaining versus the calculated gene-
gene Spearman correlation coefficient of all gene-gene matrices
(Figure Séb,d), we noticed that these gene-gene matrices with few
cells remaining are poised to have high Spearman correlation coeffi-
cients. These observations indicate these gene-gene matrices with
few cells remaining might introduce additional bias. To reduce this
bias, we implemented a stringent threshold at 75th percentile of the
distributions of the number of cells remaining, which was referred as
the threshold Num75 (Num75 = 8275.5 for al enriched clusters;
Num?75 = 737 for a3 enriched clusters) (Figure Séa-d, red dashed
lines).

After discarding the genes and cells using the three filters
described above, we examined the remaining 5128 and 3992 gene-
gene matrices of the al and o3 isoforms, respectively (Table S8).
Using the p values of each gene-gene matrix, we computed their
corresponding FDR adjusted p values. Figures 6a and 7a show volcano
plots for the a1l and a3 isoform, respectively. Red color dots show the
top 10 genes for each a isoform: al (Chn2, Hpcall, Nrgn, Neurod1,
Selm, Kcnc1, Snrk, Snap25, Ckb, and Ccndbp1) and o3 (Sorcs3, EmI5,
Neurod2, Ckb, Tbc1d4, Ptprz1, Pvrll, Kirrel3, Pvalb, and Asic2). These
genes encode calcium-binding proteins (Pvalb, Hpcall), calmodulin-
binding protein (Nrgn), Cyclin D1 binding protein (Ccndbp1), transcrip-
tional regulator proteins (Neurod1, Neurod2), membrane traffic pro-
teins (Sorcs3, Snap25), kinase proteins (Ckb, Snrk, Ptprz1), GTPase-
activating proteins (Chn2, Thc1d4), adhesion molecule proteins (Pvrl1,
Kirrel3), ion channel proteins (Kcncl, Asic2), microtubule-associated
protein (EmI5), and proteins with unknown functions (Selm). Interest-
ingly, the calcium-binding protein parvalbumin encoded by Pvalb, one
of the top genes co-expressed with the a3 isoform, is expressed in a
subtype of GABAergic neurons expressing low Atplal and high
Atp1a3 a3 (Murata et al., 2020). In other studies, some of the proteins
encoded by the genes identified have shown functions that might be
related to a specific o isoform. For example, SNAP-25 encoded by
Snap25 gene, one of the top genes co-expressed with the a1 isoform,
underlies the differences of the calcium responsiveness to depolariza-
tion between GABAergic and glutamatergic neurons (Verderio
et al,, 2004).

Given that gene expression and regulation is cell type-specific, it
is conceivable that the correlation analysis with the al isoform is
biased to the correlation exhibited by cerebellar granule cells. To test
for this possibility, we reanalyzed the data excluding the cluster
CB_1-1 and compared the outcomes under these two different condi-

tions. The filtered subdataset for al enriched clusters was composed
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of 20,391 genes and 56,085 cells. After the three filters were per-
formed, 5098 genes were selected (Table S8). The intersection between
this output and the previous one is 5073 genes. By plotting the Spe-
arman's correlation coefficients obtained from both analysis we observed
a regression coefficient of 0.686, with a p value <2.2e-16 (Figure Sée),
suggesting that cerebellar granule cells are not introducing bias.

To further explore the sets of co-expressing genes, we performed
gene ontology analyses of the top 100 genes associated with each o
isoform (Figures 6b and 7b, and Table S9 and S10), using ShinyGo
software package (Ge et al., 2020) and DAVID (Huang da et al., 2009).
Given that transcripts encoding al and a3 isoforms are expressed dif-
ferently among neuronal populations, it is not surprising that there is
some dissimilarity among the biological processes in which they might
be involved. Even though the main known function of both isoforms
is to transport ions across the cell membrane, the a3 isoform seems to
be consistently more represented in neuronal-specific biological pro-
cesses. These observations add support to the idea that this isoform
has functions beyond the transport of Na* and K*' ions (Clausen
etal, 2017).

4 | DISCUSSION

The aim of this study was to analyze the expression pattern of Na*/
K*-ATPase subunits in the mouse brain, focusing on the neuron-
specific isoform a3, which has been implicated in several neurological
diseases. We identified the predominant Na*/K™-ATPase isoform
combinations in multiple cell types and regions across the brain
(Table 1-2, and Tables S5 and Sé). We confirmed that the expression
of a3 isoform is exclusive to neurons of the PNS and CNS. We
expanded on previous work by defining the neuronal clusters with
largest expression of al and a3 isoforms and discovered significant
variation of expression among subpopulations of a-associated cell
types. Moreover, we detected the genes whose expression correlated
with al or a3 in these neuronal clusters. To our knowledge, this study
is the first investigation to comprehensively address the similarities
and differences of Na*/K*-ATPase isoforms in various neuronal clus-
ters at the single-cell level throughout the adult mouse brain.

In addition to confirming that the « isoforms in CNS neurons are
al and a3, we found that for the other subunits, the p1 isoform and
Fxyd6 and Fxyd7 isoforms predominate. Supporting a role of these
isoforms in neuronal function, both al- and a3-associated diseases
can involve CNS symptoms such as epilepsy and intellectual disability,
as well as peripheral nerve degeneration with al. The modulatory
subunit Fxydé is potentially associated with susceptibility to schizo-
phrenia (Choudhury et al., 2007; Zhong et al., 2011). While there are

FIGURE 7 Genes correlated with the expression of «3. (a) Volcano plot of Spearman's correlation coefficients versus -log10 (FDR-adjusted
p values). Each symbol represents one test gene. Top 10 genes with highest positive correlations are marked with red color. Spearman's
correlation and the corresponding log10 transformed FDR-adjusted p values were described in Sections 2.4 and 3.5. (b) A hierarchical clustering
tree that summarizes the significant biological processes. The sizes of the blue dots and their corresponding values refer to the Enrichment FDR
for the specific biological process, calculated by ShinyGo software (see Section 2.5)
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currently no known f1-associated diseases, this may be due to its
ubiquitous expression throughout other organ systems. The negative
correlation between al and a3 expression further supports the view
that a3 is the primary functional « isoform in some neurons. Thus, the
al/pl and a3/B1 enzyme complexes are appropriate targets for the
study of Na*/K*"-ATPase in CNS neurons.

Clustering analysis of highly a3-expressing neurons identified the
specific neuronal subtypes and brain locations that may be most rele-
vant in the study of a3's function in the CNS and disease pathology.
In unsupervised analysis, the majority of these top a3-expressing clus-
ters were found in the cerebellum, hippocampus, and brainstem
(Table Sé).

In the cerebellum, our analysis suggested Golgi cells (Cluster#:
CB_4-2 and CBINH2) and cerebellum basket cells (Cluster#: CB_3-1,
-2, -3, -4, and CBINH1) as a3-enriched clusters, which added support
for previous evidence of a3 production in these cerebellar interneu-
rons at mRNA and protein levels (Chauhan & Siegel, 1997; Hieber
et al., 1989; Hieber et al., 1991; lkeda et al., 2013). Our data also
showed that cerebellar granule cells (Cluster#: CB_1-1 and CBGRC)
seldom expressed a3, which was also consistent with previous find-
ings about the lack of a3 in granule cells (Ikeda et al., 2013). Remark-
ably, our results indicated that, although «3 has been heavily studied
as the isoform in cerebellar Purkinje cells, it was only expressed at the
medium level among all CNS neuronal clusters. We observed that
14.6% Purkinje cells (Cluster#: CB_2-1) from 2-month-old mice and
52.4% Purkinje cells (Cluster#: CBPC) from P19-25 mice did not have
detectable a3, which was consistent with the previous observation in
Atp1a3-ZsGreenl mice (2-3 months) carrying a fluorescent reporter
that about 22.4%-47.3% neurons within Purkinje cell layer were
ZsGreen1 negative (Dobretsov et al., 2019), suggesting that most but
not all Purkinje cells express o3.

In the hippocampus, the primary o3-expressing population is
thought to be parvalbumin-expressing interneurons and hilar cells
(Dobretsov et al., 2019; Murata et al., 2020). For example, excessive
ZsGreenl-labeled cells were observed in dentate gyrus, subiculum,
and postsubiculum areas, while the majority of the neurons within the
hippocampal pyramidal layer were ZsGreenl-negative in
Atp1a3-ZsGreenl mice (Dobretsov et al., 2019). Glutamatergic cells
and parvalbumin-expressing GABAergic neurons in the hilus were
shown to have the highest expression level of Atpla3 mRNA using
fluorescent labeling mRNA probes (Murata et al., 2020). In line with
this work, we found that hippocampal basket cells and neuronal
populations from subiculum and postsubiculum were among the top
clusters for a3 production. Moreover, these hippocampal basket cells
(Cluster#: HC_1-6 and HC_1-7) expressed parvalbumin but not chole-
cystokinin. Therefore, they were very likely to be the GABAergic neu-
rons which provide stable high-frequency inhibitory output onto their
target cells (Bartos & Elgueta, 2012). Another two highly-expressing
a3 clusters were two subtypes (Cluster#: HC_1-10 and HC_1-8) of
oriens-lacunosum moleculare cells, which are considered key to the
pathophysiology of epilepsy and the most vulnerable interneuron
population in models of epilepsy (Dinocourt et al., 2003; Dugladze
et al., 2007), a symptom for many AHC and RDP patients (Kansagra

et al, 2013). Trilaminar cells (Cluster#: TEINH13), which are fast-
spiking cells and strongly phase-locked with gamma oscillations
(Gloveli et al., 2005), were also identified as one of the top clusters.
Although glutamatergic neurons highly expressing «3 (Vglutl®/
Atp1a3™ cells) were found in hilus (Murata et al., 2020), this neuronal
population apparently was not recruited in these two scRNA-Seq
databases. According to the datasets, the two glutamatergic neurons
identified in dentate and hilus (Cluster#: HC_6-5 and HC_6-6) only
have a moderate level of a3 production. Moreover, these neurons
express a calcium-binding protein calretinin which is not detected in
the Vglut1™/Atp1a3™ cells, suggesting that they are distinct neuronal
subtypes.

Besides cerebellum and hippocampus, several a3-enriched populations
were found in the brainstem. Notably, excitatory neurons including
Cluster# HBGLU7 & HBGLUS8 from tegmental reticular nucleus (TRN),
Cluster# HBGLU6 from pontine gray (PG), Cluster# HBGLU5 from
pontine reticular nucleus, caudal part (PRNc), Cluster# HBGLU4 from
medial vestibular nucleus (MV) and nucleus prepositus (PRN), as well
as inhibitory neurons including Cluster# HBINH5 from gigantocellular
reticular nucleus (GRN) were some of the top clusters. In agreement
with previous findings, these neuronal clusters are localized in the sub-
regions found to have strong ZsGreen1 expression in Atp1a3-ZsGreenl
mice (Dobretsov et al., 2019). Contrary, a few predicted clusters in our
analysis, such as Cluster# HBGLU9 from spinal nucleus of the trigeminal
(SPV), Cluster# HBINH7 from superior olivary complex and Cluster#
HBINHS8 from SPV, were in the sub-regions with less ZsGreen1 expres-
sion (Dobretsov et al., 2019), where further investigation could be
required.

Strikingly, the three major brain regions and the cell types we
found to express a3 are heavily linked to the pathogenesis of
a3-related neurological disorders. Brain hypoplasia and/or progressive
atrophy, found in some patients with a3-related diseases, particularly
affect the cerebellum, hippocampus, and brainstem (Paciorkowski
et al., 2015; Prange et al., 2020; Saito et al., 1998; Sasaki et al., 2017).
Within the cerebellum, our results identify multiple neuronal clusters
including Purkinje cells that are relevant to the study of a3 activity.
Consistent with this, cerebellar knockdown of a3 in mice has been
shown to cause aberrant Purkinje cell output, leading to dystonia, a
major symptom of a3-associated disorders (Fremont et al., 2015). Sim-
ilarly, the hippocampus displays highest a3 expression among fast-
firing interneurons, which is consistent with the finding in a mouse
model that impaired inhibitory neurotransmission in the hippocampus
likely causes a3-associated epilepsy (Hunanyan et al., 2018). Further-
more, neuropathology of a patient with hippocampal atrophy showed
loss of CA1 neurons (Paciorkowski et al., 2015), which may be
explained by excitotoxicity due to inadequate GABAergic inhibition.
In the brainstem, we found that both excitatory and inhibitory neuro-
nal populations express a3. This may explain abnormal eye move-
ments in these patients, particularly the distinctive feature of
nystagmus in one eye (Sweney et al., 2009; Yang et al., 2014), which
suggests dysfunction of nuclei in the pons that control coordination
of the two eyes (Bae et al., 2013; Pierrot-Deseilligny, 2011). Neuronal

loss and gliosis have been observed in the brainstem in other patients



JIAO ET AL.

(Oblak et al., 2014). The strong coincidence between neuronal clusters
enriched in o3 identified in our analysis and the brain regions impaired
in patients with a3 related diseases emphasized that the normal func-
tion of a3 was essential for these brain regions. Our results at least
partially explained why cerebellum, hippocampus, and brain stem
were most vulnerable to Nat/K"-ATPase pump dysfunction caused
by a3 mutations. The top clusters in our study define the specific sub-
populations of neurons that are of potential importance for further
investigation on the pathogenesis of a3-related diseases.

Unbiased analysis of genes highly correlated with o isoforms
expression revealed several genes that have highest positive correla-
tions with al or a3 expression (Figures 6 and 7, and Table S8). Crea-
tine kinase B (Ckb) is the gene with the highest confidence in its
correlation with the expression of both isoforms. Its function is to use
adenosine triphosphate (ATP) for producing phosphocreatine (PCr),
which serves as an energy reservoir for the prompt regeneration of
ATP, especially in tissues rapidly utilizing ATP, such as brain. Consider-
ing that Na*/K*-ATPase a subunits are one of the largest ATP con-
sumers in brain, the expression correlation between Ckb and «
isoforms could be relevant to energy consumption. The proneuronal
transcription factors Neurodl (Neuronal differentiation 1) and
Neurod2 (Neuronal differentiation 2) are intriguingly correlated with
ol and a3 isoforms, respectively, suggesting that neurons from differ-
ent lineages may have distinct preference for o isoform expression.
Moreover, Neurod2 was documented to be essential for rodent cere-
bellum development (Pieper et al., 2019). Axons of Neurod2-deficient
cerebellar basket cells failed to project their inhibitory terminals to
Purkinje cells, and therefore functional inhibitory circuits could not be
formed in the ML (Pieper et al., 2019). The correlation among «3 and
Neurod2 may be helpful to diagnose neuronal subtypes which are
more susceptible to damage induced by pathogenic a3 mutations, or
even fail to develop normally, leading to hypoplasia of the cerebellum
in some patients (Prange et al., 2020). Comparing the gene ontology
analysis for top al- and o3-correlated genes shows overlap in
expected pathways such as energy metabolism, but also extensive dif-
ferences among other gene categories, suggesting that this analysis
captured isoform-specific cell type associations and/or cellular func-
tions of o subunits. While a1 isoform is largely correlated with ion
transport (potassium ions in particular), a3 isoform tends towards par-
ticipating in synapse organization and synaptic signaling.

Beyond the fact that pump function is compromised in Na*/K™*-
ATPase-related disorders, little is known about the cellular and physi-
ological underpinnings of the observed clinical manifestations. Our
bioinformatic analysis provides robust and detailed information on the
expression profile of all pump isoforms across the CNS and suggests
potential partners/pathways involved in the pathogenesis of Na™/K™-
ATPase-related disorders. We believe this information could be
highly valuable to guide future researchers in selecting the best
cellular models to further understand the disease mechanism and in
identifying new therapeutic targets. Future studies using transcrip-
tional profiling datasets will lead to a deeper understanding of the
genes involved in Na*/K*-ATPase function in the human nervous

system.
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