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Abstract

Mutations in genes encoding Na+/K+-ATPase α1, α2, and α3 subunits cause a wide

range of disabling neurological disorders, and dysfunction of Na+/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 Na+/K+-

ATPase α, β 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 α1 and α3 isoforms and elaborated how α3-expressing neuronal

populations govern cerebellar neuronal circuits. We further analyzed the co-

expression network for α1 and α3 isoforms, highlighting the genes that positively cor-

related with α1 and α3 expression. The top 10 genes for α1 were Chn2, Hpcal1, Nrgn,

Neurod1, Selm, Kcnc1, Snrk, Snap25, Ckb and Ccndbp1 and for α3 were Sorcs3, Eml5,

Neurod2, Ckb, Tbc1d4, Ptprz1, Pvrl1, Kirrel3, Pvalb, and Asic2.
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1 | INTRODUCTION

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 α subunit, the auxiliary β 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 α 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 α1 isoform is ubiquitously expressed, while α2

and α3 isoforms are predominantly observed in glia and neurons,

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

et al., 2019; Edwards et al., 2013; Murata et al., 2020; Richards

et al., 2007; Sweadner, 1991). The α4 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 β isoforms

express differently among nervous tissues and cells, yet β1 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, Fxyd6 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 α1, α2, and α3, the three
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α-subunit isoforms expressed in the nervous system, cause severe

neurological disorders. Mutations of ATP1A1, encoding α1, 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 (α2) 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 (α3) 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,

and sensorineural 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 α3 mutations (>74%) (Heinzen et al., 2012).

Moreover, transgenic mice with heterozygous knockout of α3

(DeAndrade et al., 2011; Ikeda et al., 2013; Ikeda et al., 2017; Moseley

et al., 2007), or with α3-point mutations (D801Y, D801N or I810N)

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 α3, in central nervous system (CNS) function

could be significantly improved by knowing the expression patterns of

Na+/K+-ATPase isoforms in different brain regions and within neuro-

nal populations at the single-cell level. Previous histological studies of

α isoform expression in the brain have shown that neurons express

multiple α 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 Na+/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 α-β 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 α3

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

2.1 | 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 UMIs, or robust mitochondrial genes (Ilicic

et al., 2016), and doublets that are likely to have extreme high genes

or UMIs.

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 information from database (Zeisel

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

tation file. The values for gene expression in the finalized datasets

were converted from corrected counts to the adjusted log2(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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conventional, upright microscope (BX51WI; Olympus) with a �60 (.9

NA) water immersion objective (Olympus) and Dodt gradient contrast

(DGC) optics (Luigs & Neumann) for contrast enhancement. The extra-

cellular perfusing solution was continuously bubbled with 95% O2–

5% CO2 and had the following composition (in mM): 125 NaCl,

25 NaHCO3, 2.5 KCl, 2.5 CaCl2, 1 MgCl2, 10 glucose, pH 7.4 (osmolar-

ity �300 mOsm).

Using a combination of transmitted light and epifluorescence

optics (filter set 49011 with excitation filter ET480/40X, beam splitter

T510lpxrxt, and emission filter ET535/50m; Chroma), visually

targeted AII amacrine cells were impaled with sharp microelectrodes

with the tip filled with 5 mM Alexa Fluor 488 (“Alexa 488,” Thermo

Fisher Scientific) dissolved in 200 mM KCl and backfilled with

200 mM KCl without dye. Microelectrodes were pulled (P-87; Sutter

Instrument) from thin-walled borosilicate glass (OD, 1.0 mm; ID,

.78 mm; BF100-78-10; Sutter Instrument). When filled with dye solu-

tion, the resistance of the injection pipettes typically ranged between

80 and 150 MΩ. For injection, the microelectode was connected to

an intracellular amplifier (SEC-05LX; NPI Electronic) in bridge mode,

controlled by Patchmaster software (HEKA Elektronik; RRID:

SCR_000034). With the pipette resistances used, we typically did not

find it necessary to apply a retaining current to prevent leakage of

dye. After successful impalement, cells were injected with a current of

�500 pA for 3 min (�1 Hz; 900 ms on per cycle).

2.3 | Immunocytochemical labeling of slices with
injected cells

After injection, slices were fixed at room temperature for 10–15 min

in 4% paraformaldehyde in .1 M phosphate buffer (PB; .081 M

Na2HPO4/.019 M NaH2PO4, pH 7.4). Following fixation, slices were

washed three times (5 min each) in .01 M phosphate-buffered saline

(PBS; .01 M PB with 8.76 g NaCl and .2 g KCl per liter, pH 7.4). Next,

slices were incubated for 1 h at room temperature in antibody incuba-

tion solution consisting of PBS with 5% normal goat serum (NGS;

Sigma-Aldrich), .5% Triton X-100 (Sigma-Aldrich), and .05% NaN3.

Slices were then incubated for three nights (at 4�C) with primary anti-

body (mouse anti-ankyrin-G or guinea pig anti-ankyrin-G; Table 1) in

antibody incubation solution. After incubation, slices were washed

three times (10 min each) in PBS and incubated with secondary anti-

body in antibody incubation solution (with .2% Triton X-100), either

for 2 h at room temperature or overnight at 4�C. Secondary anti-

bodies were purchased from Thermo Fisher Scientific and included

goat anti-mouse coupled to Alexa Fluor 594 (“Alexa 594,” #A11032)

or Alexa Fluor 647 (“Alexa 647,” #A21236), and goat anti-guinea pig

coupled to Alexa 594 (#A11076) or Alexa 647 (#A21450), used at a

dilution of 1:1000. Subsequently, the slices were washed three times

(15 min each) in PBS and mounted in SlowFade Diamond Antifade

mountant (refractive index 1.42; Thermo Fisher Scientific, cat. number

S36967) between two precision coverslips (.17 mm thickness; Karl

Hecht Assistent, cat. number 1014/5024) separated by a .12 mm

thick imaging spacer disk (“SecureSeal,” cat. number 70327-13S; Elec-

tron Microscopy Sciences).

2.4 | Immunocytochemical labeling of retinal
wholemounts

For immunolabeling of retinal wholemounts, we used a marker (Penol)

to place a spot of permanent ink (xylene free) on the dorsal part of the

eye before removing it from the orbit. After enucleation, we made a

small cut in the dorsal part of the retina and sclera before dissecting

the retina from the eye cup. The retina was then flattened by making

four radial incisions from the periphery almost to the center and trans-

ferred onto the non-gridded surface of a piece of nitrocellulose filter

paper (Millipore, cat. number HABG01300). The filter paper with

attached retina was then positioned on a piece of folded tissue paper

(e.g., Kimwipe) and a few drops of HEPES-buffered extracellular solu-

tion was added on top and allowed to soak through. For fixation, a

few drops of 4% paraformaldehyde (in .1 M PB) was added on top

and allowed to soak through. After repeating this 2–3 times, the filter

paper with retina was transferred to a larger volume of 4% para-

formaldehyde in .1 M PB and fixed for 30 min at room temperature.

After fixation, the retina was washed six times (10 min each) in .01 M

PBS and incubated in antibody incubation solution (identical to that

used for slices) overnight at 4�C. The retina was then incubated for

four nights (at 4�C) with primary antibodies (mouse anti-ankyrin-G

and guinea pig anti-parvalbumin; Table 1) in antibody incubation solu-

tion identical to that used for slices, but with .2% Triton X-100. After-

wards, the retina was washed six times (10 min each) in PBS and

incubated overnight (at 4�C) with secondary antibodies (goat anti-

guinea pig coupled to Alexa 488, #A11073 from Thermo Fisher Scien-

tific, diluted 1:1000; goat anti-mouse coupled to Alexa 594, #A11032

from Thermo Fisher Scientific, diluted 1:1000) in antibody incubation

solution (identical to that used for slices, i.e., with .2% Triton X-100).

Finally, the retina was washed six times (10 min each) in PBS and

mounted in Vectashield between a microscope slide and a precision

TABLE 1 Primary antibodies

Antibody name Immunogen Source, cat #, RRID Antibody type Dilution

Ankyrin-G Ankyrin-G (463) Santa Cruz, SC12719, AB_626674 Mouse, monoclonal 1:100

Ankyrin-G Ankyrin-G epitope: aa 1784-1961 rat, mouse Synaptic Systems, 386004, AB_2725774 Guinea pig, polyclonal 1:1000

Parvalbumin Parvalbumin, aa 1-133 rat Synaptic Systems, 195004, AB_2156476 Guinea pig, polyclonal 1:1000

Abbreviation: RRID, Research Resource Identifiers (for details see the Resource Identification Portal: https://scicrunch.org/resources).

LIU ET AL. 3

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 | Z score for α gross product per cell cluster

To estimate the abundance of α1 or α3 mRNA molecules in each

cluster, the gross product of α1 or α3 transcripts is defined as:

Prodi ¼meani �proportioni

where Prodi is the α1 or α3 product of the cluster i, meani is the mean

expression value of α1 or α3 transcripts of the cluster i, and proportioni

is the proportion of cells expressing α1 or α3 in the cluster i.

The Z score represents the weight of the α1 or α3 gross product

of a specific cluster as compared to the rest of the clusters, described

by the equation:

Zi ¼Prodi�μ

σ

where Zi is the Z score of the cluster i, Prodi is the α1 or α3 gross

product of the cluster i, μ and σ are the mean and standard deviation

of α1 or α3 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:

d x,yð Þ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn

i

xi�yið Þ2
vuut

For Euclidean distance between two neuronal clusters X and

Y containing n genes, xi and yi 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,

xi and yi 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 Na+/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:

d Ci [ Cj,Ck

� �¼ niþnk
niþnjþnk

d Ci ,Ckð Þþ njþnk
niþnjþnk

d Cj,Ck

� �

� nk
niþnjþnk

d Ci ,Cj

� �

where Ci, Cj, and Ck refer to three disjoint vectors with sizes ni, nj, and

nk 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 α isoforms

We performed co-expression analyses for α1 and α3 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):

padji ¼min min
j≥ i

n�pj
j

� �
,1

� �
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where padji is the adjusted p value, n is the total number of p values,

and j is the rank of pj 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

α1 or α3 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 α1 and α3 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 μm) 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 α3 isoform (1:500 dilution; Cat. # ab2826,

Abcam) and monoclonal antibody to α1 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 Iowa)

(Arystarkhova & Sweadner, 1996). It stained a pattern of Na+/K+-

ATPase α3 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 α1 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 Na+/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, α1 isoform (Atp1a1) 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.

α2 isoform (Atp1a2) broadly expressed in non-neuronal cells, particu-

larly in astrocytes, while α3 isoform (Atp1a3) was neuron-specific,

especially in CNS neurons. α4 isoform (Atp1a4) 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

β1 isoform (Atp1b1) predominated in CNS neurons, while β2 (Atp1b2)

and β3 (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 Fxyd6 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 Na+/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 Na+/K+-ATPase isoforms. Figure 2a1,a2 show
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conventional, upright microscope (BX51WI; Olympus) with a �60 (.9

NA) water immersion objective (Olympus) and Dodt gradient contrast

(DGC) optics (Luigs & Neumann) for contrast enhancement. The extra-

cellular perfusing solution was continuously bubbled with 95% O2–

5% CO2 and had the following composition (in mM): 125 NaCl,

25 NaHCO3, 2.5 KCl, 2.5 CaCl2, 1 MgCl2, 10 glucose, pH 7.4 (osmolar-

ity �300 mOsm).

Using a combination of transmitted light and epifluorescence

optics (filter set 49011 with excitation filter ET480/40X, beam splitter

T510lpxrxt, and emission filter ET535/50m; Chroma), visually

targeted AII amacrine cells were impaled with sharp microelectrodes

with the tip filled with 5 mM Alexa Fluor 488 (“Alexa 488,” Thermo

Fisher Scientific) dissolved in 200 mM KCl and backfilled with

200 mM KCl without dye. Microelectrodes were pulled (P-87; Sutter

Instrument) from thin-walled borosilicate glass (OD, 1.0 mm; ID,

.78 mm; BF100-78-10; Sutter Instrument). When filled with dye solu-

tion, the resistance of the injection pipettes typically ranged between

80 and 150 MΩ. For injection, the microelectode was connected to

an intracellular amplifier (SEC-05LX; NPI Electronic) in bridge mode,

controlled by Patchmaster software (HEKA Elektronik; RRID:

SCR_000034). With the pipette resistances used, we typically did not

find it necessary to apply a retaining current to prevent leakage of

dye. After successful impalement, cells were injected with a current of

�500 pA for 3 min (�1 Hz; 900 ms on per cycle).

2.3 | Immunocytochemical labeling of slices with
injected cells

After injection, slices were fixed at room temperature for 10–15 min

in 4% paraformaldehyde in .1 M phosphate buffer (PB; .081 M

Na2HPO4/.019 M NaH2PO4, pH 7.4). Following fixation, slices were

washed three times (5 min each) in .01 M phosphate-buffered saline

(PBS; .01 M PB with 8.76 g NaCl and .2 g KCl per liter, pH 7.4). Next,

slices were incubated for 1 h at room temperature in antibody incuba-

tion solution consisting of PBS with 5% normal goat serum (NGS;

Sigma-Aldrich), .5% Triton X-100 (Sigma-Aldrich), and .05% NaN3.

Slices were then incubated for three nights (at 4�C) with primary anti-

body (mouse anti-ankyrin-G or guinea pig anti-ankyrin-G; Table 1) in

antibody incubation solution. After incubation, slices were washed

three times (10 min each) in PBS and incubated with secondary anti-

body in antibody incubation solution (with .2% Triton X-100), either

for 2 h at room temperature or overnight at 4�C. Secondary anti-

bodies were purchased from Thermo Fisher Scientific and included

goat anti-mouse coupled to Alexa Fluor 594 (“Alexa 594,” #A11032)

or Alexa Fluor 647 (“Alexa 647,” #A21236), and goat anti-guinea pig

coupled to Alexa 594 (#A11076) or Alexa 647 (#A21450), used at a

dilution of 1:1000. Subsequently, the slices were washed three times

(15 min each) in PBS and mounted in SlowFade Diamond Antifade

mountant (refractive index 1.42; Thermo Fisher Scientific, cat. number

S36967) between two precision coverslips (.17 mm thickness; Karl

Hecht Assistent, cat. number 1014/5024) separated by a .12 mm

thick imaging spacer disk (“SecureSeal,” cat. number 70327-13S; Elec-

tron Microscopy Sciences).

2.4 | Immunocytochemical labeling of retinal
wholemounts

For immunolabeling of retinal wholemounts, we used a marker (Penol)

to place a spot of permanent ink (xylene free) on the dorsal part of the

eye before removing it from the orbit. After enucleation, we made a

small cut in the dorsal part of the retina and sclera before dissecting

the retina from the eye cup. The retina was then flattened by making

four radial incisions from the periphery almost to the center and trans-

ferred onto the non-gridded surface of a piece of nitrocellulose filter

paper (Millipore, cat. number HABG01300). The filter paper with

attached retina was then positioned on a piece of folded tissue paper

(e.g., Kimwipe) and a few drops of HEPES-buffered extracellular solu-

tion was added on top and allowed to soak through. For fixation, a

few drops of 4% paraformaldehyde (in .1 M PB) was added on top

and allowed to soak through. After repeating this 2–3 times, the filter

paper with retina was transferred to a larger volume of 4% para-

formaldehyde in .1 M PB and fixed for 30 min at room temperature.

After fixation, the retina was washed six times (10 min each) in .01 M

PBS and incubated in antibody incubation solution (identical to that

used for slices) overnight at 4�C. The retina was then incubated for

four nights (at 4�C) with primary antibodies (mouse anti-ankyrin-G

and guinea pig anti-parvalbumin; Table 1) in antibody incubation solu-

tion identical to that used for slices, but with .2% Triton X-100. After-

wards, the retina was washed six times (10 min each) in PBS and

incubated overnight (at 4�C) with secondary antibodies (goat anti-

guinea pig coupled to Alexa 488, #A11073 from Thermo Fisher Scien-

tific, diluted 1:1000; goat anti-mouse coupled to Alexa 594, #A11032

from Thermo Fisher Scientific, diluted 1:1000) in antibody incubation

solution (identical to that used for slices, i.e., with .2% Triton X-100).

Finally, the retina was washed six times (10 min each) in PBS and

mounted in Vectashield between a microscope slide and a precision

TABLE 1 Primary antibodies

Antibody name Immunogen Source, cat #, RRID Antibody type Dilution

Ankyrin-G Ankyrin-G (463) Santa Cruz, SC12719, AB_626674 Mouse, monoclonal 1:100

Ankyrin-G Ankyrin-G epitope: aa 1784-1961 rat, mouse Synaptic Systems, 386004, AB_2725774 Guinea pig, polyclonal 1:1000

Parvalbumin Parvalbumin, aa 1-133 rat Synaptic Systems, 195004, AB_2156476 Guinea pig, polyclonal 1:1000

Abbreviation: RRID, Research Resource Identifiers (for details see the Resource Identification Portal: https://scicrunch.org/resources).
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that in both datasets α1, α3, β1, Fxyd6, 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 α and one β subunit, these

results indicate that most of the functional Na+/K+-ATPases in CNS

neurons contain α1/β1 and α3/β1 complexes. Indeed, in CNS neu-

rons expressing α1 or α3, β1 transcripts are predominant (Fig. 2a1,

a2, Figure S2). Further, in all cases in which β1 transcripts co-

expressed with either β2, β3, or both, the expression values for β1

transcripts were always higher (Table S3).

F IGURE 1 Expression and proportion of transcripts encoding the Na+/K+-ATPase subunits and isoforms in various cell classes. Each circle
represents one Na+/K+-ATPase isoform in a specific cell class. The color and size of each circle represent the average expression level and the
proportion of cells expressing the corresponding isoform, respectively. (a1) and (a2) were generated using data from Saunders et al. (2018) and
Zeisel et al. (2018) databases, respectively. The determinations of expression and proportion are described in Section 2.1
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conventional, upright microscope (BX51WI; Olympus) with a �60 (.9

NA) water immersion objective (Olympus) and Dodt gradient contrast

(DGC) optics (Luigs & Neumann) for contrast enhancement. The extra-

cellular perfusing solution was continuously bubbled with 95% O2–

5% CO2 and had the following composition (in mM): 125 NaCl,

25 NaHCO3, 2.5 KCl, 2.5 CaCl2, 1 MgCl2, 10 glucose, pH 7.4 (osmolar-

ity �300 mOsm).

Using a combination of transmitted light and epifluorescence

optics (filter set 49011 with excitation filter ET480/40X, beam splitter

T510lpxrxt, and emission filter ET535/50m; Chroma), visually

targeted AII amacrine cells were impaled with sharp microelectrodes

with the tip filled with 5 mM Alexa Fluor 488 (“Alexa 488,” Thermo

Fisher Scientific) dissolved in 200 mM KCl and backfilled with

200 mM KCl without dye. Microelectrodes were pulled (P-87; Sutter

Instrument) from thin-walled borosilicate glass (OD, 1.0 mm; ID,

.78 mm; BF100-78-10; Sutter Instrument). When filled with dye solu-

tion, the resistance of the injection pipettes typically ranged between

80 and 150 MΩ. For injection, the microelectode was connected to

an intracellular amplifier (SEC-05LX; NPI Electronic) in bridge mode,

controlled by Patchmaster software (HEKA Elektronik; RRID:

SCR_000034). With the pipette resistances used, we typically did not

find it necessary to apply a retaining current to prevent leakage of

dye. After successful impalement, cells were injected with a current of

�500 pA for 3 min (�1 Hz; 900 ms on per cycle).

2.3 | Immunocytochemical labeling of slices with
injected cells

After injection, slices were fixed at room temperature for 10–15 min

in 4% paraformaldehyde in .1 M phosphate buffer (PB; .081 M

Na2HPO4/.019 M NaH2PO4, pH 7.4). Following fixation, slices were

washed three times (5 min each) in .01 M phosphate-buffered saline

(PBS; .01 M PB with 8.76 g NaCl and .2 g KCl per liter, pH 7.4). Next,

slices were incubated for 1 h at room temperature in antibody incuba-

tion solution consisting of PBS with 5% normal goat serum (NGS;

Sigma-Aldrich), .5% Triton X-100 (Sigma-Aldrich), and .05% NaN3.

Slices were then incubated for three nights (at 4�C) with primary anti-

body (mouse anti-ankyrin-G or guinea pig anti-ankyrin-G; Table 1) in

antibody incubation solution. After incubation, slices were washed

three times (10 min each) in PBS and incubated with secondary anti-

body in antibody incubation solution (with .2% Triton X-100), either

for 2 h at room temperature or overnight at 4�C. Secondary anti-

bodies were purchased from Thermo Fisher Scientific and included

goat anti-mouse coupled to Alexa Fluor 594 (“Alexa 594,” #A11032)

or Alexa Fluor 647 (“Alexa 647,” #A21236), and goat anti-guinea pig

coupled to Alexa 594 (#A11076) or Alexa 647 (#A21450), used at a

dilution of 1:1000. Subsequently, the slices were washed three times

(15 min each) in PBS and mounted in SlowFade Diamond Antifade

mountant (refractive index 1.42; Thermo Fisher Scientific, cat. number

S36967) between two precision coverslips (.17 mm thickness; Karl

Hecht Assistent, cat. number 1014/5024) separated by a .12 mm

thick imaging spacer disk (“SecureSeal,” cat. number 70327-13S; Elec-

tron Microscopy Sciences).

2.4 | Immunocytochemical labeling of retinal
wholemounts

For immunolabeling of retinal wholemounts, we used a marker (Penol)

to place a spot of permanent ink (xylene free) on the dorsal part of the

eye before removing it from the orbit. After enucleation, we made a

small cut in the dorsal part of the retina and sclera before dissecting

the retina from the eye cup. The retina was then flattened by making

four radial incisions from the periphery almost to the center and trans-

ferred onto the non-gridded surface of a piece of nitrocellulose filter

paper (Millipore, cat. number HABG01300). The filter paper with

attached retina was then positioned on a piece of folded tissue paper

(e.g., Kimwipe) and a few drops of HEPES-buffered extracellular solu-

tion was added on top and allowed to soak through. For fixation, a

few drops of 4% paraformaldehyde (in .1 M PB) was added on top

and allowed to soak through. After repeating this 2–3 times, the filter

paper with retina was transferred to a larger volume of 4% para-

formaldehyde in .1 M PB and fixed for 30 min at room temperature.

After fixation, the retina was washed six times (10 min each) in .01 M

PBS and incubated in antibody incubation solution (identical to that

used for slices) overnight at 4�C. The retina was then incubated for

four nights (at 4�C) with primary antibodies (mouse anti-ankyrin-G

and guinea pig anti-parvalbumin; Table 1) in antibody incubation solu-

tion identical to that used for slices, but with .2% Triton X-100. After-

wards, the retina was washed six times (10 min each) in PBS and

incubated overnight (at 4�C) with secondary antibodies (goat anti-

guinea pig coupled to Alexa 488, #A11073 from Thermo Fisher Scien-

tific, diluted 1:1000; goat anti-mouse coupled to Alexa 594, #A11032

from Thermo Fisher Scientific, diluted 1:1000) in antibody incubation

solution (identical to that used for slices, i.e., with .2% Triton X-100).

Finally, the retina was washed six times (10 min each) in PBS and

mounted in Vectashield between a microscope slide and a precision

TABLE 1 Primary antibodies

Antibody name Immunogen Source, cat #, RRID Antibody type Dilution

Ankyrin-G Ankyrin-G (463) Santa Cruz, SC12719, AB_626674 Mouse, monoclonal 1:100

Ankyrin-G Ankyrin-G epitope: aa 1784-1961 rat, mouse Synaptic Systems, 386004, AB_2725774 Guinea pig, polyclonal 1:1000

Parvalbumin Parvalbumin, aa 1-133 rat Synaptic Systems, 195004, AB_2156476 Guinea pig, polyclonal 1:1000

Abbreviation: RRID, Research Resource Identifiers (for details see the Resource Identification Portal: https://scicrunch.org/resources).
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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 α1, α3, and β1

from both datasets. β1 isoform is ubiquitously present in most neuronal

populations, while α1 and α3 transcripts appear to be sometimes nega-

tively correlated with each other. Quantitively, these co-expression pat-

terns of α1, α3, and β1 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

Na+/K+-ATPase isoforms present in CNS neurons.

Are inhibitory or excitatory neurons poised to preferentially

express α1 or α3 isoforms? To address this question, we computed,

for both datasets, pairwise Euclidean distances among α1, α3, and β1

isoforms of the Na+/K+-ATPase, together with two marker genes for

excitatory neurons (Slc17a6 and Slc17a7) and two marker genes

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

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: Atp1b1, Atp1a1 together with the

two excitatory marker genes and Atp1a3 together with the two inhibi-

tory marker genes (Figure 2d1,d2). These results suggest that there is a

tendency for clusters expressing predominantly α1 isoform to be asso-

ciated with excitatory neurotransmitter markers, while those clusters

predominantly expressing α3 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 α3 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 α3 subunit is predominantly expressed in

F IGURE 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 α1, α3, and β1, 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 α1, α3, and β1. 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 α1, α3, β1, 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

TABLE 1 Transcript expressions for the Na+/K+-ATPase isoforms and neurotransmitter markers in neuronal clusters with Z scores larger
than 2 for a1 isoform from (Saunders et al., 2018) database

Cluster name Atp1a1 Atp1a3 Slc17a6 Slc17a7 Gad1 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 2.171 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, Cbln1+

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, BC006965+

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.

JIAO ET AL. 7



JIAO et al.634

Molnár, Z., Metin, C., Stoykova, A., Tarabykin, V., Price, D. J., Francis, F.,

Meyer, G., Dehay, C., & Kennedy, H. (2006). Comparative aspects of

cerebral cortical development. European Journal of Neuroscience, 23,

921–934. https://doi.org/10.1111/j.1460-9586.2006.04611.x
Montiel, J. F., Wang, W. Z., Oeschger, F. M., Hoerder-Suabedissen, A.,

Tung, W. L., Garcia-Moreno, F., Holm, I. E., Villalon, A., & Molnár, Z.

(2011). Hypothesis on the dual origin of the mammalian subplate.

Frontiers in Neuroanatomy, 5, 25. https://doi.org/10.3389/fnana.2011.

00025

Mortazavi, F., Romano, S. E., Rosene, D. L., & Rockland, K. S. (2017). A sur-

vey of white matter neurons at the gyral crowns and sulcal depths in

the Rhesus monkey. Frontiers in Neuroanatomy, 11, 69. https://doi.

org/10.3389/fnana.2017.00069

Mortazavi, F., Wang, X. Y., Rosene, D. L., & Rockland, K. S. (2016). White

matter neurons in young adult and aged rhesus monkey. Frontiers in

Neuroanatomy, 10, 15. https://doi.org/10.3389/fnana.2016.00015

Mota, B., dos Santos, S., Ventura-Antunes, L., Jardim-Messeder, D.,

Neves, K., Kazu, R., Noctor, S., Lambert, K., Bertelsen, M. F.,

Manger, P. R., Sherwood, C. C., Kaas, J. H., & Herculano-Houzel, S.

(2019). White matter volume and white/grey matter ratio in mamma-

lian species as a consequence of the universal scaling of cortical fold-

ing. Proceedings of the National Academy of Sciences of the United

States of America, 116, 15253–15261. https://doi.org/10.1073/pnas.
1716956116

Ngwenya, A., Patzke, N., Manger, P. R., & Herculano-Houzel, S. (2016). Con-

tinued growth of the central nervous system without mandatory addi-

tion of neurons in the Nile crocodile (Crocodylus niloticus). Brain,

Behavior and Evolution, 87, 19–38. https://doi.org/10.1159/000443201
Paul, S. M., Mytelka, D. S., Dunwiddie, C. T., Persinger, C. C., Munos, B. H.,

Lindborg, S. R., & Schacht, A. L. (2010). How to improve R&D produc-

tivity: the pharmaceutical industry's grand challenge. Nature Reviews

Drug Discovery, 9, 203–214. https://doi.org/10.1038/nrd3078
Pound, P., & Ritskes-Hoitinga, M. (2018). Is it possible to overcome issues

of external validity in preclinical animal research? Why most animal

models are bound to fail. Journal of Translational Medicine, 16, 304.

https://doi.org/10.1186/s12967-018-1678-1

Reep, R. L. (2000). Cortical layer VII and persistent subplate cells in mam-

malian brains. Brain Behavior and Evolution, 56, 212–234. https://doi.
org/10.1159/000047206

Richter, Z., Janszky, J., Setalo, G., Horvath, R., Horvath, Z., Doczi, T.,

Seress, L., & Abraham, H. (2016). Characterization of neurons in the

cortical white matter in human temporal lobe epilepsy. Neuroscience,

333, 140–150. https://doi.org/10.1016/j.neuroscience.2016.07.011
Rudy, B., Fishell, G., Lee, S., & Hjerling-Leffler, J. (2011). Three groups of

interneurons account for nearly 100% of neocortical GABAergic neu-

rons. Developmental Biology, 71, 45–61. https://doi.org/10.1002/

dneu.20853

Russo, D., Clavenzani, P., Sorteni, C., Minelli, L. B., Botti, M., Gazza, F.,

Panu, R., Ragionieri, L., & Chiocchetti, R. (2013). Neurochemical fea-

tures of boar lumbosacral dorsal root ganglion neurons and characteri-

zation of sensory neurons innervating the urinary bladder trigone.

Journal of Comparative Neurology, 521, 342–366. https://doi.org/10.
1002/cne.23177

Schoenemann, P. T., Sheehan, M. J., & Glotzer, L. D. (2005). Prefrontal

white matter volume is disproportionately larger in humans than in

other primates. Nature Neuroscience, 8, 242–252. https://doi.org/10.
1038/nn1394

Sedmak, G., & Judaš, M. (2019). The total number of white matter intersti-

tial neurons in the human brain. Journal of Anatomy, 235, 626–636.
https://doi.org/10.1111/joa.13018

Sedmak, G., & Judaš, M. (2021). White matter interstitial neurons in the

adult human brain: 3% of cortical neurons in quest for recognition.

Cell, 10, 190. https://doi.org/10.3390/cells10010190

Seyhan, A. A. (2019). Lost in translation: the valley of death across preclini-

cal and clinical divide – identification of problems and overcoming

obstacles. Translational Medicine Communications, 4, 18. https://doi.

org/10.1186/s41231-019-0050-7

Sherwood, C. C., Raghanti, M. A., Stimpson, C. D., Bonar, C. J., de

Sousa, A. A., Preuss, T. M., & Hof, P. R. (2007). Scaling of inhibitory

interneurons in areas V1 and V2 of anthropoid primates as revealed

by calcium-binding protein immunohistochemistry. Brain, Behavior and

Evolution, 69, 176–195. https://doi.org/10.1159/000096986
Sherwood, C. C., Raghanti, M. A., Stimpson, C. D., Spocter, M. A.,

Uddin, M., Boddy, A. M., Wildman, D. E., Bonar, C. J.,

Lewandowski, A. H., Phillips, K. A., Erwin, J. M., & Hof, P. R. (2010).

Inhibitory interneurons of the human prefrontal cortex display con-

served evolution of the phenotype and related genes. Proceedings of

the Royal Society B, Biological Sciences, 277, 1011–1020. https://doi.
org/10.1098/rspb.2009.1831

Smaers, J. B., Schleicher, A., Zilles, K., & Vinicius, L. (2010). Frontal white

matter volume is associated with brain enlargement and higher struc-

tural connectivity in anthropoid primates. PLoS One, 5, e9123. https://

doi.org/10.1371/journal.pone.0009123

Smart, I. H. M., Dehay, C., Giroud, P., Berland, M., & Kennedy, H. (2002).

Unique morphological features of the proliferative zones and

postmitotic compartments of the neural epithelium giving rise to stri-

ate and extrastriate cortex in the monkey. Cerebral Cortex, 12, 37–53.
https://doi.org/10.1093/cercor/12.1.37

Stephan, H., Frahm, H., & Baron, G. (1981). New and revised data on vol-

umes of brain structures in Insectivores and Primates. Folia

Primatologica, 35, 1–29. https://doi.org/10.1159/000155963
Suárez-Solá, M. L., González-Delgado, F. J., Pueyo-Morlans, M., Medina-

Bolívar, O. C., Hernández-Acosta, N. C., González-G�omez, M., &

Meyer, G. (2009). Neurons in the white matter of the adult human

neocortex. Frontiers in Neuroanatomy, 3, 7. https://doi.org/10.3389/

neuro.05.007.2009

Swiegers, J., Bhagwandin, A., Sherwood, C. C., Bertelsen, M. F.,

Maseko, B. C., Hemingway, J., Rockland, K. S., Molnar, Z., &

Manger, P. R. (2019). The distribution, number, and certain neuro-

chemical identities of infracortical white matter neurons in a lar gibbon

(Hylobates lar) brain. Journal of Comparative Neurology, 527, 1633–
1653. https://doi.org/10.1002/cne.24545

Swiegers, J., Bhagwandin, A., Williams, V. M., Maseko, B. C.,

Sherwood, C. C., Hård, T., Bertelsen, M. F., Rockland, K. S.,

Molnar, Z., & Manger, P. R. (2021). The distribution, number, and cer-

tain neurochemical identities of infracortical white matter neurons in a

common chimpanzee (Pan troglodytes) brain. Journal of Comparative

Neurology in press. https://doi.org/10.1002/cne.25202.

Tomioka, R., & Rockland, K. S. (2007). Long-distance corticocortical

GABAergic neurons in the adult monkey white and gray matter. Jour-

nal of Comparative Neurology, 505, 526–538. https://doi.org/10.1002/
cne.21504

Torres-Reveron, J., & Friedlander, M. J. (2007). Properties of persistent

postnatal cortical subplate neurons. Journal of Neuroscience, 27, 9962–
9974. https://doi.org/10.1523/JNEUROSCI.1536-07.2007

van de Nes, J. A. P., Sandmann-Keil, D., & Braak, H. (2002). Interstitial cells

subjacent to the entorhinal region expressing somatostatin-28 immu-

noreactivity are susceptible to development of Alzheimer's disease-

related cytoskeletal changes. Acta Neuropathologica, 104, 351–356.
https://doi.org/10.1007/s00401-002-0551-7

von Engelhardt, J., Khrulev, S., Eliava, M., Wahlster, S., & Monyer, H.

(2011). 5-HT3A receptor-bearing white matter interstitial GABAergic

interneurons are functionally integrated into cortical and subcortical

networks. Journal of Neuroscience, 31, 16844–16854. https://doi.org/
10.1523/JNEUROSCI.0310-11.2011

Wang, W. Z., Hoerder-Suabedissen, A., Oeschger, F. M., Bayatti, N.,

Ip, B. K., Lindsay, S., Supramaniam, V., Srinivasan, L., Rutherford, M.,

Mollgard, K., Clowry, G. J., & Molnár, Z. (2010). Subplate in the devel-

oping cortex of mouse and human. Journal of Anatomy, 217, 368–380.
https://doi.org/10.1111/j.1469-7580.2010.01274.x

32 SWIEGERS ET AL.

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 Atp1a1 Atp1a3 Slc17a6 Slc17a7 Gad1 Gad2 Region Cluster common name

TEGLU7 2.069 0.740 0.067 2.001 0.045 0.019 Cortex Excitatory neurons, cerebral cortex

TEGLU8 2.053 0.727 0.112 2.164 0.031 0.011 Cortex Excitatory neurons, cerebral cortex

TEGLU9 1.912 1.017 0.096 2.371 0.016 0.027 Cortex Excitatory neurons, cerebral cortex

TEGLU4 1.896 1.834 0.089 2.620 0.037 0.013 Cortex Excitatory neurons, cerebral cortex

CBINH2 1.861 2.387 0.000 0.120 1.858 1.307 Cerebellum Granular layer interneurons, cerebellum

TEGLU16 1.509 1.106 0.165 2.371 0.036 0.030 Cortex Excitatory neurons, cerebral cortex

TEGLU10 1.499 1.307 0.058 3.138 0.019 0.020 Cortex Excitatory neurons, cerebral cortex

TEGLU11 1.405 1.155 0.006 2.789 0.037 0.016 Cortex Excitatory neurons, cerebral cortex

HBINH8 1.207 2.491 0.000 0.000 3.609 1.693 Medulla 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 Na+/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 Atp1a1 Atp1a3 Slc17a6 Slc17a7 Gad1 Gad2 Region Cluster common name

CB_4-2 0.611 3.189 0.000 0.054 2.885 3.072 Cerebellum Golgi interneuron

CB_3-2 0.729 3.114 0.000 0.029 3.004 2.234 Cerebellum Cerebellum basket cells 2

CB_3-1 0.459 3.018 0.000 0.006 2.006 1.905 Cerebellum Cerebellum basket cells 1

CB_3-3 0.393 2.943 0.000 0.000 2.148 2.479 Cerebellum Cerebellum basket cells 3

STR_14-1 0.190 2.674 0.000 0.000 3.343 3.026 Striatum Fast-spiking interneuron, Pvalb+

HC_1-25 0.437 2.638 0.000 0.081 2.374 3.774 Hippocampus Interneuron, (candidate CGE-derived 10)

HC_5-13 0.413 2.588 0.482 0.814 0.032 0.000 Hippocampus Postsubiculum

STR_14-3 0.286 2.630 0.000 0.000 3.234 3.160 Striatum Fast-spiking interneuron, Pvalb+/Rgs12+

CB_4-1 0.151 2.620 0.524 1.015 0.000 0.000 Cerebellum Unipolar brush cell

HC_1-6 0.293 2.649 0.011 0.051 2.923 2.500 Hippocampus Interneuron, Basket 1

HC_1-7 0.120 2.574 0.006 0.077 2.552 1.835 Hippocampus Interneuron, Basket 1

HC_1-10 1.011 2.635 0.000 0.094 2.705 2.849 Hippocampus 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 Na+/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 Atp1a1 Atp1a3 Slc17a6 Slc17a7 Gad1 Gad2 Region Cluster common name

HBGLU7 0.379 2.644 1.575 2.580 0.008 0.070 Pons Excitatory neurons, hindbrain

HBGLU8 0.503 2.610 2.026 2.760 0.000 0.086 Pons Excitatory neurons, hindbrain

HBINH7 0.246 2.644 0.000 0.000 1.396 0.994 Pons Inhibitory neurons, hindbrain

HBGLU9 0.160 2.531 2.207 0.956 0.000 0.032 Medulla Excitatory neurons, hindbrain

HBINH8 1.207 2.491 0.000 0.000 3.609 1.693 Medulla Inhibitory neurons, hindbrain

HBGLU6 0.355 2.417 1.663 2.446 0.005 0.328 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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conventional, upright microscope (BX51WI; Olympus) with a �60 (.9

NA) water immersion objective (Olympus) and Dodt gradient contrast

(DGC) optics (Luigs & Neumann) for contrast enhancement. The extra-

cellular perfusing solution was continuously bubbled with 95% O2–

5% CO2 and had the following composition (in mM): 125 NaCl,

25 NaHCO3, 2.5 KCl, 2.5 CaCl2, 1 MgCl2, 10 glucose, pH 7.4 (osmolar-

ity �300 mOsm).

Using a combination of transmitted light and epifluorescence

optics (filter set 49011 with excitation filter ET480/40X, beam splitter

T510lpxrxt, and emission filter ET535/50m; Chroma), visually

targeted AII amacrine cells were impaled with sharp microelectrodes

with the tip filled with 5 mM Alexa Fluor 488 (“Alexa 488,” Thermo

Fisher Scientific) dissolved in 200 mM KCl and backfilled with

200 mM KCl without dye. Microelectrodes were pulled (P-87; Sutter

Instrument) from thin-walled borosilicate glass (OD, 1.0 mm; ID,

.78 mm; BF100-78-10; Sutter Instrument). When filled with dye solu-

tion, the resistance of the injection pipettes typically ranged between

80 and 150 MΩ. For injection, the microelectode was connected to

an intracellular amplifier (SEC-05LX; NPI Electronic) in bridge mode,

controlled by Patchmaster software (HEKA Elektronik; RRID:

SCR_000034). With the pipette resistances used, we typically did not

find it necessary to apply a retaining current to prevent leakage of

dye. After successful impalement, cells were injected with a current of

�500 pA for 3 min (�1 Hz; 900 ms on per cycle).

2.3 | Immunocytochemical labeling of slices with
injected cells

After injection, slices were fixed at room temperature for 10–15 min

in 4% paraformaldehyde in .1 M phosphate buffer (PB; .081 M

Na2HPO4/.019 M NaH2PO4, pH 7.4). Following fixation, slices were

washed three times (5 min each) in .01 M phosphate-buffered saline

(PBS; .01 M PB with 8.76 g NaCl and .2 g KCl per liter, pH 7.4). Next,

slices were incubated for 1 h at room temperature in antibody incuba-

tion solution consisting of PBS with 5% normal goat serum (NGS;

Sigma-Aldrich), .5% Triton X-100 (Sigma-Aldrich), and .05% NaN3.

Slices were then incubated for three nights (at 4�C) with primary anti-

body (mouse anti-ankyrin-G or guinea pig anti-ankyrin-G; Table 1) in

antibody incubation solution. After incubation, slices were washed

three times (10 min each) in PBS and incubated with secondary anti-

body in antibody incubation solution (with .2% Triton X-100), either

for 2 h at room temperature or overnight at 4�C. Secondary anti-

bodies were purchased from Thermo Fisher Scientific and included

goat anti-mouse coupled to Alexa Fluor 594 (“Alexa 594,” #A11032)

or Alexa Fluor 647 (“Alexa 647,” #A21236), and goat anti-guinea pig

coupled to Alexa 594 (#A11076) or Alexa 647 (#A21450), used at a

dilution of 1:1000. Subsequently, the slices were washed three times

(15 min each) in PBS and mounted in SlowFade Diamond Antifade

mountant (refractive index 1.42; Thermo Fisher Scientific, cat. number

S36967) between two precision coverslips (.17 mm thickness; Karl

Hecht Assistent, cat. number 1014/5024) separated by a .12 mm

thick imaging spacer disk (“SecureSeal,” cat. number 70327-13S; Elec-

tron Microscopy Sciences).

2.4 | Immunocytochemical labeling of retinal
wholemounts

For immunolabeling of retinal wholemounts, we used a marker (Penol)

to place a spot of permanent ink (xylene free) on the dorsal part of the

eye before removing it from the orbit. After enucleation, we made a

small cut in the dorsal part of the retina and sclera before dissecting

the retina from the eye cup. The retina was then flattened by making

four radial incisions from the periphery almost to the center and trans-

ferred onto the non-gridded surface of a piece of nitrocellulose filter

paper (Millipore, cat. number HABG01300). The filter paper with

attached retina was then positioned on a piece of folded tissue paper

(e.g., Kimwipe) and a few drops of HEPES-buffered extracellular solu-

tion was added on top and allowed to soak through. For fixation, a

few drops of 4% paraformaldehyde (in .1 M PB) was added on top

and allowed to soak through. After repeating this 2–3 times, the filter

paper with retina was transferred to a larger volume of 4% para-

formaldehyde in .1 M PB and fixed for 30 min at room temperature.

After fixation, the retina was washed six times (10 min each) in .01 M

PBS and incubated in antibody incubation solution (identical to that

used for slices) overnight at 4�C. The retina was then incubated for

four nights (at 4�C) with primary antibodies (mouse anti-ankyrin-G

and guinea pig anti-parvalbumin; Table 1) in antibody incubation solu-

tion identical to that used for slices, but with .2% Triton X-100. After-

wards, the retina was washed six times (10 min each) in PBS and

incubated overnight (at 4�C) with secondary antibodies (goat anti-

guinea pig coupled to Alexa 488, #A11073 from Thermo Fisher Scien-

tific, diluted 1:1000; goat anti-mouse coupled to Alexa 594, #A11032

from Thermo Fisher Scientific, diluted 1:1000) in antibody incubation

solution (identical to that used for slices, i.e., with .2% Triton X-100).

Finally, the retina was washed six times (10 min each) in PBS and

mounted in Vectashield between a microscope slide and a precision

TABLE 1 Primary antibodies

Antibody name Immunogen Source, cat #, RRID Antibody type Dilution

Ankyrin-G Ankyrin-G (463) Santa Cruz, SC12719, AB_626674 Mouse, monoclonal 1:100

Ankyrin-G Ankyrin-G epitope: aa 1784-1961 rat, mouse Synaptic Systems, 386004, AB_2725774 Guinea pig, polyclonal 1:1000

Parvalbumin Parvalbumin, aa 1-133 rat Synaptic Systems, 195004, AB_2156476 Guinea pig, polyclonal 1:1000

Abbreviation: RRID, Research Resource Identifiers (for details see the Resource Identification Portal: https://scicrunch.org/resources).
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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 β subunit tended to be about 50%

higher than the expression value of the α subunit (Table S4, statistics

spreadsheets). Given that the main function of the β subunit is to

assist the assembly and traffic of Na+/K+-ATPase complexes, the

excess of β subunit transcripts may ensure sufficient trafficking of

pumps to the plasma membrane.

3.3 | Identification of neuronal clusters expressing
the highest levels of α1 or α3 transcripts in the CNS

To identify those neuronal clusters with the highest expression of

transcripts for the α1 or α3 isoforms in the mouse CNS, we applied

two criteria in each dataset. First, we plotted the average expression

level versus the proportion of cells expressing α1 or α3 isoforms of

all CNS clusters for both datasets and implemented 95th percentile

filters for both variables. Figures 3a1,a2 and 4a1,a2 show these

plots for α1 and α3, respectively. The information of those clusters

above at least one of the imposed thresholds are shown as

highlighted clusters in Table 5 (α1) and Table 6 (α3). 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 α1 and α3, respectively. The

information of those clusters with Z scores larger than 2 are den-

oted by red fonts in Table S5 (α1) and Table S6 (α3). In both data-

bases, the Z score distributions for the α1 or α3 isoform are

F IGURE 3 Identifying neuronal clusters with high expression of
transcripts encoding for α1. (a1,a2) Scatter plots of the expression of
α1 transcripts versus the proportion of cells expressing α1 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. a1 & 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

F IGURE 4 Identifying neuronal clusters with high expression of
transcripts encoding for α3. (a1,a2) Scatter plots of the expression of
α3 transcripts versus the proportion of cells expressing α3 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. a1 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
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conventional, upright microscope (BX51WI; Olympus) with a �60 (.9

NA) water immersion objective (Olympus) and Dodt gradient contrast

(DGC) optics (Luigs & Neumann) for contrast enhancement. The extra-

cellular perfusing solution was continuously bubbled with 95% O2–

5% CO2 and had the following composition (in mM): 125 NaCl,

25 NaHCO3, 2.5 KCl, 2.5 CaCl2, 1 MgCl2, 10 glucose, pH 7.4 (osmolar-

ity �300 mOsm).

Using a combination of transmitted light and epifluorescence

optics (filter set 49011 with excitation filter ET480/40X, beam splitter

T510lpxrxt, and emission filter ET535/50m; Chroma), visually

targeted AII amacrine cells were impaled with sharp microelectrodes

with the tip filled with 5 mM Alexa Fluor 488 (“Alexa 488,” Thermo

Fisher Scientific) dissolved in 200 mM KCl and backfilled with

200 mM KCl without dye. Microelectrodes were pulled (P-87; Sutter

Instrument) from thin-walled borosilicate glass (OD, 1.0 mm; ID,

.78 mm; BF100-78-10; Sutter Instrument). When filled with dye solu-

tion, the resistance of the injection pipettes typically ranged between

80 and 150 MΩ. For injection, the microelectode was connected to

an intracellular amplifier (SEC-05LX; NPI Electronic) in bridge mode,

controlled by Patchmaster software (HEKA Elektronik; RRID:

SCR_000034). With the pipette resistances used, we typically did not

find it necessary to apply a retaining current to prevent leakage of

dye. After successful impalement, cells were injected with a current of

�500 pA for 3 min (�1 Hz; 900 ms on per cycle).

2.3 | Immunocytochemical labeling of slices with
injected cells

After injection, slices were fixed at room temperature for 10–15 min

in 4% paraformaldehyde in .1 M phosphate buffer (PB; .081 M

Na2HPO4/.019 M NaH2PO4, pH 7.4). Following fixation, slices were

washed three times (5 min each) in .01 M phosphate-buffered saline

(PBS; .01 M PB with 8.76 g NaCl and .2 g KCl per liter, pH 7.4). Next,

slices were incubated for 1 h at room temperature in antibody incuba-

tion solution consisting of PBS with 5% normal goat serum (NGS;

Sigma-Aldrich), .5% Triton X-100 (Sigma-Aldrich), and .05% NaN3.

Slices were then incubated for three nights (at 4�C) with primary anti-

body (mouse anti-ankyrin-G or guinea pig anti-ankyrin-G; Table 1) in

antibody incubation solution. After incubation, slices were washed

three times (10 min each) in PBS and incubated with secondary anti-

body in antibody incubation solution (with .2% Triton X-100), either

for 2 h at room temperature or overnight at 4�C. Secondary anti-

bodies were purchased from Thermo Fisher Scientific and included

goat anti-mouse coupled to Alexa Fluor 594 (“Alexa 594,” #A11032)

or Alexa Fluor 647 (“Alexa 647,” #A21236), and goat anti-guinea pig

coupled to Alexa 594 (#A11076) or Alexa 647 (#A21450), used at a

dilution of 1:1000. Subsequently, the slices were washed three times

(15 min each) in PBS and mounted in SlowFade Diamond Antifade

mountant (refractive index 1.42; Thermo Fisher Scientific, cat. number

S36967) between two precision coverslips (.17 mm thickness; Karl

Hecht Assistent, cat. number 1014/5024) separated by a .12 mm

thick imaging spacer disk (“SecureSeal,” cat. number 70327-13S; Elec-

tron Microscopy Sciences).

2.4 | Immunocytochemical labeling of retinal
wholemounts

For immunolabeling of retinal wholemounts, we used a marker (Penol)

to place a spot of permanent ink (xylene free) on the dorsal part of the

eye before removing it from the orbit. After enucleation, we made a

small cut in the dorsal part of the retina and sclera before dissecting

the retina from the eye cup. The retina was then flattened by making

four radial incisions from the periphery almost to the center and trans-

ferred onto the non-gridded surface of a piece of nitrocellulose filter

paper (Millipore, cat. number HABG01300). The filter paper with

attached retina was then positioned on a piece of folded tissue paper

(e.g., Kimwipe) and a few drops of HEPES-buffered extracellular solu-

tion was added on top and allowed to soak through. For fixation, a

few drops of 4% paraformaldehyde (in .1 M PB) was added on top

and allowed to soak through. After repeating this 2–3 times, the filter

paper with retina was transferred to a larger volume of 4% para-

formaldehyde in .1 M PB and fixed for 30 min at room temperature.

After fixation, the retina was washed six times (10 min each) in .01 M

PBS and incubated in antibody incubation solution (identical to that

used for slices) overnight at 4�C. The retina was then incubated for

four nights (at 4�C) with primary antibodies (mouse anti-ankyrin-G

and guinea pig anti-parvalbumin; Table 1) in antibody incubation solu-

tion identical to that used for slices, but with .2% Triton X-100. After-

wards, the retina was washed six times (10 min each) in PBS and

incubated overnight (at 4�C) with secondary antibodies (goat anti-

guinea pig coupled to Alexa 488, #A11073 from Thermo Fisher Scien-

tific, diluted 1:1000; goat anti-mouse coupled to Alexa 594, #A11032

from Thermo Fisher Scientific, diluted 1:1000) in antibody incubation

solution (identical to that used for slices, i.e., with .2% Triton X-100).

Finally, the retina was washed six times (10 min each) in PBS and

mounted in Vectashield between a microscope slide and a precision

TABLE 1 Primary antibodies

Antibody name Immunogen Source, cat #, RRID Antibody type Dilution

Ankyrin-G Ankyrin-G (463) Santa Cruz, SC12719, AB_626674 Mouse, monoclonal 1:100

Ankyrin-G Ankyrin-G epitope: aa 1784-1961 rat, mouse Synaptic Systems, 386004, AB_2725774 Guinea pig, polyclonal 1:1000

Parvalbumin Parvalbumin, aa 1-133 rat Synaptic Systems, 195004, AB_2156476 Guinea pig, polyclonal 1:1000

Abbreviation: RRID, Research Resource Identifiers (for details see the Resource Identification Portal: https://scicrunch.org/resources).
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different. In the case of α3, it appears as a normal distribution,

whereas in the case of α1 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 α1 the distribution of values of expression is skewed

towards the low end, while for the α3 isoform the distribution is bell

shaped (data not shown). This signifies that α1 transcripts, as a pop-

ulation across all clusters, were less abundant than α3 transcripts.

Clusters that were above the 95th percentile of average expres-

sion or positive cell percentage are shown in Figures 3a1,a2 and 4a1,

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 α1 isoform

larger than 2 from each database. These tables contain the expression

values for the α1 isoform, and, as well, the expression values for the

other α isoform (α3, 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 α3 isoform larger

than 2 from each database. Both datasets consistently show that most

of the clusters highly expressing α1 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

α1 isoform, yet these two clusters also abundantly expressed α3 iso-

form and the inhibitory neurotransmitter markers. For the α3 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 α3 isoform transcripts are the pons, the medulla, the cerebellum,

and the hippocampus. Interestingly, these α3-enriched brain regions

have been reported to be related to neurological diseases linked

with α3 mutations (Oblak et al., 2014; Saito et al., 1998; Sasaki

et al., 2017).

3.4 | Populations of neurons expressing transcripts
from the α1 and α3 isoform genes in the context of a
neuronal circuit: The cerebellum

To better understand the significance of the distinct expression levels

of the neuronal α3 and α1 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 α and β 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 α3 isoform transcript, while granule cells appear to express

more transcripts from the α1 isoform. Consistent with the overall

observations of CNS clusters, β1 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 α isoform. The neurons from this

cluster are excitatory neurons, yet transcripts from the α3 isoform are

predominant.

Overall, the pattern of expression of transcripts for the α1 and α3

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; Ikeda et al., 2013; McGrail et al., 1991; Peng

et al., 1997; Watts et al., 1991). To further support these studies, we

F IGURE 5 Expression spectrum of the α and β isoforms in the mouse cerebellum. (a1,a2) Heatmaps of mean expressions for the α and β
isoforms in cerebellar neuronal clusters. Each row refers to each cerebellar neuronal cluster, where its color is assigned according to its expression
value. a1 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 α1 and α3 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 μm. (d) Illustration of the cerebellar neuronal network. Filled-colors refer to the preferential expressions of either
α1 (light blue) or α3 (coral), while outline-colors represent whether the neuron is excitatory (cyan) or inhibitory (red)
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conventional, upright microscope (BX51WI; Olympus) with a �60 (.9

NA) water immersion objective (Olympus) and Dodt gradient contrast

(DGC) optics (Luigs & Neumann) for contrast enhancement. The extra-

cellular perfusing solution was continuously bubbled with 95% O2–

5% CO2 and had the following composition (in mM): 125 NaCl,

25 NaHCO3, 2.5 KCl, 2.5 CaCl2, 1 MgCl2, 10 glucose, pH 7.4 (osmolar-

ity �300 mOsm).

Using a combination of transmitted light and epifluorescence

optics (filter set 49011 with excitation filter ET480/40X, beam splitter

T510lpxrxt, and emission filter ET535/50m; Chroma), visually

targeted AII amacrine cells were impaled with sharp microelectrodes

with the tip filled with 5 mM Alexa Fluor 488 (“Alexa 488,” Thermo

Fisher Scientific) dissolved in 200 mM KCl and backfilled with

200 mM KCl without dye. Microelectrodes were pulled (P-87; Sutter

Instrument) from thin-walled borosilicate glass (OD, 1.0 mm; ID,

.78 mm; BF100-78-10; Sutter Instrument). When filled with dye solu-

tion, the resistance of the injection pipettes typically ranged between

80 and 150 MΩ. For injection, the microelectode was connected to

an intracellular amplifier (SEC-05LX; NPI Electronic) in bridge mode,

controlled by Patchmaster software (HEKA Elektronik; RRID:

SCR_000034). With the pipette resistances used, we typically did not

find it necessary to apply a retaining current to prevent leakage of

dye. After successful impalement, cells were injected with a current of

�500 pA for 3 min (�1 Hz; 900 ms on per cycle).

2.3 | Immunocytochemical labeling of slices with
injected cells

After injection, slices were fixed at room temperature for 10–15 min

in 4% paraformaldehyde in .1 M phosphate buffer (PB; .081 M

Na2HPO4/.019 M NaH2PO4, pH 7.4). Following fixation, slices were

washed three times (5 min each) in .01 M phosphate-buffered saline

(PBS; .01 M PB with 8.76 g NaCl and .2 g KCl per liter, pH 7.4). Next,

slices were incubated for 1 h at room temperature in antibody incuba-

tion solution consisting of PBS with 5% normal goat serum (NGS;

Sigma-Aldrich), .5% Triton X-100 (Sigma-Aldrich), and .05% NaN3.

Slices were then incubated for three nights (at 4�C) with primary anti-

body (mouse anti-ankyrin-G or guinea pig anti-ankyrin-G; Table 1) in

antibody incubation solution. After incubation, slices were washed

three times (10 min each) in PBS and incubated with secondary anti-

body in antibody incubation solution (with .2% Triton X-100), either

for 2 h at room temperature or overnight at 4�C. Secondary anti-

bodies were purchased from Thermo Fisher Scientific and included

goat anti-mouse coupled to Alexa Fluor 594 (“Alexa 594,” #A11032)

or Alexa Fluor 647 (“Alexa 647,” #A21236), and goat anti-guinea pig

coupled to Alexa 594 (#A11076) or Alexa 647 (#A21450), used at a

dilution of 1:1000. Subsequently, the slices were washed three times

(15 min each) in PBS and mounted in SlowFade Diamond Antifade

mountant (refractive index 1.42; Thermo Fisher Scientific, cat. number

S36967) between two precision coverslips (.17 mm thickness; Karl

Hecht Assistent, cat. number 1014/5024) separated by a .12 mm

thick imaging spacer disk (“SecureSeal,” cat. number 70327-13S; Elec-

tron Microscopy Sciences).

2.4 | Immunocytochemical labeling of retinal
wholemounts

For immunolabeling of retinal wholemounts, we used a marker (Penol)

to place a spot of permanent ink (xylene free) on the dorsal part of the

eye before removing it from the orbit. After enucleation, we made a

small cut in the dorsal part of the retina and sclera before dissecting

the retina from the eye cup. The retina was then flattened by making

four radial incisions from the periphery almost to the center and trans-

ferred onto the non-gridded surface of a piece of nitrocellulose filter

paper (Millipore, cat. number HABG01300). The filter paper with

attached retina was then positioned on a piece of folded tissue paper

(e.g., Kimwipe) and a few drops of HEPES-buffered extracellular solu-

tion was added on top and allowed to soak through. For fixation, a

few drops of 4% paraformaldehyde (in .1 M PB) was added on top

and allowed to soak through. After repeating this 2–3 times, the filter

paper with retina was transferred to a larger volume of 4% para-

formaldehyde in .1 M PB and fixed for 30 min at room temperature.

After fixation, the retina was washed six times (10 min each) in .01 M

PBS and incubated in antibody incubation solution (identical to that

used for slices) overnight at 4�C. The retina was then incubated for

four nights (at 4�C) with primary antibodies (mouse anti-ankyrin-G

and guinea pig anti-parvalbumin; Table 1) in antibody incubation solu-

tion identical to that used for slices, but with .2% Triton X-100. After-

wards, the retina was washed six times (10 min each) in PBS and

incubated overnight (at 4�C) with secondary antibodies (goat anti-

guinea pig coupled to Alexa 488, #A11073 from Thermo Fisher Scien-

tific, diluted 1:1000; goat anti-mouse coupled to Alexa 594, #A11032

from Thermo Fisher Scientific, diluted 1:1000) in antibody incubation

solution (identical to that used for slices, i.e., with .2% Triton X-100).

Finally, the retina was washed six times (10 min each) in PBS and

mounted in Vectashield between a microscope slide and a precision

TABLE 1 Primary antibodies

Antibody name Immunogen Source, cat #, RRID Antibody type Dilution

Ankyrin-G Ankyrin-G (463) Santa Cruz, SC12719, AB_626674 Mouse, monoclonal 1:100

Ankyrin-G Ankyrin-G epitope: aa 1784-1961 rat, mouse Synaptic Systems, 386004, AB_2725774 Guinea pig, polyclonal 1:1000

Parvalbumin Parvalbumin, aa 1-133 rat Synaptic Systems, 195004, AB_2156476 Guinea pig, polyclonal 1:1000

Abbreviation: RRID, Research Resource Identifiers (for details see the Resource Identification Portal: https://scicrunch.org/resources).
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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 α1 antibodies

(e.g., Figure 5b) showed that the soma of Purkinje cells lack α1 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 α1 subunit. There are α1 ring-stained cells which are

small (�5 μm 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 α1 staining in the complex glomer-

uli structures. There is more diffuse α1 staining in the molecular layer

(ML) (Figure 5b), which likely corresponds to the presence of the α1

subunit in axons from the granule cells. The α3 staining pattern in the

cerebellum is notably different than that of α1 staining (Figure 5c).

Purkinje cells are now encircled by fluorescence (Figure 5c, yellow

arrows), confirming that the α3 subunit is the predominant α isoform

in these cells. The GL appears to have substantial α3 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 α3 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 α3 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

et al., 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 α

isoform in each type of neuron. Clearly, the processing of electrical

activity in the cerebellum is determined by neurons that predomi-

nantly express the α3 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 α3 isoform in the local cerebellar network.

3.5 | Correlation analysis to identify relevant genes
that co-express with α1 and α3 isoforms

We next asked whether the expression of transcripts from the α1 and

α3 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 α1 and α3 isoforms,

we considered only the top α enriched neuronal clusters identified by

percentile thresholding (Figures 3a1,a2 and 4a1,a2). For each α iso-

form, we combined the clusters from both databases, totaling 31 clus-

ters for the α1 isoform and 34 clusters for the α3 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 α1 enriched clusters was composed of 20,515 genes and 66,328

cells, while the filtered subdataset for α3 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,

Atp1a1 and Atp1a3 remained in both filtered subdatasets.

Then, we generated submatrices composed by the expression

values for either α1 or α3 and the expression values of a test gene in

all cells, which are referred as the gene–gene matrices. These matrices

contained 2 genes � 66,328 cells and 2 genes � 3930 cells for α1

and α3, 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 α1 was discarded

but none for α3. 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 S6a,c show the

F IGURE 6 Genes correlated with the expression of α1. (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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conventional, upright microscope (BX51WI; Olympus) with a �60 (.9

NA) water immersion objective (Olympus) and Dodt gradient contrast

(DGC) optics (Luigs & Neumann) for contrast enhancement. The extra-

cellular perfusing solution was continuously bubbled with 95% O2–

5% CO2 and had the following composition (in mM): 125 NaCl,

25 NaHCO3, 2.5 KCl, 2.5 CaCl2, 1 MgCl2, 10 glucose, pH 7.4 (osmolar-

ity �300 mOsm).

Using a combination of transmitted light and epifluorescence

optics (filter set 49011 with excitation filter ET480/40X, beam splitter

T510lpxrxt, and emission filter ET535/50m; Chroma), visually

targeted AII amacrine cells were impaled with sharp microelectrodes

with the tip filled with 5 mM Alexa Fluor 488 (“Alexa 488,” Thermo

Fisher Scientific) dissolved in 200 mM KCl and backfilled with

200 mM KCl without dye. Microelectrodes were pulled (P-87; Sutter

Instrument) from thin-walled borosilicate glass (OD, 1.0 mm; ID,

.78 mm; BF100-78-10; Sutter Instrument). When filled with dye solu-

tion, the resistance of the injection pipettes typically ranged between

80 and 150 MΩ. For injection, the microelectode was connected to

an intracellular amplifier (SEC-05LX; NPI Electronic) in bridge mode,

controlled by Patchmaster software (HEKA Elektronik; RRID:

SCR_000034). With the pipette resistances used, we typically did not

find it necessary to apply a retaining current to prevent leakage of

dye. After successful impalement, cells were injected with a current of

�500 pA for 3 min (�1 Hz; 900 ms on per cycle).

2.3 | Immunocytochemical labeling of slices with
injected cells

After injection, slices were fixed at room temperature for 10–15 min

in 4% paraformaldehyde in .1 M phosphate buffer (PB; .081 M

Na2HPO4/.019 M NaH2PO4, pH 7.4). Following fixation, slices were

washed three times (5 min each) in .01 M phosphate-buffered saline

(PBS; .01 M PB with 8.76 g NaCl and .2 g KCl per liter, pH 7.4). Next,

slices were incubated for 1 h at room temperature in antibody incuba-

tion solution consisting of PBS with 5% normal goat serum (NGS;

Sigma-Aldrich), .5% Triton X-100 (Sigma-Aldrich), and .05% NaN3.

Slices were then incubated for three nights (at 4�C) with primary anti-

body (mouse anti-ankyrin-G or guinea pig anti-ankyrin-G; Table 1) in

antibody incubation solution. After incubation, slices were washed

three times (10 min each) in PBS and incubated with secondary anti-

body in antibody incubation solution (with .2% Triton X-100), either

for 2 h at room temperature or overnight at 4�C. Secondary anti-

bodies were purchased from Thermo Fisher Scientific and included

goat anti-mouse coupled to Alexa Fluor 594 (“Alexa 594,” #A11032)

or Alexa Fluor 647 (“Alexa 647,” #A21236), and goat anti-guinea pig

coupled to Alexa 594 (#A11076) or Alexa 647 (#A21450), used at a

dilution of 1:1000. Subsequently, the slices were washed three times

(15 min each) in PBS and mounted in SlowFade Diamond Antifade

mountant (refractive index 1.42; Thermo Fisher Scientific, cat. number

S36967) between two precision coverslips (.17 mm thickness; Karl

Hecht Assistent, cat. number 1014/5024) separated by a .12 mm

thick imaging spacer disk (“SecureSeal,” cat. number 70327-13S; Elec-

tron Microscopy Sciences).

2.4 | Immunocytochemical labeling of retinal
wholemounts

For immunolabeling of retinal wholemounts, we used a marker (Penol)

to place a spot of permanent ink (xylene free) on the dorsal part of the

eye before removing it from the orbit. After enucleation, we made a

small cut in the dorsal part of the retina and sclera before dissecting

the retina from the eye cup. The retina was then flattened by making

four radial incisions from the periphery almost to the center and trans-

ferred onto the non-gridded surface of a piece of nitrocellulose filter

paper (Millipore, cat. number HABG01300). The filter paper with

attached retina was then positioned on a piece of folded tissue paper

(e.g., Kimwipe) and a few drops of HEPES-buffered extracellular solu-

tion was added on top and allowed to soak through. For fixation, a

few drops of 4% paraformaldehyde (in .1 M PB) was added on top

and allowed to soak through. After repeating this 2–3 times, the filter

paper with retina was transferred to a larger volume of 4% para-

formaldehyde in .1 M PB and fixed for 30 min at room temperature.

After fixation, the retina was washed six times (10 min each) in .01 M

PBS and incubated in antibody incubation solution (identical to that

used for slices) overnight at 4�C. The retina was then incubated for

four nights (at 4�C) with primary antibodies (mouse anti-ankyrin-G

and guinea pig anti-parvalbumin; Table 1) in antibody incubation solu-

tion identical to that used for slices, but with .2% Triton X-100. After-

wards, the retina was washed six times (10 min each) in PBS and

incubated overnight (at 4�C) with secondary antibodies (goat anti-

guinea pig coupled to Alexa 488, #A11073 from Thermo Fisher Scien-

tific, diluted 1:1000; goat anti-mouse coupled to Alexa 594, #A11032

from Thermo Fisher Scientific, diluted 1:1000) in antibody incubation

solution (identical to that used for slices, i.e., with .2% Triton X-100).

Finally, the retina was washed six times (10 min each) in PBS and

mounted in Vectashield between a microscope slide and a precision

TABLE 1 Primary antibodies

Antibody name Immunogen Source, cat #, RRID Antibody type Dilution

Ankyrin-G Ankyrin-G (463) Santa Cruz, SC12719, AB_626674 Mouse, monoclonal 1:100

Ankyrin-G Ankyrin-G epitope: aa 1784-1961 rat, mouse Synaptic Systems, 386004, AB_2725774 Guinea pig, polyclonal 1:1000

Parvalbumin Parvalbumin, aa 1-133 rat Synaptic Systems, 195004, AB_2156476 Guinea pig, polyclonal 1:1000

Abbreviation: RRID, Research Resource Identifiers (for details see the Resource Identification Portal: https://scicrunch.org/resources).
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distributions of the number of cells remaining for α1 and α3, 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 S6b,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 α1 enriched clusters;

Num75 = 737 for α3 enriched clusters) (Figure S6a–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 α1 and α3 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 α1 and α3 isoform, respectively. Red color dots show the

top 10 genes for each α isoform: α1 (Chn2, Hpcal1, Nrgn, Neurod1,

Selm, Kcnc1, Snrk, Snap25, Ckb, and Ccndbp1) and α3 (Sorcs3, Eml5,

Neurod2, Ckb, Tbc1d4, Ptprz1, Pvrl1, Kirrel3, Pvalb, and Asic2). These

genes encode calcium-binding proteins (Pvalb, Hpcal1), 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, Tbc1d4), adhesion molecule proteins (Pvrl1,

Kirrel3), ion channel proteins (Kcnc1, Asic2), microtubule-associated

protein (Eml5), 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 α3 isoform, is expressed in a

subtype of GABAergic neurons expressing low Atp1a1 and high

Atp1a3 α3 (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 α isoform. For example, SNAP-25 encoded by

Snap25 gene, one of the top genes co-expressed with the α1 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 α1 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 α1 enriched clusters was composed

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 S6e),

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 α

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 α1 and α3 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 α3 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

et al., 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 α3, 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 S6). We confirmed that the expression

of α3 isoform is exclusive to neurons of the PNS and CNS. We

expanded on previous work by defining the neuronal clusters with

largest expression of α1 and α3 isoforms and discovered significant

variation of expression among subpopulations of α-associated cell

types. Moreover, we detected the genes whose expression correlated

with α1 or α3 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 α isoforms in CNS neurons are

α1 and α3, we found that for the other subunits, the β1 isoform and

Fxyd6 and Fxyd7 isoforms predominate. Supporting a role of these

isoforms in neuronal function, both α1- and α3-associated diseases

can involve CNS symptoms such as epilepsy and intellectual disability,

as well as peripheral nerve degeneration with α1. The modulatory

subunit Fxyd6 is potentially associated with susceptibility to schizo-

phrenia (Choudhury et al., 2007; Zhong et al., 2011). While there are

F IGURE 7 Genes correlated with the expression of α3. (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 β1-associated diseases, this may be due to its

ubiquitous expression throughout other organ systems. The negative

correlation between α1 and α3 expression further supports the view

that α3 is the primary functional α isoform in some neurons. Thus, the

α1/β1 and α3/β1 enzyme complexes are appropriate targets for the

study of Na+/K+-ATPase in CNS neurons.

Clustering analysis of highly α3-expressing neurons identified the

specific neuronal subtypes and brain locations that may be most rele-

vant in the study of α3's function in the CNS and disease pathology.

In unsupervised analysis, the majority of these top α3-expressing clus-

ters were found in the cerebellum, hippocampus, and brainstem

(Table S6).

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 α3-enriched clusters, which added support

for previous evidence of α3 production in these cerebellar interneu-

rons at mRNA and protein levels (Chauhan & Siegel, 1997; Hieber

et al., 1989; Hieber et al., 1991; Ikeda et al., 2013). Our data also

showed that cerebellar granule cells (Cluster#: CB_1-1 and CBGRC)

seldom expressed α3, which was also consistent with previous find-

ings about the lack of α3 in granule cells (Ikeda et al., 2013). Remark-

ably, our results indicated that, although α3 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 α3, which was consistent with the previous observation in

Atp1a3-ZsGreen1 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 α3.

In the hippocampus, the primary α3-expressing population is

thought to be parvalbumin-expressing interneurons and hilar cells

(Dobretsov et al., 2019; Murata et al., 2020). For example, excessive

ZsGreen1-labeled cells were observed in dentate gyrus, subiculum,

and postsubiculum areas, while the majority of the neurons within the

hippocampal pyramidal layer were ZsGreen1-negative in

Atp1a3-ZsGreen1 mice (Dobretsov et al., 2019). Glutamatergic cells

and parvalbumin-expressing GABAergic neurons in the hilus were

shown to have the highest expression level of Atp1a3 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 α3 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

α3 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 α3 (Vglut1+/

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 α3 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 α3-enriched populations

were found in the brainstem. Notably, excitatory neurons including

Cluster# HBGLU7 & HBGLU8 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-ZsGreen1

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#

HBINH8 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 α3 are heavily linked to the pathogenesis of

α3-related neurological disorders. Brain hypoplasia and/or progressive

atrophy, found in some patients with α3-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 α3 activity.

Consistent with this, cerebellar knockdown of α3 in mice has been

shown to cause aberrant Purkinje cell output, leading to dystonia, a

major symptom of α3-associated disorders (Fremont et al., 2015). Sim-

ilarly, the hippocampus displays highest α3 expression among fast-

firing interneurons, which is consistent with the finding in a mouse

model that impaired inhibitory neurotransmission in the hippocampus

likely causes α3-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 α3. 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
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conventional, upright microscope (BX51WI; Olympus) with a �60 (.9

NA) water immersion objective (Olympus) and Dodt gradient contrast

(DGC) optics (Luigs & Neumann) for contrast enhancement. The extra-

cellular perfusing solution was continuously bubbled with 95% O2–

5% CO2 and had the following composition (in mM): 125 NaCl,

25 NaHCO3, 2.5 KCl, 2.5 CaCl2, 1 MgCl2, 10 glucose, pH 7.4 (osmolar-

ity �300 mOsm).

Using a combination of transmitted light and epifluorescence

optics (filter set 49011 with excitation filter ET480/40X, beam splitter

T510lpxrxt, and emission filter ET535/50m; Chroma), visually

targeted AII amacrine cells were impaled with sharp microelectrodes

with the tip filled with 5 mM Alexa Fluor 488 (“Alexa 488,” Thermo

Fisher Scientific) dissolved in 200 mM KCl and backfilled with

200 mM KCl without dye. Microelectrodes were pulled (P-87; Sutter

Instrument) from thin-walled borosilicate glass (OD, 1.0 mm; ID,

.78 mm; BF100-78-10; Sutter Instrument). When filled with dye solu-

tion, the resistance of the injection pipettes typically ranged between

80 and 150 MΩ. For injection, the microelectode was connected to

an intracellular amplifier (SEC-05LX; NPI Electronic) in bridge mode,

controlled by Patchmaster software (HEKA Elektronik; RRID:

SCR_000034). With the pipette resistances used, we typically did not

find it necessary to apply a retaining current to prevent leakage of

dye. After successful impalement, cells were injected with a current of

�500 pA for 3 min (�1 Hz; 900 ms on per cycle).

2.3 | Immunocytochemical labeling of slices with
injected cells

After injection, slices were fixed at room temperature for 10–15 min

in 4% paraformaldehyde in .1 M phosphate buffer (PB; .081 M

Na2HPO4/.019 M NaH2PO4, pH 7.4). Following fixation, slices were

washed three times (5 min each) in .01 M phosphate-buffered saline

(PBS; .01 M PB with 8.76 g NaCl and .2 g KCl per liter, pH 7.4). Next,

slices were incubated for 1 h at room temperature in antibody incuba-

tion solution consisting of PBS with 5% normal goat serum (NGS;

Sigma-Aldrich), .5% Triton X-100 (Sigma-Aldrich), and .05% NaN3.

Slices were then incubated for three nights (at 4�C) with primary anti-

body (mouse anti-ankyrin-G or guinea pig anti-ankyrin-G; Table 1) in

antibody incubation solution. After incubation, slices were washed

three times (10 min each) in PBS and incubated with secondary anti-

body in antibody incubation solution (with .2% Triton X-100), either

for 2 h at room temperature or overnight at 4�C. Secondary anti-

bodies were purchased from Thermo Fisher Scientific and included

goat anti-mouse coupled to Alexa Fluor 594 (“Alexa 594,” #A11032)

or Alexa Fluor 647 (“Alexa 647,” #A21236), and goat anti-guinea pig

coupled to Alexa 594 (#A11076) or Alexa 647 (#A21450), used at a

dilution of 1:1000. Subsequently, the slices were washed three times

(15 min each) in PBS and mounted in SlowFade Diamond Antifade

mountant (refractive index 1.42; Thermo Fisher Scientific, cat. number

S36967) between two precision coverslips (.17 mm thickness; Karl

Hecht Assistent, cat. number 1014/5024) separated by a .12 mm

thick imaging spacer disk (“SecureSeal,” cat. number 70327-13S; Elec-

tron Microscopy Sciences).

2.4 | Immunocytochemical labeling of retinal
wholemounts

For immunolabeling of retinal wholemounts, we used a marker (Penol)

to place a spot of permanent ink (xylene free) on the dorsal part of the

eye before removing it from the orbit. After enucleation, we made a

small cut in the dorsal part of the retina and sclera before dissecting

the retina from the eye cup. The retina was then flattened by making

four radial incisions from the periphery almost to the center and trans-

ferred onto the non-gridded surface of a piece of nitrocellulose filter

paper (Millipore, cat. number HABG01300). The filter paper with

attached retina was then positioned on a piece of folded tissue paper

(e.g., Kimwipe) and a few drops of HEPES-buffered extracellular solu-

tion was added on top and allowed to soak through. For fixation, a

few drops of 4% paraformaldehyde (in .1 M PB) was added on top

and allowed to soak through. After repeating this 2–3 times, the filter

paper with retina was transferred to a larger volume of 4% para-

formaldehyde in .1 M PB and fixed for 30 min at room temperature.

After fixation, the retina was washed six times (10 min each) in .01 M

PBS and incubated in antibody incubation solution (identical to that

used for slices) overnight at 4�C. The retina was then incubated for

four nights (at 4�C) with primary antibodies (mouse anti-ankyrin-G

and guinea pig anti-parvalbumin; Table 1) in antibody incubation solu-

tion identical to that used for slices, but with .2% Triton X-100. After-

wards, the retina was washed six times (10 min each) in PBS and

incubated overnight (at 4�C) with secondary antibodies (goat anti-

guinea pig coupled to Alexa 488, #A11073 from Thermo Fisher Scien-

tific, diluted 1:1000; goat anti-mouse coupled to Alexa 594, #A11032

from Thermo Fisher Scientific, diluted 1:1000) in antibody incubation

solution (identical to that used for slices, i.e., with .2% Triton X-100).

Finally, the retina was washed six times (10 min each) in PBS and

mounted in Vectashield between a microscope slide and a precision

TABLE 1 Primary antibodies

Antibody name Immunogen Source, cat #, RRID Antibody type Dilution

Ankyrin-G Ankyrin-G (463) Santa Cruz, SC12719, AB_626674 Mouse, monoclonal 1:100

Ankyrin-G Ankyrin-G epitope: aa 1784-1961 rat, mouse Synaptic Systems, 386004, AB_2725774 Guinea pig, polyclonal 1:1000

Parvalbumin Parvalbumin, aa 1-133 rat Synaptic Systems, 195004, AB_2156476 Guinea pig, polyclonal 1:1000

Abbreviation: RRID, Research Resource Identifiers (for details see the Resource Identification Portal: https://scicrunch.org/resources).
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(Oblak et al., 2014). The strong coincidence between neuronal clusters

enriched in α3 identified in our analysis and the brain regions impaired

in patients with α3 related diseases emphasized that the normal func-

tion of α3 was essential for these brain regions. Our results at least

partially explained why cerebellum, hippocampus, and brain stem

were most vulnerable to Na+/K+-ATPase pump dysfunction caused

by α3 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 α3-related diseases.

Unbiased analysis of genes highly correlated with α isoforms

expression revealed several genes that have highest positive correla-

tions with α1 or α3 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 α subunits are one of the largest ATP con-

sumers in brain, the expression correlation between Ckb and α

isoforms could be relevant to energy consumption. The proneuronal

transcription factors Neurod1 (Neuronal differentiation 1) and

Neurod2 (Neuronal differentiation 2) are intriguingly correlated with

α1 and α3 isoforms, respectively, suggesting that neurons from differ-

ent lineages may have distinct preference for α 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 α3 and

Neurod2 may be helpful to diagnose neuronal subtypes which are

more susceptible to damage induced by pathogenic α3 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 α1- and α3-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 α subunits. While α1 isoform is largely correlated with ion

transport (potassium ions in particular), α3 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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conventional, upright microscope (BX51WI; Olympus) with a �60 (.9

NA) water immersion objective (Olympus) and Dodt gradient contrast

(DGC) optics (Luigs & Neumann) for contrast enhancement. The extra-

cellular perfusing solution was continuously bubbled with 95% O2–

5% CO2 and had the following composition (in mM): 125 NaCl,

25 NaHCO3, 2.5 KCl, 2.5 CaCl2, 1 MgCl2, 10 glucose, pH 7.4 (osmolar-

ity �300 mOsm).

Using a combination of transmitted light and epifluorescence

optics (filter set 49011 with excitation filter ET480/40X, beam splitter

T510lpxrxt, and emission filter ET535/50m; Chroma), visually

targeted AII amacrine cells were impaled with sharp microelectrodes

with the tip filled with 5 mM Alexa Fluor 488 (“Alexa 488,” Thermo

Fisher Scientific) dissolved in 200 mM KCl and backfilled with

200 mM KCl without dye. Microelectrodes were pulled (P-87; Sutter

Instrument) from thin-walled borosilicate glass (OD, 1.0 mm; ID,

.78 mm; BF100-78-10; Sutter Instrument). When filled with dye solu-

tion, the resistance of the injection pipettes typically ranged between

80 and 150 MΩ. For injection, the microelectode was connected to

an intracellular amplifier (SEC-05LX; NPI Electronic) in bridge mode,

controlled by Patchmaster software (HEKA Elektronik; RRID:

SCR_000034). With the pipette resistances used, we typically did not

find it necessary to apply a retaining current to prevent leakage of

dye. After successful impalement, cells were injected with a current of

�500 pA for 3 min (�1 Hz; 900 ms on per cycle).

2.3 | Immunocytochemical labeling of slices with
injected cells

After injection, slices were fixed at room temperature for 10–15 min

in 4% paraformaldehyde in .1 M phosphate buffer (PB; .081 M

Na2HPO4/.019 M NaH2PO4, pH 7.4). Following fixation, slices were

washed three times (5 min each) in .01 M phosphate-buffered saline

(PBS; .01 M PB with 8.76 g NaCl and .2 g KCl per liter, pH 7.4). Next,

slices were incubated for 1 h at room temperature in antibody incuba-

tion solution consisting of PBS with 5% normal goat serum (NGS;

Sigma-Aldrich), .5% Triton X-100 (Sigma-Aldrich), and .05% NaN3.

Slices were then incubated for three nights (at 4�C) with primary anti-

body (mouse anti-ankyrin-G or guinea pig anti-ankyrin-G; Table 1) in

antibody incubation solution. After incubation, slices were washed

three times (10 min each) in PBS and incubated with secondary anti-

body in antibody incubation solution (with .2% Triton X-100), either

for 2 h at room temperature or overnight at 4�C. Secondary anti-

bodies were purchased from Thermo Fisher Scientific and included

goat anti-mouse coupled to Alexa Fluor 594 (“Alexa 594,” #A11032)

or Alexa Fluor 647 (“Alexa 647,” #A21236), and goat anti-guinea pig

coupled to Alexa 594 (#A11076) or Alexa 647 (#A21450), used at a

dilution of 1:1000. Subsequently, the slices were washed three times

(15 min each) in PBS and mounted in SlowFade Diamond Antifade

mountant (refractive index 1.42; Thermo Fisher Scientific, cat. number

S36967) between two precision coverslips (.17 mm thickness; Karl

Hecht Assistent, cat. number 1014/5024) separated by a .12 mm

thick imaging spacer disk (“SecureSeal,” cat. number 70327-13S; Elec-

tron Microscopy Sciences).

2.4 | Immunocytochemical labeling of retinal
wholemounts

For immunolabeling of retinal wholemounts, we used a marker (Penol)

to place a spot of permanent ink (xylene free) on the dorsal part of the

eye before removing it from the orbit. After enucleation, we made a

small cut in the dorsal part of the retina and sclera before dissecting

the retina from the eye cup. The retina was then flattened by making

four radial incisions from the periphery almost to the center and trans-

ferred onto the non-gridded surface of a piece of nitrocellulose filter

paper (Millipore, cat. number HABG01300). The filter paper with

attached retina was then positioned on a piece of folded tissue paper

(e.g., Kimwipe) and a few drops of HEPES-buffered extracellular solu-

tion was added on top and allowed to soak through. For fixation, a

few drops of 4% paraformaldehyde (in .1 M PB) was added on top

and allowed to soak through. After repeating this 2–3 times, the filter

paper with retina was transferred to a larger volume of 4% para-

formaldehyde in .1 M PB and fixed for 30 min at room temperature.

After fixation, the retina was washed six times (10 min each) in .01 M

PBS and incubated in antibody incubation solution (identical to that

used for slices) overnight at 4�C. The retina was then incubated for

four nights (at 4�C) with primary antibodies (mouse anti-ankyrin-G

and guinea pig anti-parvalbumin; Table 1) in antibody incubation solu-

tion identical to that used for slices, but with .2% Triton X-100. After-

wards, the retina was washed six times (10 min each) in PBS and

incubated overnight (at 4�C) with secondary antibodies (goat anti-

guinea pig coupled to Alexa 488, #A11073 from Thermo Fisher Scien-

tific, diluted 1:1000; goat anti-mouse coupled to Alexa 594, #A11032

from Thermo Fisher Scientific, diluted 1:1000) in antibody incubation

solution (identical to that used for slices, i.e., with .2% Triton X-100).

Finally, the retina was washed six times (10 min each) in PBS and

mounted in Vectashield between a microscope slide and a precision

TABLE 1 Primary antibodies

Antibody name Immunogen Source, cat #, RRID Antibody type Dilution

Ankyrin-G Ankyrin-G (463) Santa Cruz, SC12719, AB_626674 Mouse, monoclonal 1:100

Ankyrin-G Ankyrin-G epitope: aa 1784-1961 rat, mouse Synaptic Systems, 386004, AB_2725774 Guinea pig, polyclonal 1:1000

Parvalbumin Parvalbumin, aa 1-133 rat Synaptic Systems, 195004, AB_2156476 Guinea pig, polyclonal 1:1000

Abbreviation: RRID, Research Resource Identifiers (for details see the Resource Identification Portal: https://scicrunch.org/resources).
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conventional, upright microscope (BX51WI; Olympus) with a �60 (.9

NA) water immersion objective (Olympus) and Dodt gradient contrast

(DGC) optics (Luigs & Neumann) for contrast enhancement. The extra-

cellular perfusing solution was continuously bubbled with 95% O2–

5% CO2 and had the following composition (in mM): 125 NaCl,

25 NaHCO3, 2.5 KCl, 2.5 CaCl2, 1 MgCl2, 10 glucose, pH 7.4 (osmolar-

ity �300 mOsm).

Using a combination of transmitted light and epifluorescence

optics (filter set 49011 with excitation filter ET480/40X, beam splitter

T510lpxrxt, and emission filter ET535/50m; Chroma), visually

targeted AII amacrine cells were impaled with sharp microelectrodes

with the tip filled with 5 mM Alexa Fluor 488 (“Alexa 488,” Thermo

Fisher Scientific) dissolved in 200 mM KCl and backfilled with

200 mM KCl without dye. Microelectrodes were pulled (P-87; Sutter

Instrument) from thin-walled borosilicate glass (OD, 1.0 mm; ID,

.78 mm; BF100-78-10; Sutter Instrument). When filled with dye solu-

tion, the resistance of the injection pipettes typically ranged between

80 and 150 MΩ. For injection, the microelectode was connected to

an intracellular amplifier (SEC-05LX; NPI Electronic) in bridge mode,

controlled by Patchmaster software (HEKA Elektronik; RRID:

SCR_000034). With the pipette resistances used, we typically did not

find it necessary to apply a retaining current to prevent leakage of

dye. After successful impalement, cells were injected with a current of

�500 pA for 3 min (�1 Hz; 900 ms on per cycle).

2.3 | Immunocytochemical labeling of slices with
injected cells

After injection, slices were fixed at room temperature for 10–15 min

in 4% paraformaldehyde in .1 M phosphate buffer (PB; .081 M

Na2HPO4/.019 M NaH2PO4, pH 7.4). Following fixation, slices were

washed three times (5 min each) in .01 M phosphate-buffered saline

(PBS; .01 M PB with 8.76 g NaCl and .2 g KCl per liter, pH 7.4). Next,

slices were incubated for 1 h at room temperature in antibody incuba-

tion solution consisting of PBS with 5% normal goat serum (NGS;

Sigma-Aldrich), .5% Triton X-100 (Sigma-Aldrich), and .05% NaN3.

Slices were then incubated for three nights (at 4�C) with primary anti-

body (mouse anti-ankyrin-G or guinea pig anti-ankyrin-G; Table 1) in

antibody incubation solution. After incubation, slices were washed

three times (10 min each) in PBS and incubated with secondary anti-

body in antibody incubation solution (with .2% Triton X-100), either

for 2 h at room temperature or overnight at 4�C. Secondary anti-

bodies were purchased from Thermo Fisher Scientific and included

goat anti-mouse coupled to Alexa Fluor 594 (“Alexa 594,” #A11032)

or Alexa Fluor 647 (“Alexa 647,” #A21236), and goat anti-guinea pig

coupled to Alexa 594 (#A11076) or Alexa 647 (#A21450), used at a

dilution of 1:1000. Subsequently, the slices were washed three times

(15 min each) in PBS and mounted in SlowFade Diamond Antifade

mountant (refractive index 1.42; Thermo Fisher Scientific, cat. number

S36967) between two precision coverslips (.17 mm thickness; Karl

Hecht Assistent, cat. number 1014/5024) separated by a .12 mm

thick imaging spacer disk (“SecureSeal,” cat. number 70327-13S; Elec-

tron Microscopy Sciences).

2.4 | Immunocytochemical labeling of retinal
wholemounts

For immunolabeling of retinal wholemounts, we used a marker (Penol)

to place a spot of permanent ink (xylene free) on the dorsal part of the

eye before removing it from the orbit. After enucleation, we made a

small cut in the dorsal part of the retina and sclera before dissecting

the retina from the eye cup. The retina was then flattened by making

four radial incisions from the periphery almost to the center and trans-

ferred onto the non-gridded surface of a piece of nitrocellulose filter

paper (Millipore, cat. number HABG01300). The filter paper with

attached retina was then positioned on a piece of folded tissue paper

(e.g., Kimwipe) and a few drops of HEPES-buffered extracellular solu-

tion was added on top and allowed to soak through. For fixation, a

few drops of 4% paraformaldehyde (in .1 M PB) was added on top

and allowed to soak through. After repeating this 2–3 times, the filter

paper with retina was transferred to a larger volume of 4% para-

formaldehyde in .1 M PB and fixed for 30 min at room temperature.

After fixation, the retina was washed six times (10 min each) in .01 M

PBS and incubated in antibody incubation solution (identical to that

used for slices) overnight at 4�C. The retina was then incubated for

four nights (at 4�C) with primary antibodies (mouse anti-ankyrin-G

and guinea pig anti-parvalbumin; Table 1) in antibody incubation solu-

tion identical to that used for slices, but with .2% Triton X-100. After-

wards, the retina was washed six times (10 min each) in PBS and

incubated overnight (at 4�C) with secondary antibodies (goat anti-

guinea pig coupled to Alexa 488, #A11073 from Thermo Fisher Scien-

tific, diluted 1:1000; goat anti-mouse coupled to Alexa 594, #A11032

from Thermo Fisher Scientific, diluted 1:1000) in antibody incubation

solution (identical to that used for slices, i.e., with .2% Triton X-100).

Finally, the retina was washed six times (10 min each) in PBS and

mounted in Vectashield between a microscope slide and a precision

TABLE 1 Primary antibodies

Antibody name Immunogen Source, cat #, RRID Antibody type Dilution

Ankyrin-G Ankyrin-G (463) Santa Cruz, SC12719, AB_626674 Mouse, monoclonal 1:100

Ankyrin-G Ankyrin-G epitope: aa 1784-1961 rat, mouse Synaptic Systems, 386004, AB_2725774 Guinea pig, polyclonal 1:1000

Parvalbumin Parvalbumin, aa 1-133 rat Synaptic Systems, 195004, AB_2156476 Guinea pig, polyclonal 1:1000

Abbreviation: RRID, Research Resource Identifiers (for details see the Resource Identification Portal: https://scicrunch.org/resources).
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