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Chapter 7

ABSTRACT

The superior cervical ganglion (SCG) provides sympathetic nerve fibers to the murine anterior
myocardium, an area that can be involved in large transmural myocardial infarctions. It has
been shown that overactivity of SCG is associated with adverse clinical outcome after
myocardial infarction. Despite these findings and a plethora of knowledge regarding
electrophysiological function and histology, the exact cellular composition and molecular
signature of the SCG remains to be elucidated. Here, we report a single-nuclei RNA-sequencing
(snRNA-seq) study on murine SCG in order to provide an overview of its variety in cellular
compositions and focused laterally and sex differences. We identified 7 major cell types,
among which 5 subtypes of neuronal cells and 4 subtypes of satellite glial cells were
distinguished. Assessment of potential heterogeneity between sexes revealed differences in
cellular distribution and gene expression. No obvious laterality differences were detected on
this healthy murine SCG dataset. Our data provides insight into the heterogenous SCG cellular
composition and gene expression in a normal healthy state, thus providing a resource for
further disease-oriented studies.

Keywords

Single-nucleus RNA sequencing, superior cervical ganglion, cellular composition, molecular
signature, sex differences, laterality differences
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INTRODUCTION

The autonomic nervous system (ANS), which is divided in parasympathetic and sympathetic
branches, strictly regulates multiple organ systems including the cardiovascular system [1].
Cardiac sympathetic innervation is mainly provided by nerve fibers from the bilateral superior
cervical ganglia (SCG), stellate ganglia, and upper thoracic ganglia [2]. Each of these ganglia
have been shown to innervate different regions of the heart [3]. The SCG projects nerve fibers
to the anterior myocardium [4], an area which can be involved in large transmural myocardial
infarctions after atherosclerotic occlusion of the left anterior descending coronary artery, and
is regarded as a factor associated with adverse clinical outcome when overactive [5]. Upon
myocardial infarction, cardiac sympathetic innervation can drastically change, with
remodeling of sympathetic nerves and neurons resulting in sympathetic overdrive, which has
been associated with adverse outcome in patients due to increased risk of ventricular
arrythmias [6, 7]. Changes in SCG structure and/or composition have also proven to be
relevant in other diseases, such as diabetic sympathetic autonomic neuropathy and obesity
[8-10].

Single-cell sequencing technologies allow for accurate exploration of the molecular signature
of individual cells in complex tissues, such as sympathetic ganglia. A variety of previously
unknown neuronal (sub)types in the SCG, stellate ganglia, and sympathetic chain ganglia have
been identified using single-cell sequencing [11]. Similarly, different maturation and
differentiation states of satellite glial cells in stellate ganglia have been identified [12]. Current
literature focuses on subclassification of neuronal cells or specific non-neuronal cells in
sympathetic ganglia. Although these findings are crucial to elucidate cell-type specific behavior
in sympathetic ganglia, a complete outline of the cellular composition in the superior cervical
ganglion is currently lacking, thus hampering interpretation of molecular changes at the single
cell level in disease states.

It is hypothesized that individual healthy ganglia may already present differences in sex and
laterality of the ganglia. Recently, significant transcriptomic differences between the male and
female have been revealed in the left stellate ganglia in healthy adult mice [13]. Sympathetic
ganglia show distinct laterality in terms of morphology (macroscopic and microscopic) and
function, despite being symmetrically distributed along the paravertebral locations [14-17].

However, this classification of cellular phenotypes based on detailed molecular signatures is
currently still lacking in the superior cervical ganglia. Here, we aim to provide an overview of
potential sex-specific (male versus female) and side-specific (left versus right) differences of
healthy adult murine SCG by assessment of heterogeneity in transcriptomic diversity at single
nucleus resolution.
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MATERIAL AND METHODS
Animals

Two female and two male C57BL/6J mice (Charles River Laboratories Inc, Wilmington, MA,
USA), 15 weeks of age, were used for snRNA-seq. Animals were euthanized by CO,
asphyxiation. This animal study was performed in accordance with the regulations of Animal
welfare and rights in the Netherlands (The Animals Act 2011) and approved by the Animal
Ethics Committee of the Leiden University Medical Center (Leiden, The Netherlands)
(AVD1160020185325).

Cell dissociation

A protocol for the methods used here is described in detail in Chapter 6. Briefly, bilateral
superior cervical ganglia (n=8) were identified, isolated, and collected in cold Dulbecco’s
phosphate-buffered saline (DPBS, Gibco, Grand Island, NY, USA). Next, the individual ganglia
were incubated ina 0.25% Trypsin-EDTA solution (Thermo Fisher Scientific, Waltham, MA, USA)
at 37°C for 40 min in separate tubes. After removal of Trypsin, 500 pl of 1400U/ml collagenase
type 2 dissolved in supplemented Neurobasal Medium (1x, Gibco, Grand Island, NY, USA; 1x
B-27plus (Gibco, Grand Island, NY, USA), 2mM L-glutamine (Thermo Scientific, Waltham, MA,
USA) and, 1x Antibiotic-Antimycotic (Gibco, Grand Island, NY, USA)) was added and incubated
at 37°C for 40 minutes. The dissociated cells were then carefully triturated with 1 ml pipette
tips. After trituration, the cell suspension was transferred into the a 15 ml tube containing 5
ml supplemented Neurobasal Medium and spun down for 10 minutes at 300 rcf at room
temperature. Thereafter, the supernatant was carefully removed, and the pellet was
resuspended with 270 pl fetal bovine serum (Biowest LLC, Bradenton, FL, USA). 5 pl 0.4%
Trypan blue dye (Bio-Rad Laboratories, Hercules, CA, USA) was added to 5ul of each cell
suspension and live cell numbers were counted using a cell counter. 30 pl Dimethyl sulfoxide
(Sigma-Aldrich, Saint Louis, MO, USA) was added into each cell suspension, mixed, and
transferred into cryovials. Cryovials were kept in Corning Coolcell containers (Corning
Incorporated, Corning, NY, USA) at -80°C overnight and transferred into liquid nitrogen the
next day until further use.

Nucleus isolation and hashing

After thawing the cryovials at 37°C, 1 ml supplemented Neurobasal Medium was added. Each
cell suspension was loaded into a MACS SmartStraininer (30 um; Miltenyi Biotec) separately
and rinsed with 5ml supplemented Neurobasal Medium. The cell suspension was centrifuged
at 300 rcf for 5 minutes and supernatant was carefully removed and resuspended in 50 ul cell
wash (0.04% BSA in DPBS) (Sigma-Aldrich, Saint Louis, MO, USA). Next, the cell suspension was
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transferred into an Eppendorf DNA/RNA LoBind tube (EP0030108035) and centrifuged at 500
rcf for 5 minutes at 4°C. 45 ul supernatant was removed and replaced with 45 ul chilled Lysis
Buffer (10 mM Tris-HCL, 10mM NaCl, 3 mM MgClI2, 0.1% Nonidet P40 Substitute, 40 U/ml
RNAse inhibitor (Sigma-Aldrich, Saint Louis, MO, USA) in Nuclease-Free Water (ThermoFisher
Scientific, Waltham, MA, USA)). After 8 minutes of incubation on ice, 50 ul cold nuclei wash
buffer was added to each tube (1xDPBS with 2% BSA and 20 U/ml RNase Inhibitor) and spun
down at 600 rcf for 5 minutes at 4°C. 95 pl ul of supernatant was removed and 45 pl chilled
Nuclei wash buffer was added to the pellet. Next, the nuclei suspension was centrifuged at
600 rcf for 5 minutes at 4°C and the supernatant was removed. 50 ul ST staining buffer (ST-SB)
(10 mM Tris-HCL, 146 mM NaCl, 21 mM MgCl2, 1 mM CaCl2, 2% BSA, 0.02% Tween-20 in
Nuclease-free water) was added to the nuclei pellet and resuspended carefully. 5 pl Fc
Blocking reagent (Biolegend, San Diego, CA, USA) was added per 50 pl of ST-SB/nuclei mix and
incubated for 10 minutes onice. 1 pl of unique hashtag-oligos antibodies (HTO, Mab414) were
added per 50 pl of ST-SB/nuclei mix to all 8 superior cervical ganglia samples and incubated
for 10 minutes on ice. 100 pl of ST-SB was added to each sample and spun down for 5 minutes
at 600 rcf at 4°C. 145 pl supernatant was removed and the previous step was repeated once.
After removing the supernatant and resuspending the nuclei pellet in 50 pl ST-SB, nuclei were
counted. Next, nuclei suspensions were centrifuged for 5 minutes at 600 rcf at 4°C and
resuspended in ST-SB to reach the target nuclei concentration of 1,000-3,000 nuclei/ul for
each sample and individual samples were pooled together.

Single nuclei library preparation and sequencing

Single nuclei gene expression libraries were generated on the 10x Genomics Chromium
platform using the Chromium Next GEM Single Cell 3’ Library & Gel Bead Kit v3.1 and
Chromium Next GEM Chip G Single Cell Kit (10x Genomics, Pleasanton, CA, USA) according to
the manufacturer’s protocol. TotalSeg-A hashtag libraries were generated using the
Chromium Single Cell 3' Feature Barcode Library Kit (10x Genomics) according to the
manufacturer’s protocol. Gene expression and hashtag libraries were sequenced on a
NovaSeq 6000 S4 flow cell with PE150bp sequencing using v1.5 chemistry (lllumina, San Diego,
CA, USA).

snRNA-seq data analysis

Cell Ranger software v4.0.0 (10x Genomics) was used for library demultiplexing, fastq file
generation and read alignment. The resulting matrices contain the number of unique
molecular identifiers (UMls) per gene or per hashtag barcoding antibody-oligo (HTO) for each
cell. Downstream analyses were performed by using R 4.0.5 and the R package Seurat (version
4.0.2, Satija Lab) [18]. Nuclei were included in analysis if passing the following criteria: i)
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nFeature > 500 and nCount < 15000; ii) percent.mito < 5% and percent.RP < 3%; iii) the
individual nuclei showed clear expression of a single HTO.

Normalization counts were normalized, scaled with default thresholds in Seurat

Dimension reduction and clustering. Principal component analysis was performed to identify
major sources of variation within the dataset. The elbow plot was used to assess inclusion of
principal components that would be used for downstream analyses. In total, 20 PCs were
included. Clustering was performed with a resolution of 0.5. Dimension reduction was
performed using UMAP reduction.

Heatmaps. Function FindVariableFeatures from Seurat was used to identify highly variable
genes of the dataset. The top 500 highly variable genes were employed to generate a heatmap
to show hierarchical clustering.

Differential gene expression analysis. Function FindAllMarkers from Seurat was used to find
differential expression genes (DEGs) of each cluster by comparing the gene expression of every
cluster to all remaining clusters. The list of DEGs per cluster with adjusted p-value < 0.05
(Wilcoxon rank sum test) was used for a Gene Ontology (GO) enrichment analysis using the
default Kolmogorov—Smirnov test.

Subtypes of neurons analysis. To subcluster neurons, 13 PCs were included in clustering and
dimension reduction (resolution=0.4, k.param=10). DEGs analysis of subclusters was
performed with Function FindAllMarkers from Seurat.

Subtypes of glial cells analysis. DEGs analysis was performed with Function FindAllMarkers by
comparing the gene expression of each glial cell cluster to the other glial cell clusters.

Sex differences and bilaterality differences analysis. Sex information and bilaterality
information of each nucleus was assigned according to HTO expression. DEGs between male
and female (or left versus right) were generated with Function FindMarkers from Seurat R
package and GO enrichment analyses was performed on significant DEGs.

RESULTS
Single nucleus clustering and cell type identification of mouse SCG

Droplet-based high-throughput single nucleus RNA sequencing was performed on a HTO
barcoded nuclei suspension of 8 adult murine SCG. After read quality control, alignment and
quality control, a total of 4,721 high quality single nuclei were used for subsequent analysis.
SCG nuclei were clustered and 12 major clusters were identified (Fig. 1A). There was sufficient
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integration of all eight samples, indicating that differences in sample preparation were
minimal (Fig. 1B). Next, the top 500 variably expressed genes together with the top 20 DEGs
of each cluster were used to identify major cell types and clusters of similar molecular
characteristics (i.e. cluster 4 and 9 as stromal cells), based on known cell markers (Fig. 1C,
Supplemental Fig. 1A, Supplemental Table 1).

To further extrapolate cell type identity of these clusters, expression levels of multiple known
marker genes for every cell type were visualized (Figure 1C and Supplemental Figure 1B):
S$100b and Fabp?7 for satellite glial cells [12]; Tubb3 and TH for adrenergic neurons [19]; Sox10
and Ncmap for Schwann cells [20]; Vwf and Pecam1 for endothelial cells [21]; Acta2 and
Myh11 for vascular smooth muscle cells (vSMAs) [22]; Col1al and Dcn for stromal cells; Cer5
and Cdi4 for immune cells. Nuclei clustering and DEGs analysis indicated cellular hetero-
geneity of neuronal subtypes (cluster 6-7), satellite glial cell subtypes (cluster 0-3) and stromal
cell subtypes (Lum+ stromal cells and Cldn1+ stromal cells) as was reported previously in other
sympathetic and sensory ganglia [12, 23, 24].

In total, we identified seven major cell types in the SCG, including neuronal cells, satellite glial
cells, Schwann cells, endothelial cells, smooth muscle cells, stromal cells and immune cells (Fig.
1).
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Figure 1. Single nuclei clustering and cell type identification. A. UMAP plot of 4,721 single nuclei with
cell clusters highlighted. B. UMAP plot of single nuclei with HTO labels highlighted. C. Heatmap and
hierarchical clustering based on expression of top 500 most variable genes. D. Violin plots displaying
marker gene expression of known cell types for each cluster.

Heterogeneity among mouse SCG neurons

To characterize SCG neuronal subtypes, neuron clusters were subclustered. Subclustering
analysis revealed five major subtypes of neurons (3 subclusters from original cluster 6 and 2
subclusters from original cluster 7 (Fig. 2A, B). All neuronal subclusters were similarly
represented in all eight individual samples (Supplemental Fig. S2). DEGs analysis of each
subclusters revealed several marker genes of neuronal subtypes (Fig. 2C).

Almost all SCG neuronal subtypes expressed Dbh (Dopamine beta-hydroxylase, converting
dopamine to norepinephrine) which is known to be mainly expressed in neurosecretory
vesicles in sympathetic neurons [25]. Snap25 (Synaptosomal-Associated Protein, a presynaptic
plasma membrane protein involved in neurotransmitter release) showed heterogenous
expression between the individual neuronal clusters [26] (Fig. 2D).

Recently reported marker genes in mouse thoracic ganglia were compared to marker genes in
the mouse SCG. In thoracic ganglia the following neuronal subtypes were identified: 5
subtypes of nonadrenergic neurons (NA1-5), 2 subtypes of acetycholinergic neuons (Ach1-2)
and 1 type of glutamatergic neurons (Glut) [24]. We examined the expression of these
published neuronal sub-type marker genes in our dataset, which revealed that only NA4
neurons are detectable in the mouse SCG (Fig. 2E-L). The other neuronal subpopulation in
mouse SCG could not be assigned to previously known subtypes.

Differential gene expression analysis among the neuronal subclusters indicated a distinct gene
expression profile of the five neuronal subclusters in SCG neurons (Fig. 2M) and potential
distinct functions which was further suggested by Gene Ontology (GO) enrichment analysis
(Supplemental Fig. 3). Using this approach, we identified the following neuronal
subpopulations; Apoe* neurons, Kcngl*/Nrg3* neurons, Kcngl/Nrg3* neurons, Maplb*
neurons and Ch/1* neurons. Ultimately, our findings are indicative of cellular heterogeneity of
nonadrenergic neurons in the SCG.

Heterogeneity of mouse SCG satellite glial cells
The important function of glial cells in the central nervous system (CNS) has been recognized
for decades [27]. Although the relevance of glial cells in the peripheral nervous system has also

been getting more awareness recently, still little is known about glial cells in the sympathetic
ganglia [28]. Recently the presence of satellite glial subtypes with different functions have
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Figure 2. Identification of neuronal subtypes and markers of mouse SCG neurons. A. UMAP plot of 316
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neuronal cells grouped by original cell clustering. B. Subclustering of 316 neuronal cells shown in A
resulted in 5 cellular subtypes. C. Heatmap of top 10 DEGs of each neuronal subcluster. D. Overview of
a well-known adrenergic neuron marker (Dbh) and synapse marker (Snap25) of neuronal clusters. E-L.
Dermination of previously published neuronal subtypes with UMAP expression plots: E-I. Subtypes of
adrenergic sympathetic neurons; J-K. cholinergic neurons and L. glutamatergic neurons. M. Expression
of marker genes identified using subclustering of mouse SCG neuronal cells.

been identified, although their precise role is still unclear [23]. General markers for satellite
glial cells (Fabp7 and S100b) are currently used as the main identifiers for satellite glial cells in
the peripheral nervous system. To facilitate the analysis of SCG satellite glial cells, satellite glial
cells (cluster 0-3) were extracted from the whole dataset with the original clustering signatures
(Fig. 3A) using Fabp7 and S100b. All satellite glial sub-clusters were similarly represented over
all eight individual samples (Supplemental Fig. 4). Differential gene expression analysis among
the glial clusters revealed their distinct gene expression patterns (Fig. 3B). The expression of
known sympathetic- and sensory-specific glial markers[23] were assessed in SCG (Fig. 3C-E).
Consistent with previous findings [23], only sympathetic-specific, but almost no sensory-
specific, satellite glial cells were present in murine SCG (Fig. 3C, D). General cell type gene
markers of the satellite glial cells generally expressed in the peripheral nervous system, were
examined in SCG as shown in Figure 3E. Results revealed that while expression of common
satellite glial cells markers is present in all glial subtypes, enrichment of these markers vastly
differs. Marker gene identification and GO pathway analysis of glial subclusters revealed the
potential different functions of the different satellite glial cells: immuno-responsive satellite
glial cells (cluster 0), which are enriched with genes such as Junb, Irf1 and Cxcl10; fatty acid
metabolic-enriched Ptprz1* satellite glial cells (cluster 1); migration-enriched Ntrk3* satellite
cells (cluster 2) and Dbi/Tubala-enriched satellite glial cells (cluster 3) (Fig. 3F, Supplemental
Fig. 5).

Glial cells are considered to communicate with other glial cells and neighbouring neurons via
gap juctions. They also have a role in supporting neurons after injury, showing alterations in
expression of gap junctions in response to injury [28-30]. A variety of gap junctions and other
gene markers which are known to be enriched in the CNS and sensory ganglia were examined.
Cdh19 and Sox10 are enriched in SCG satelite glial cells, while Gfap which is known to be highy
enriched in the CNS [31], is absent in healthy mouse SCG glial cells (Fig. 4). Potassium channel
protein Kcnj10 was mainly expressed in cluster 0 and 1 of SCG glial cells (Fig. 4). Different from
Gjal as the main type of gap junction found in sensory glial cells, SCG satellite glial cells
exclusively expressed Gjc3 in all subclusters (Fig. 4). Moreover, we found SCG satellite glial
cells to express the ATP purinergic receptor P2rx7, which was enriched in cluster 0 and 2 (Fig.
4). Thus, we identified heterogeneity in gap junction, ion channel, and receptor expression
between different glial cell subtypes, indicating that different glial cell populations may play a
different role in sympathetic innervation. Moreover, we observed NGF receptor (Ngfr)
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expression in all SCG satellite glial cells which indicates their neurotrophic factor-responsive
property (Fig. 4).
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Figure 3. Identification of cellular subtypes and markers of SCG satellite glial cells. A. UMAP plot of 933
glial cells. B. Heatmap of top 10 DEGs of each glial cell population. C. Feature plot overview of two known
markers of the sympathetic ganglion-specific glial cells (Scd2 and Acsbg1). D. Feature plot overview of a
known marker of the sensory ganglion-specific glial cells (Sc/1a3). E. Feature plots of previously published
common glial cell markers. F. Expression of marker genes of mouse SCG glial cells.
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Figure 4. Mouse SCG glial cells have distinct gene expression from CNS and sensory ganglionic glial cells.
Violin plots displaying expression of known CNS and sensory ganglionic glial cell marker genes in SCG glial
cells.

snRNA-seq reveals sex differences in cellular distribution and gene expression of satellite
glial cells in the SCG

Sex differences have received close attention in recent years and have been revealed in both
health and disease in multiple organs/systems [32-34]. To date, a few studies of mouse and
rat stellate ganglia based on bulk RNA sequencing have indicated transcriptomic differences
between male and female [35, 36], however no molecular differences between sexes have
been reported at single cell level. In the current study, we perfomed further analysis of SCG
snRNA-seq data to detect molecular differences between male and female at single cell level.
Single nuclei were annotated with sex information according to HTO labelling (Fig. 5A). The
percentage of the nucleus numbers in each cluster/total nucleus number (to correct for
differences in cell size of the different clusters) of corresponding sex was seperately calculated
and compared (Fig. 5B). The results indicate sex difference in cellular distribution in the mouse
SCG, especially in the satellite glial cells (cluster 0-2). Differential gene expression analysis of
satellite glial cells and neurons further demonstrated trancriptomic differences in satellite glial
cells (cluster 0-3) between male and female, however no sex difference was detectable in
neuronal clusters (Clusters 6 and 7, except for X-linked gene Xist) (Fig. 5C).
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Figure 5. Sex difference analysis of mouse SCG cells. A. UMAP plot of mouse SCG cells colored by sex. B.
Bar plot parellelly showing cellular distribution in male and female SCG. Percentage = # nuclei per cluster

/ # of total nuclei. C. Volcano plot showing differentially expressed genes between male and female SCG
satellite glial cells and neurons.

Examination of potential sidedness differences in cellular distribution or gene expression
of murine SCG cells

Left and right sympathetic ganglia are known to unevenly innervate different regions of an
organ or tissue, e.g. left dominant innervation of the posterior regions of ventricles by stellate

ganglia [3]. The underlying molecular signatures driving these laterality differences are
unknown and remains to be investigated.

To compare left and right mouse SCG, all sequenced nuclei were assigned with their laterality
identification according to HTO labelling (Fig. 6A), wherafter cellular composition of the left
and right SCG was determined and compared (Fig. 6B). Results revealed no obvious sidedness
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differences in cellular distribution. Differential gene expression analysis of satellite glial cells
and neurons indicated minor trancriptomic differences only in Junb* satellite glial cells

between left and right SCG (Fig. 6C). The results suggest no obvious differences between left
and right SCG in a healthy state.
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Figure 6. Sidedness analysis of mouse SCG cells. A. UMAP plot of mouse SCG cells coloured by bilaterality
identification. B. Bar plot parellelly showing cellular cluster distribution in left and right SCG. Percentage
= # nuclei in cluster / # total nuclei. C. Volcano plot showing differentially expressed genes between left
and right SCG satellite glial cells and neurons.

DISCUSSION

Superior cervical ganglia are important components of the cardiac sympathetic nervous
system. We have previously demonstrated neuronal cell remodeling in the SCG after Ml
[Chapter 5]. It is well-known that ganglia are mainly composed of neuronal cells with
surrounding glial cells (the majority of which are satellite glial cells), and the emerging
importance of glial cells in ganglia has been recently been made aware [28, 37]. However, due
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to the lack of a clear molecular signature of glial cell populations in the SCG, characterization
of glial cells was not included in our previous study [Chapter 5]. In the current study, we
performed snRNA-seq of healthy SCG and aimed to create a reference of the cellular
composition and to identify the molecular characteristics of neuronal and satellite glial cells at
healthy baseline, which can be further utilized for disease investigation.

We identified seven major cell types in the SCG, including 1). neuronal cells; 2). satellite glial
cells; 3). Schwann cells; 4). endothelial cells; 5). smooth muscle cells; 6). fibroblast cells 7).
stromal cells and 8). immune cells. The general cellular composition of SCG is similar to the
composition of other sympathetic ganglia and sensory ganglia, however SCG display obvious
differences especially in molecular signatures of neuronal cells and satellite glial cells.

Neurons in SCG. Furlan and colleagues have shown adrenergic, cholinergic and glutamatergic
neurons in the mouse stellate ganglion [24]. However, only adrenergic neurons were detected
in SCG, which indicates that the SCG biologically differs from the stellate ganglion. Of note,
histological analysis of SCG did reveal cells with a cholinergic phenotype in the SCG [chapter
5]. In this regard, it is striking that we did not find these cells in our snRNA-seq data consistent
with previous finding of no cholinergic neurons by single cell RNA sequencing [23]. A potential
explanation might be: i) We used high throughput droplet-based 10X Genomics Chromium
approach which has limited ability to detect especially low abundance transcripts [38]; ii)
Previous studies, including ours, are mostly based on immune-histological staining of
cholinergic markers (i.e. choline acetyltransferase), cross reaction with other proteins might
happen. Studies including PCR or sequencing with Smartseg2 will be required for further
exploration.

Our snRNA-seq analysis identified five distinct subtypes of adrenergic neurons in the SCG.
Several noteworthy marker genes were found. Synaptosome Associated Protein 25 (Snap25)
which is a presynaptic plasma membrane protein and plays an important role in the synaptic
function in the neuronal system [26]. Kcngl encodes a voltage-gated potassium channel,
which regulates neuronal excitability and contributes to dysregulation of cardiac function in
cases with genetic mutations [39, 40]. Among SCG neurons, cluster 1 neurons exhibited high
expression of Snap25 and Kcng1, which might indicate that they are actively synaptic-coupled
neurons in the SCG. Cluster 3 neurons showed high expression of Dbh which is required in
adrenergic neurons to convert dopamine to neurotransmitter norepinephrine. This cluster of
neurons also showed a high expression of Tyrosine hydroxylase (Th). Previous work showed
that Th* neurons are situated at the outer region of SCG as was observed with immunostaining
[Chapter 5]. Moreover, we also found that this cluster of neurons have high expression of
Map1b and Stmn2 which are necessary for the stability of neuronal microtubules and normal
axonal outgrowth and regeneration [41, 42]. Interestingly, cluster 0 and 4 neurons displayed
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a high expression of Brain-type fatty acid—binding protein 7 (Fabp7). Fbap7 is usually
considered as a glial cell marker, however, it was also previously found in neural stem cells and
brain neural precursors [43, 44]. This might suggest the existence of neural precursor cells in
adult mouse SCG, although further investigation is needed to substantiate this.

Satellite glial cells in SCG. With snRNA-seq analysis, we detected four major subtypes of
satellite glial cells in mouse SCG. To have a brief understanding of these satellite cells, we used
glial cells of the CNS and sensory ganglia as guidance for our cell type characterization, since
more is known about these CNS and sensory glial cells compared to sympathetic ganglia.
Cluster 0O satellite cells exhibited a clearly distinct expression of the transcript factor Junb,
interferon-inducible gene Irf1 and antimicrobial gene Cxc10. GO analysis demonstrated their
distinct enrichment in immune-responsive pathways, which endows the similarity functions of
this cluster of glial cells to microglial cells in the CNS [45, 46]. Cluster 1 satellite glial cells,
showing high expression of Ptprzl and Ncam, are enriched in the pathways involving
ensheathment of neurons and axons. Astrocytes and oligodendrocytes are the glial cells in the
CNS with an established function in supporting neurons by their ensheathment [47, 48]. The
molecular and functional similarity between cluster 1 satellite glial cells and these CNS glial
cells however needs further biological validation. Remarkably, cluster 2 glial cells expressed
the lowest level of Fabp7 and exclusively expressed neurotrophin binding receptor Ntrk3 and
Ank3 (originally found at initial segment axons and nodes of Ranvier [49]). Combined with GO
analysis, cluster 2 glial cells might thus be involved in stimulation by neurotrophin and
supporting axon development. The molecular print of cluster 3 glial cells is currently unclear,
although a high expression of Dbi, Tubala and GM42418 was detected with snRNA-seq.
Furthermore, our results reveal enrichment of gap junction Gjc3, instead of Gja1 that is found
in CNS and sensory ganglionic glial cells. SCG satellite glial cells also express purinergic ATP
receptor P2rx7 and nerve growth factor receptor Ngfr.

Sex differences in mouse SCG. Baleys and colleagues have previously reported sex differences
of mouse sympathetic ganglia with bulk RNA-seq technology [35]. However, the analysis of
total mRNA extracted from whole tissue may lead to the loss of information, especially of low-
enriched cells. Furthermore, it carries a risk of inclusion data of cell types that are not related
to the SCG due to imprecise SCG isolation, e.g. cells from the carotid artery or carotid body
that lie in close proximity to the SCG. Our snRNA-seq data elucidates the advantages that even
low enriched neurons and other cell types can be extracted and analyzed separately to avoid
information bias. The current snRNA-seq analysis also revealed sex differences of the SCG as
was found with bulk RNA-seq [35], however differences were mainly detected in satellite glial
cells, and not in neuronal cells. Moreover, by performing snRNA-seq, we could outline the
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distribution of the different cell types in the SCG and, to our knowledge, these results are the
first showing sex differences in the SCG at the single nucleus level.

Sidedness of mouse SCG. Asymmetry in cardiac innervation is widely recognized and left and
right stellate ganglia show a regionalized distribution of their area of coverage [3]. Therefore
in the current study, a comparison of bilateral ganglia was performed to evaluate whether SCG
show laterality differences at transcriptomic level. Results indicated only minor differences in
a single cluster of satellite glial cells, but no noticeable differences of SCG with respect to
cellular distribution. Although no obvious laterality differences were shown at healthy
conditions, it would be of interest to evaluate whether cardiac injury would cause differential
changes of gene expression and cellular distribution in SCG. We strive to take the influence of
cardiac damage into account in our future studies.

In summary, snRNA-seq endowed us the ability to identify the cellular composition and
molecular signature of murine SCG in the healthy state. Cellular heterogeneity and subtypes
of neuronal cells and satellite glial cells were revealed in healthy mouse SCG, although further
biological validation is mandatory. The data of the current study provides a reference baseline
to further investigate SCG remodeling at single nucleus resolution, including sex-specific and
bilaterality-specific responses to cardiovascular disease.

Limitations of the study

Sample size was limited due to a variety of factors. Subclustering of neurons was performed
on a limited amount of cells in some of the subclusters. This can explain difficulties to properly
characterize neuronal and glial cell subtypes based on cellular pathways, unique gene
expression markers, and cellular composition. Histological and/or electrophysiological
validation is necessary to elucidate the actual role of identified subtypes of neuronal cells and
glial cells.
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Supplemental Figure 1. Single nuclei clustering segregation and marker gene expression. A. Heatmap of
top 10 DEGs of each cluster in mouse SCG showing the distinct gene expression patterns among clusters.
B. UMAP showing expression of genes characteristic for major cell types in mouse SCG. Dashed lines
indicate the boundaries of each cluster.
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Supplemental Table 1. DEGs of all clusters in mouse SCG

cluster p_val avg_log2FC | pct.1 (the | pct.2(the p_val_adj gene
specific remaining
cluster) clusters)
0 5,58E-251 1,155186 0,998 0,888 1,80E-246 | Jun
0 8,96E-229 1,031058 0,997 0,863 2,89E-224 | Junb
0 8,20E-223 0,990578 0,997 0,843 2,65E-218 Egrl
0 6,80E-221 0,959515 0,998 0,895 2,20E-216 Fos
0 1,14E-213 1,198485 0,937 0,572 3,67E-209 Zfp36
0 3,56E-203 1,146808 0,918 0,551 1,15E-198 Socs3
0 5,72E-193 1,229066 0,882 0,513 1,85E-188 Irfl
0 6,17E-182 1,123039 0,936 0,622 1,99E-177 Cenl
0 8,22E-182 1,645215 0,78 0,42 2,65E-177 Gadd45g
0 3,55E-178 1,374782 0,883 0,562 1,15E-173 Dnajbl
0 2,74E-173 1,151691 0,875 0,532 8,86E-169 Phldal
0 2,53E-170 1,124138 0,931 0,671 8,18E-166 Cebpd
0 2,98E-170 1,083206 0,89 0,553 9,61E-166 H2-Q4
0 7,98E-160 1,315184 0,66 0,282 2,57E-155 Acotl
0 7,39E-154 1,025383 0,924 0,699 2,38E-149 Jmjdlc
0 4,35E-147 0,937521 0,788 0,393 1,41E-142 Nop58
0 2,70E-144 1,025688 0,926 0,693 8,71E-140 Mtl
0 1,63E-142 0,997645 0,971 0,854 5,26E-138 Hspalb
0 1,80E-137 0,722827 0,999 0,994 5,82E-133 Apoe
0 1,82E-136 0,87159 0,677 0,272 5,87E-132 Egr2
1 4,22E-198 1,105106 0,966 0,606 1,36E-193 Mboat2
1 1,02E-194 0,911269 0,995 0,863 3,29E-190 Scd2
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1 1,22E-189 1,129088 0,967 0,633 3,94E-185 Pmepal
1 6,19E-168 | 0,952881 0,973 0,661 2,00E-163 Lparl

1 5,64E-158 1,0126 0,938 0,561 1,82E-153 Ptprzl
1 1,21E-154 | 0,829092 0,989 0,816 3,91E-150 | Qk

1 6,49E-152 | 0,943986 0,876 0,46 2,09E-147 Mmd2
1 5,46E-140 | 0,909348 0,972 0,702 1,76E-135 | Scdl

1 3,08E-139 1,107847 0,981 0,746 9,93E-135 Fabp7
1 1,26E-136 | 0,772041 0,995 0,821 4,08E-132 | Abca8a
1 2,84E-134 1,064059 0,88 0,509 9,18E-130 | Slcda4d
1 3,63E-134 | 0,871611 0,954 0,69 1,17E-129 Ptn

1 3,38E-132 | 0,944397 0,899 0,563 1,09E-127 Mapre2
1 1,64E-127 | 0,961361 0,818 0,44 5,31E-123 | Tspanl8
1 1,31E-126 1,003404 0,858 0,494 4,22E-122 Col28a1
1 3,71E-126 | 0,753898 0,996 0,9 1,20E-121 Dbi

1 4,25E-126 | 0,96837 0,901 0,544 1,37E-121 Lgra

1 1,04E-125 | 0,848611 0,911 0,521 3,36E-121 | Ttyhl

1 5,80E-124 | 0,744506 0,986 0,804 1,87E-119 Ncaml
1 4,80E-123 | 0,971833 0,743 0,342 1,55E-118 | Gridl

2 1,08E-280 | 2,164069 0,521 0,065 3,48E-276 Ntrk3

2 2,10E-238 1,709265 0,943 0,693 6,77E-234 | Ank3

2 1,94E-233 1,979247 0,867 0,495 6,27E-229 | Scn7a

2 4,97E-185 1,687359 0,772 0,4 1,61E-180 Kcnal

2 1,16E-170 | 2,090916 0,82 0,519 3,76E-166 | Cadm?2
2 5,25E-139 1,210694 0,939 0,745 1,69E-134 | Cdh19
2 3,66E-129 1,017289 0,973 0,808 1,18E-124 Nkain2
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3,45E-126 1,634771 0,366 0,079 1,11E-121 Finc
1,88E-122 1,221902 0,963 0,85 6,09E-118 | Stard13
5,30E-122 1,6946 0,589 0,237 1,71E-117 Empl
1,40E-118 | 0,968883 0,924 0,836 4,53E-114 utrn
1,67E-114 1,54439 0,476 0,158 5,39E-110 Fgl2
6,16E-96 1,295345 0,71 0,461 1,99E-91 lggap2
5,29E-90 1,051097 0,826 0,627 1,71E-85 Zfp536
1,50E-78 0,929312 0,902 0,781 4,85E-74 Zswim6
1,25E-74 1,119485 0,829 0,666 4,04E-70 Pcdh9
5,17E-73 1,161342 0,599 0,352 1,67E-68 Hbegf
2,28E-72 0,616814 0,983 0,932 7,35E-68 Dst
1,51E-69 0,968401 0,851 0,746 4,88E-65 Fosb
3,21E-69 0,747687 0,901 0,767 1,04E-64 Chi1
8,18E-62 0,969157 0,961 0,918 2,64E-57 Dbi
8,37E-50 0,962317 1 0,996 2,70E-45 Apoe
5,49E-36 0,428216 1 1 1,77E-31 Gm42418
1,59E-33 0,914624 0,886 0,789 5,12E-29 Fabp7
7,38E-33 0,562599 0,986 0,991 2,38E-28 Cmssl
3,66E-27 0,757622 0,878 0,868 1,18E-22 Cst3
8,72E-27 0,832419 0,8 0,799 2,81E-22 Ckb
5,53E-26 0,510104 0,992 0,996 1,78E-21 AY036118
1,47E-22 0,575833 0,869 0,898 4,76E-18 Fthl
5,09E-22 0,656334 0,811 0,817 1,64E-17 mt-Col
2,34E-20 0,642612 0,839 0,89 7,56E-16 Tubala
1,81E-19 0,550096 0,892 0,913 5,86E-15 Tmsb4x
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3 1,85E-19 0,625355 0,861 0,823 5,99E-15 Atpla2
3 4,55E-19 0,765657 0,814 0,857 1,47E-14 mt-Co3
3 8,64E-19 0,563014 0,897 0,891 2,79E-14 Scd2

3 1,61E-18 0,478728 0,917 0,944 5,21E-14 Cd9

3 1,44E-16 0,693519 0,8 0,763 4,66E-12 Mtl

3 9,35E-16 0,564472 0,803 0,867 3,02E-11 Rplpl
3 3,10E-15 0,702077 0,719 0,712 1,00E-10 Fads2
3 7,55E-15 0,508344 0,919 0,972 2,44E-10 Ubb

4 0 4,726438 0,95 0,062 0 Smoc2
4 0 4,049333 0,882 0,044 0 Lum

4 0 3,909641 0,676 0,032 0 Gfpt2
4 0 3,691319 0,857 0,034 0 Gpc3
4 0 3,595781 0,803 0,03 0 Ebf2

4 0 3,335434 0,84 0,052 0 Crispld2
4 0 3,194692 0,803 0,066 0 Collal
4 0 3,146537 0,748 0,011 0 Egfr

4 0 3,12974 0,773 0,031 0 Inpp4b
4 0 2,977498 0,718 0,023 0 Ccl11
4 0 2,942344 0,739 0,047 0 Rorl

4 0 2,901629 0,668 0,009 0 Pdgfra
4 0 2,686553 0,714 0,048 0 Pid1

4 0 2,597557 0,731 0,044 0 Vit

4 0 2,375251 0,639 0,024 0 Tgfbi

4 0 2,256682 0,664 0,021 0 Bnc2

4 0 2,241282 0,571 0,01 0 Scara5
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0 2,224234 0,538 0,017 0 Steap4
2,90E-300 | 2,343071 0,462 0,012 9,38E-296 Myoc
2,66E-299 2,839869 0,782 0,066 8,57E-295 | Abi3bp

0 5,128264 0,995 0,039 0 Fltl

0 4,516822 0,946 0,026 0 Cyyrl

0 3,957327 0,955 0,05 0 Pecaml
0 3,600954 0,936 0,017 0 Prkch

0 3,593843 0,941 0,049 0 Eng

0 3,559848 0,886 0,022 0 Mecom

0 3,516593 0,842 0,012 0 Gm20663
0 3,404249 0,906 0,017 0 Adgrl4

0 3,376597 0,906 0,031 0 Ptprb

0 3,371025 0,941 0,018 0 Adgrf5

0 3,123947 0,678 0,031 0 Slco2al
0 3,120217 0,866 0,027 0 Emcen

0 3,082306 0,891 0,017 0 Cdh5

0 2,967538 0,743 0,04 0 Cxcl12

0 2,904818 0,842 0,015 0 Shank3

0 2,902043 0,891 0,021 0 Flil

0 2,851468 0,886 0,039 0 Podxl

0 2,804952 0,866 0,019 0 Kdr

0 2,778672 0,847 0,042 0 SIfn5

0 2,626263 0,748 0,016 0 Cdh13
1,80E-116 | 4,918355 0,314 0,02 5,82E-112 Gm10801
1,19E-103 | 4,720511 0,298 0,021 3,84E-99 Gm10800
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6 6,55E-62 2,022162 1 1 2,11E-57 Gm42418
6 3,53E-60 2,080351 0,859 0,458 1,14E-55 Stmn2

6 4,04E-58 1,861813 0,937 0,702 1,30E-53 Uchll

6 2,56E-56 1,805287 0,869 0,51 8,28E-52 Prph

6 7,29E-56 1,762126 0,874 0,494 2,35E-51 Tubb3

6 8,63E-56 1,832048 0,665 0,231 2,79E-51 Ndrg4

6 1,17E-54 1,549535 0,476 0,112 3,78E-50 Pirt

6 1,75E-53 1,499952 0,995 0,996 5,66E-49 AY036118
6 3,94E-53 1,387789 1 0,99 1,27E-48 Cmssl

6 6,68E-51 1,471733 0,555 0,161 2,16E-46 Baspl

6 5,14E-50 1,898765 0,958 0,804 1,66E-45 Map1b

6 6,26E-50 2,153109 0,901 0,637 2,02E-45 Slc6a2

6 3,79E-49 1,757346 0,764 0,355 1,22E-44 Cyb561

6 6,61E-49 1,601678 0,518 0,147 2,13E-44 Rab3c

6 2,68E-48 1,743264 0,806 0,441 8,65E-44 Pcskln

6 2,00E-47 1,747337 0,707 0,297 6,47E-43 Syt4

6 3,83E-46 1,539747 0,775 0,382 1,24E-41 Sytl

6 1,74E-44 1,492519 0,607 0,218 5,62E-40 Bex2

7 0 2,77176 0,808 0,027 0 Gm26871
7 0 2,761974 0,856 0,041 0 Erc2

7 0 2,533693 0,784 0,023 0 9530059014Rik
7 0 2,507673 0,848 0,041 0 Gprl58

7 0 2,47224 0,872 0,038 0 Ptprn2

7 0 2,438466 0,728 0,018 0 C130073E24Rik
7 0 2,335411 0,792 0,025 0 Kenb2
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0 2,175881 0,712 0,024 0 Shisa9

0 2,109083 0,784 0,027 0 Hs3st5

0 1,786868 0,536 0,008 0 Gm20642
0 1,742581 0,48 0,004 0 Nrg3os

0 1,641719 0,448 0,004 0 Gm45321
0 1,266802 0,36 0,001 0 Gm2516
0 1,265201 0,456 0,004 0 4930587E11Rik
0 1,238337 0,464 0,004 0 Gm45323
3,67E-303 1,729972 0,496 0,008 1,19E-298 | Gm13963
7,12E-303 | 0,973718 0,424 0,005 2,30E-298 | Timp4
3,00E-297 | 2,71025 0,84 0,043 9,69E-293 Cacna2d3
8,54E-293 1,759724 0,688 0,025 2,76E-288 | Srrm4
1,18E-290 | 3,025272 0,88 0,051 3,81E-286 Ryr2

0 3,496526 0,703 0,01 0 Myh11

0 3,311048 0,625 0,009 0 Abcc9

0 3,239672 0,672 0,011 0 Anol

0 2,311215 0,547 0,003 0 Mrvil
5,62E-230 1,452957 0,391 0,004 1,82E-225 Des
7,90E-228 1,821674 0,406 0,005 2,55E-223 Ndufa4l2
1,16E-220 | 3,388257 0,828 0,033 3,74E-216 Notch3
1,23E-213 5,259622 0,906 0,044 3,96E-209 Rgs5
2,19E-212 1,209482 0,328 0,003 7,08E-208 | Aoc3
3,99E-206 | 3,037071 0,422 0,006 1,29E-201 | Acta2
5,56E-182 1,804938 0,359 0,005 1,79E-177 Kenj8
7,85E-158 | 2,013145 0,469 0,013 2,53E-153 | Sdcl
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8 5,26E-156 1,746464 0,406 0,009 1,70E-151 Cap2

8 2,99E-151 1,459359 0,328 0,005 9,65E-147 | Angptl
8 7,36E-146 | 2,165652 0,547 0,021 2,38E-141 Gm17276
8 1,21E-144 | 3,016445 0,5 0,017 3,90E-140 | Cacnb2
8 1,89E-136 | 2,612237 0,406 0,011 6,10E-132 | Trpc3
8 1,24E-126 | 2,076352 0,391 0,011 4,00E-122 Ngf

8 3,94E-118 | 2,922934 0,547 0,027 1,27E-113 Rgs6

8 1,08E-117 | 2,076446 0,391 0,012 3,49E-113 Lin7a

9 0 2,819295 0,739 0,008 0 Cldn1
9 0 2,32761 0,739 0,009 0 lldr2

9 0 1,557562 0,522 0,002 0 Strab

9 0 1,520011 0,435 0,001 0 Slc6al3
9 0 1,305872 0,413 0,001 0 Lypd2
9 2,90E-291 | 0,936488 0,304 0 9,36E-287 Mpzl2
9 7,49E-283 2,888788 0,826 0,016 2,42E-278 | Thbs4
9 7,75E-268 | 2,057361 0,717 0,012 2,50E-263 Lbp

9 1,77E-186 1,566679 0,457 0,007 5,72E-182 Moxd1
9 8,75E-186 | 5,044909 0,978 0,044 2,82E-181 Bnc2

9 4,61E-177 | 3,223915 0,87 0,034 1,49€-172 | Stxbp6
9 1,41E-173 2,595863 0,87 0,035 4,56E-169 Lmo7
9 4,30E-173 2,124606 0,674 0,019 1,39E-168 Mfap5
9 5,26E-170 | 5,045211 0,957 0,048 1,70E-165 Igfbp6
9 3,50E-155 1,376672 0,326 0,004 1,13E-150 Fbinl
9 2,49E-151 1,629242 0,435 0,008 8,05E-147 | Col4a3
9 8,65E-145 2,665384 0,674 0,025 2,79E-140 Itghll
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9 7,73E-144 1,00449 0,37 0,006 2,49E-139 Omd

9 2,88E-140 1,998228 0,587 0,018 9,30E-136 | Cfh

9 4,19E-134 | 3,06093 0,826 0,044 1,35E-129 KIf5

10 0 3,929504 0,744 0,002 0 Cd86
10 0 3,673243 0,698 0,004 0 Rbm47
10 0 3,528198 0,767 0,001 0 Mirl42hg
10 0 3,387477 0,512 0,001 0 Bink

10 0 3,034705 0,605 0,002 0 Ptprc
10 0 2,63694 0,535 0,001 0 Nlrp3
10 0 2,383334 0,488 0,003 0 Clga
10 0 2,296911 0,488 0,002 0 Spil

10 0 2,158548 0,442 0,001 0 Lilrb4da
10 0 1,991559 0,419 0,001 0 Clqc
10 5,89E-300 | 2,353846 0,488 0,003 1,90E-295 Clgb
10 1,44E-299 2,007822 0,488 0,003 4,66E-295 Laptm5
10 3,71E-292 1,766681 0,326 0 1,20E-287 | Gm30489
10 1,99E-291 2,892125 0,488 0,003 6,43E-287 Lyz2

10 5,17E-288 1,867723 0,302 0 1,67E-283 Lilrdb
10 7,56E-283 3,355917 0,605 0,007 2,44E-278 Pik3ap1
10 1,06E-274 1,768351 0,395 0,002 3,43E-270 Ikzf1

10 1,54E-268 1,481916 0,302 0 4,98E-264 | Cd53
10 2,08E-268 | 2,543725 0,442 0,003 6,73E-264 | Syk

10 8,17E-263 3,500216 0,535 0,005 2,64E-258 Mrcl
11 1,38E-214 | 2,541152 0,389 0,003 4,44E-210 | Gldn

11 1,17E-200 | 2,619507 0,472 0,005 3,79E-196 Ncmap
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11 2,38E-186 | 2,012751 0,333 0,002 7,68E-182 B230206H07Rik
11 5,67E-150 1,41521 0,278 0,002 1,83E-145 Cldn19
11 3,57E-114 1,542084 0,306 0,004 1,15E-109 Fa2h

11 4,12E-106 | 2,463933 0,611 0,023 1,33E-101 Bcasl

11 9,19E-92 2,233328 0,5 0,018 2,97E-87 Arhgap19
11 1,32E-88 2,889457 0,528 0,021 4,27E-84 Drp2

11 1,10E-74 1,840785 0,361 0,011 3,54E-70 Dusp15
11 2,74E-74 2,929182 0,639 0,038 8,85E-70 Stxbp6
11 2,94E-71 1,98468 0,306 0,008 9,50E-67 Emidl

11 1,01E-69 2,24402 0,444 0,019 3,27E-65 Ugt8a

11 8,61E-67 1,988055 0,333 0,01 2,78E-62 Plip

11 4,07E-60 2,711392 0,75 0,07 1,32E-55 Nfasc

11 3,21E-49 3,456207 0,778 0,098 1,03E-44 Prx

11 2,15€-47 4,567284 0,944 0,17 6,93E-43 Ctnna3
11 1,09E-46 1,990057 0,361 0,019 3,52E-42 Gm15541
11 2,89E-44 2,124599 0,333 0,017 9,32E-40 Mlip

11 9,10E-44 3,075827 0,667 0,075 2,94E-39 Lrrtm3
11 4,69E-40 2,329292 0,472 0,039 1,52E-35 Gm16168
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