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SUMMARY
Satellite glia are the major glial type found in sympathetic and sensory ganglia in the peripheral nervous sys-
tem, and specifically, contact neuronal cell bodies. Sympathetic and sensory neurons differ inmorphological,
molecular, and electrophysiological properties. However, the molecular diversity of the associated satellite
glial cells remains unclear. Here, using single-cell RNA sequencing analysis, we identify five different popu-
lations of satellite glia from sympathetic and sensory ganglia. We define three shared populations of satellite
glia enriched in immune-response genes, immediate-early genes, and ion channels/ECM-interactors,
respectively. Sensory- and sympathetic-specific satellite glia are differentially enriched for modulators of
lipid synthesis and metabolism. Sensory glia are also specifically enriched for genes involved in glutamate
turnover. Furthermore, satellite glia and Schwann cells can be distinguished by unique transcriptional signa-
tures. This study reveals the remarkable heterogeneity of satellite glia in the peripheral nervous system.
INTRODUCTION

In the peripheral nervous system (PNS), the sensory arm relays

signals from the outside world and internal organs to the central

nervous system (CNS), while the sympathetic division relaysmo-

tor commands from the CNS to peripheral tissues tomobilize the

‘‘fight or flight’’ response and maintain body homeostasis in

response to a continuously changing environment (Goldstein,

2013; Marmigere and Ernfors, 2007; Usoskin et al., 2015).

Sympathetic and sensory neurons in peripheral ganglia are

remarkably diverse with respect to morphological, molecular,

and electrophysiological properties, consistent with their distinct

functions (Ernsberger et al., 2020; Liu and Ma, 2011). Sympa-

thetic and sensory ganglia also contain 2 major glial cell types,

satellite glia and Schwann cells, which are closely associated

with their neuronal neighbors and influence a wide range of

neuronal functions (Hanani and Spray, 2020; Jessen and Mirsky,

2005). While the diversity of neurons in sympathetic versus sen-

sory ganglia is widely appreciated, it remains unknown whether

there are molecular differences between associated glial cell

types, particularly satellite glia, that reflect ganglion-specific

functions.

Satellite glial and Schwann cells are both derived from

multipotent neural crest precursors (Jessen and Mirsky, 2005).

Satellite glial cells contact cell bodies, whereas Schwann cells

associate with peripheral axons (Hanani and Spray, 2020; Pann-

ese, 1981). While Schwann cells have well-documented roles in

myelination, axon regeneration, and trophic and metabolic sup-

port of neurons (Jessen andMirsky, 2005; Monk et al., 2015), the
This is an open access article under the CC BY-NC-ND IG
understanding of satellite glia is relatively less advanced. Satel-

lite glia form ring-like structures that completely wrap around in-

dividual neuronal cell bodies, with each neuron and associated

satellite glia thought to form discrete structural and functional

units (Hanani and Spray, 2020; Pannese, 1981). This intimate as-

sociation implies that satellite glia can be critical regulators of

neuronal connectivity, activity, homeostasis, and repair. To

date, limited studies suggest that satellite glia modulate ionic

and neurotransmitter concentrations, promote neuronal

morphogenesis, regulate synaptic transmission, and engulf

dying neurons (Avraham et al., 2020; Enes et al., 2020; Hanani

and Spray, 2020; Wu et al., 2009). Recent studies in sensory

ganglia indicate that satellite glia regulate chronic pain through

modulating neuronal excitability and promote axon regeneration

after nerve injury (Avraham et al., 2020, 2021; Jager et al., 2020;

Kim et al., 2016).

Sympathetic neurons, which are primarily noradrenergic,

innervate peripheral organs/tissues to control autonomic func-

tions, including cardiac output, blood glucose levels, and im-

mune functions under basal conditions and in response to

external stressors (Goldstein, 2013). Sensory neurons relay infor-

mation about mechanosensation, pain, and temperature from

the periphery to the CNS (Liu and Ma, 2011; Usoskin et al.,

2015). Morphologically, sympathetic neurons have an axon

and multiple dendrites and form synapses with preganglionic

neurons, whereas sensory neuron cell bodies extend pseudo-

unipolar axons that bifurcate to extend to the brain and

periphery, respectively. In a key difference from sensory ganglia,

satellite glia envelop dendrites and synapses, in addition to cell
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bodies, in sympathetic ganglia (Hanani, 2010). Despite the inti-

mate association of satellite glial cells with peripheral neurons,

there have been few studies of glial cell diversity across different

peripheral ganglia.

Here, we used single-cell transcriptome profiling and single-

molecule fluorescence in situ hybridization to comprehensively

characterize satellite glial cell diversity in sensory and sympa-

thetic ganglia. Our results reveal 5 types of satellite glia, including

sensory-specific satellite glia, sympathetic-specific satellite glia,

and 3 populations present in both ganglia. Sensory- and sympa-

thetic-specific satellite glia are differentially enriched for modula-

tors of lipidmetabolism. Sensory glia are specifically enriched for

genes involved in glutamate turnover, consistent with their asso-

ciation with glutamatergic neurons. We identify 3 populations of

satellite glia in both ganglia, each enriched for functionally

distinct pathways, including immune-response genes, immedi-

ate-early genes, and ion channel/extracellular matrix (ECM)-in-

teractors, respectively. We also show that satellite glia can be

distinguished from Schwann cells and astrocytes by several

uniquely expressed genes. By providing a transcriptional atlas

for satellite glia classification, this study reveals remarkable di-

versity in satellite glia across the PNS and suggests that satellite

glia are transcriptionally tuned for ganglia-specific functions.

RESULTS

Cell types in sympathetic and sensory ganglia
Weprepared single-cell suspensions from sympathetic (superior

cervical ganglion, SCG) and sensory (dorsal root ganglion, DRG)

ganglia from young adult (postnatal days 30–45) mice and per-

formed droplet-based high-throughput single-cell RNA

sequencing (scRNA-seq) using the Drop-seq protocol (Dobin

et al., 2013; Macosko et al., 2015) (Figure S1A). Following quality

control filtering, we obtained a total of 21,524 high-quality single-

cell transcriptomes (13,435 SCGs; 8,089 DRGs) that were used

as input for unsupervised clustering and dimensionality reduc-

tion with the Seurat package (Figures 1A, S1B, and S1C; Table

S1A). This analysis identified numerous transcriptionally distinct

cell populations divided between sensory and sympathetic tis-

sues (Figure 1B). Major cell types of the PNS were separated

into 9 large clusters based on the expression of canonical marker

genes; satellite glial cells (Plp1, Fabp7), Schwann cells (Plp1,

Ncmap), sympathetic neurons (Snap25, Th), sensory neurons

(Snap25, Calca), vascular endothelial cells (Ly6c1), macro-

phages (C1qb), T cells (Trb2), fibroblasts (Dcn), and mural cells

(Rgs5) (Figure 1C; Table S1A) (Saunders et al., 2018; Vanlande-

wijck et al., 2018; Zeisel et al., 2018). Thus, our methodology is

robust enough to isolate the majority of known cell types in sym-

pathetic and sensory ganglia.

We extracted sensory and sympathetic neurons and per-

formed unsupervised clustering to identify cell-type diversity

contained within each class (Figures 1D and 1E). Within stellate

and thoracic sympathetic ganglia, 7 neuron types have been

described to date, including 5 noradrenergic and 2 cholinergic

populations (Furlan et al., 2016; Zeisel et al., 2018). Among

SCG neurons, we identified all of the previously described 5

noradrenergic populations delineated by markers, including Th,

Rarres1, Gfra2,Gfra3, Npy, and Enc1 (Figures 1D and S2A) (Fur-
2 Cell Reports 38, 110328, February 1, 2022
lan et al., 2016). However, we were unable to identify any cholin-

ergic neurons, suggesting that they may be specific to stellate/

thoracic sympathetic ganglia. Up to 17 neuron types have

been identified throughout all DRGs (cervical, thoracic, and lum-

bar ganglia) based on transcriptional profiles, which can be

divided into 3 categories; peptidergic (8), non-peptidergic (6),

and neurofilament-enriched (3) (Li et al., 2016; Usoskin et al.,

2015; Zeisel et al., 2018). Consistent with previous reports (Li

et al., 2016; Usoskin et al., 2015), we identified 12 types of sen-

sory neurons encompassing all 3 major categories, including

peptidergic (Foxp2, Adcyap1, and Mrgpra3), non-peptidergic

(Th, Mrgprd, and Nppb), and neurofilament-enriched (Nefh,

Palm3, and Trapp3cl) (Figures 1E and S2B). We likely identified

fewer neuronal subtypes compared to previous work (Zeisel

et al., 2018) because we restricted our analyses to lower lumbar

DRGs. In summary, our analyses of sensory and sympathetic

neuronal cell types are consistent with previous reports of PNS

neuronal diversity (Furlan et al., 2016; Usoskin et al., 2015; Zeisel

et al., 2018).

Non-neuronal/non-glial cell types in peripheral ganglia
Non-neuronal cells were identified based on known gene signa-

tures, including vascular endothelial cells (Ly6c1, Flt1, and

Cldn5), mural cells (Rgs5 and Vtn), fibroblasts (Dcn and Lum),

T cells (Trbc2), macrophages (C1qb and Ctss), and epithelial

cells (Kl and Krt18) (Zeisel et al., 2018) (Figures 1C, 1F, S1C,

and S1D). Epithelial cells and T cells were found primarily in sym-

pathetic samples, which may reflect a dissection artifact since

these cell types reside outside the ganglia (Figures 1F and 1G).

Pericytes, fibroblasts, and macrophages showed limited or no

differential gene expression between tissues of origin. We

observed differences in gene expression between endothelial

cells derived from sensory and sympathetic ganglia (Figures 1F

and 1G), which may underlie the reported differences in their

vascular permeability (Kiernan, 1996).

Furthermore, we identified a small cluster of cells that express

mitotic markers, including Top2a and Mki67 (Figures 1F, S1D,

and S1E). Within this cluster, we identified cells with gene

expression signatures corresponding to T cells, endothelial cells,

erythrocytes, and satellite glial cells (Figures S1D and S1E).

These results suggest that a subpopulation of satellite glia retain

proliferative capacity in adult ganglia.

Satellite glia and Schwann cells have distinct
transcriptional signatures
Satellite glial cells have been reported to express several genes,

including Fabp7,Glul,Gfap, S100b,Gja1, Plp1, and Kcnj10, that

are shared with Schwann cells and CNS astrocytes (Hanani and

Spray, 2020). To isolate specific transcripts that distinguish the

different glial cell types, we independently clustered all glial cells

(Figures 2A and 2B) and identified >450 genes that were differen-

tially expressed (p < 10�50) between Schwann cells and satellite

glia (Figure 2C; Table S1C). The most significantly enriched tran-

script in satellite glial cells was fatty acid binding protein 7

(Fabp7) (Figure 2C), a fatty acid transporter (Avraham et al.,

2020; Kurtz et al., 1994). Satellite glia also expressed high levels

of genes associated with fatty acid synthesis, including ApoE, an

apolipoprotein that carries lipids to neurons, and Dbi, acyl-
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Figure 1. Cell-type diversity in sensory and sympathetic ganglia

(A) Uniform Manifold Approximation and Projection (UMAP) of 21,524 single cells, with major cell types highlighted.

(B) UMAP as in (A), overlaid with ganglia of origin.

(C) Dot plot showing differentially enriched genes for diverse cell types in peripheral ganglia. Dot size is proportional to the percentage of each cluster expressing

the marker gene, and the color intensity is correlated with the expression level.

(D and E) UMAP plots of sympathetic and sensory neurons following isolation and re-clustering. Clusters are highlighted with literature-defined names based on

published gene expression patterns (Furlan et al., 2016; Zeisel et al., 2018).

(F) Non-neuronal and non-glial cell-type clusters.

(G) Same as in (F), overlaid with ganglia of origin.
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Figure 2. Comparison of Schwann cell and satellite glial cell transcriptional identity

(A) UMAP of glial cell populations in sensory and sympathetic tissue.

(B) Same as in (A), overlaid with ganglia of origin.

(C) Volcano plot of differentially expressed genes between Schwann cells and satellite glia (red dots: p < 10�50).

(D and E) GeneOntology andKyoto Encyclopedia of Genes andGenomes (KEGG) pathway analysis of satellite glia- and Schwann cell-enriched transcripts. Top 3

biological process terms, molecular function terms, and KEGG pathways are shown. Labels denote the number of genes identified in each category.

(legend continued on next page)
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coenzyme A (CoA)-binding protein that regulates synapses (Ta-

ble S1C) (Bouyakdan et al., 2019; Holtzman et al., 2012; Ioannou

et al., 2019). Schwann cells were enriched for Ncmap (non-

compact myelin-associated protein) (Figure 2C), a glycoprotein

found in PNS myelin (Ryu et al., 2008). Ncmap and other genes

involved in myelination (Mag, Mog) were uniformly expressed

within the Schwann cell cluster (Table S1C), suggesting that

we primarily isolated myelinating Schwann cells.

Schwann cells are readily separated from satellite glia in sen-

sory ganglia, consistent with recent studies (Avraham et al.,

2020). Due to their scarcity in sympathetic ganglia, Schwann

cells could only be differentiated from satellite glia when per-

forming an integrated analysis with sensory ganglia (Figures 2A

and 2B) (Satija et al., 2015; Stuart et al., 2019). Gene Ontology

(GO) analysis indicated that satellite glia were enriched for genes

associated with fatty acid metabolism, including chaperone pro-

teins (Fabp5 and Fabp7), elongases (Elovl2 and Elovl5), desa-

turases (Fads1, Fads2, Fads6, Scd1, and Scd2), and fatty acid

synthase, Fasn (Figure 2D; Table S1D). Satellite glia also specif-

ically expressed genes involved in mitochondrial b-oxidation

(Acaa2, Acadl, Acadm, Acsbg1, and Eci1) (Figure 2D; Table

S1D). Schwann cells were strongly enriched for genes involved

in myelination (Figure 2E; Table S1E), including genes for sphin-

golipid synthesis (Fa2h, Samd8, Sptlc2, and Ugt8a) (Table S1E).

Schwann cells also expressed fatty acid elongase genes (Elovl1

and Elovl7) that were distinct from those in satellite glia (Table

S1E), suggesting that lipid synthesis in satellite glia and Schwann

cells is specialized for the associated neuronal compartments.

Satellite glia ensheath cell bodies of peripheral neurons, while

Schwann cells wrap around axons; however, it is unknown

whether these contacts are driven by distinct cell adhesion mol-

ecules. We found that satellite glia were specifically enriched for

46 cell adhesionmolecules, including known neuron-glia interac-

tors (Atp1b2, Ncam1, Chl1, Cadm1, Cadm2, and Cdh10), and 2

genes (Fbln5 and Vcam1) involved in endothelial cell adhesion

(Albig and Schiemann, 2004; Batiuk et al., 2020; Hillenbrand

et al., 1999; Kokovay et al., 2012; Sukhanov et al., 2021) (Fig-

ure 2D; Table S1D). Some of the cell adhesion molecules

(Cadm2, Cdh10, Chl1, Megf10, and Tnc) have known roles in

regulating synapse formation, neurite outgrowth, and axon path-

finding (Batiuk et al., 2020; Chung et al., 2013; Frei et al., 2014;

Joester and Faissner, 2001). Satellite glia also expressed spe-

cific integrins (Itga7, Itgav, and Itgb3), collagen proteins

(Col14a1, Col16a1, and Col28a1), and other genes involved in

ECM binding (Figure 2D; Table S1D). Schwann cells expressed

29 unique cell adhesion molecules, including genes involved in

myelination (Mag, Mog, Nfasc, and Mpdz), cell-cell adhesion

(Cadm3 and Ctnna3), and cell-ECM adhesion (Cd9 and Cd47),

as well as several specific integrins (Itga6, Itgb1, Itgb4, and

Itgb5) (Figure 2E; Table S1E).

Finally, we confirmed the specificity of expression of the sat-

ellite glia marker, Fabp7, and the Schwann cell marker, Ncmap,

in sympathetic and sensory ganglia using single-molecule fluo-

rescence in situ hybridization (smFISH) (Figures 2F–2K0).
(F–H) smFISH of Fabp7 and Ncmap mRNA in sensory ganglia. (H0 and H00) Highe
(I–K) smFISH of Fabp7 and Ncmap mRNA in sympathetic ganglia. (K0 and K00) Hi
* indicates location of neuronal cell body. Scale bars, 100 and 15 mm (insets).
Consistent with the sequencing analysis, Fabp7 was enriched

in both sympathetic and sensory ganglia (Figures 2F, 2H, 2H0,
2I, 2K, and 2K0), while Ncmap was abundant in sensory ganglia

(Figures 2G, 2H, and 2H00), but not detected in sympathetic

ganglia (Figures 2J, 2K, and 2K0). The mutually exclusive pat-

terns of Fabp7 and Ncmap labeling in the DRG reflect that

Fabp7+ satellite glia encircle neuronal cell bodies, while Ncmap

is expressed in myelinating Schwann cells lining axon bundles

in the ganglia. Sympathetic axons are non-myelinated (Griffin

and Thompson, 2008), and lack of Ncmap expression in the

SCG is consistent with the sequencing data that Schwann cells

are prevalent in sensory, but not sympathetic, ganglia (Figures

2A and 2B).

Satellite glia express several genes that are also present in

CNS astrocytes, which has traditionally presented challenges

to independently manipulating these 2 cell types (Hanani and

Spray, 2020). To identify transcripts unique to satellite glia,

we performed an integrated analysis of satellite glia, Schwann

cells, and CNS astrocytes, in which for the latter, we used pre-

viously published single-cell data generated using the Smart-

seq protocol (Batiuk et al., 2020) (Figures S3A and S3B). This

analysis revealed a list of candidate genes that are unique to

satellite glia compared to both Schwann cells and/or CNS as-

trocytes (Tables S1F and S1G). We identified several satellite

glia-specific genes (Igfbp4 and Sfrp1), astrocyte-specific

genes (Slc1a2 and Plpp3), and Schwann cell-specific genes

(Ncmap and Pllp) (Figure S3C). Given that Smart-seq has a

relatively low false-negative and dropout rate (Ziegenhain

et al., 2017), we expect that the satellite glia-specific genes

identified in this analysis have limited expression in CNS

astrocytes.

Transcriptional heterogeneity of satellite glia
Satellite glia can be separated into 5 transcriptionally distinct

populations when analyzed independently of other cell types

(Figures 3A, 3B, and S4K; Table S1B). Satellite glia are differen-

tiated into individual clusters specific to sensory or sympathetic

ganglia or 3 shared clusters, which are distinguished by enriched

expression of immediate early genes (IEGs), immune response

genes (‘‘immune response SCG’’), or cell adhesion and extracel-

lular matrix-related genes (‘‘general resident SCG’’).

Sensory satellite glia

Consistent with their association with glutamatergic neurons,

one of the strongest markers of sensory satellite glia was

Slc1a3 (Figures 3C, S4A, and S4B; Table S1H), a glutamate

transporter that removes excess extracellular glutamate (Kanai

and Hediger, 2004). Other enriched glutamatergic machinery

included Slc1a4, a glutamate/neutral amino acid transporter (Ka-

nai andHediger, 2004),Phgdh, a serine biosynthetic enzyme that

influences glutamate receptor activity (Neame et al., 2019), and

Glul, a glutamine synthetase that catalyzes glutamate conver-

sion to glutamine (Rose et al., 2013) (Figure 3C). Glul mRNA is

also found in non-glial cell types in sensory ganglia, as previously

reported (Avraham et al., 2020).
r magnifications of boxed regions in (H).

gher magnifications of boxed region in (K).
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(A) UMAP of satellite glial cell populations in sensory and sympathetic ganglia.

(B) Same as in (A), overlaid with ganglia of origin.

(C) Dot plots of satellite glial cell cluster marker genes and enriched transcripts.
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We also found striking enrichment of Connexin 43 or Gja1, a

gap junction protein, which is upregulated after injury in sensory

satellite glia and promotes gap junction-mediated coupling be-

tween adjacent neurons in a form of pain-related neuronal plas-

ticity (Kim et al., 2016); Ednrb or endothelin receptor B, reported

to be involved in nociceptive responses (Feldman-Goriachnik

and Hanani, 2011; Pomonis et al., 2001); and Mlc1, a putative

membrane protein of unknown function (Teijido et al., 2007) (Fig-

ure 3C). Using smFISH, we confirmed thatMlc1 is more enriched

in sensory satellite glia compared to sympathetic glia (Figures 4A

and 4B00). The most specific and highly expressed marker of
6 Cell Reports 38, 110328, February 1, 2022
sensory satellite glia was the proteoglycan Bcan (Brevican), a

structural component of brain ECM, which has been implicated

in regulating neurite outgrowth, glioma cell motility, synaptic

plasticity, and axon regeneration (Frischknecht and Seiden-

becher, 2012) (Figure 3C).

Notably, sensory satellite glia were enriched for transcripts

associated with cholesterol biosynthesis and turnover, including

Hmgcr, Fdps,Cyp51, and Insig1 (Luo et al., 2020) (Figure 3C and

Table S1H). We identified genes in sensory satellite glia that are

involved in neuronal maintenance, signal transduction, and

neurotransmission.
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Figure 4. Histological validation of satellite glial cell-type markers

(A and B) UMAP expression plot ofMlc1 in sensory (A) and sympathetic ganglia (B). (A0–B00) smFISH ofMlc1 and Kcnj10 in sensory (A0 and A00) and sympathetic (B0

and B00) ganglia.
(C and D) UMAP expression plot of Lipg in sensory (C) and sympathetic ganglia (D). (C0–D00) smFISH of Lipg and Fabp7 in sensory (C0 and C00) and sympathetic (D0

and D00) ganglia.
(E and F) UMAP expression plot ofAnxa1 in sensory (E) and sympathetic ganglia (F). (E0–F00) smFISH of Anxa1 and Fabp7 in sensory (E0and E00) and sympathetic (F0

and F00) ganglia.
(G andH) UMAP expression plot of Egr1 in sensory (G) and sympathetic ganglia (H). (G0–H00) smFISH of Egr1 andKcnj10 in sensory (G0 andG00) and sympathetic (H0

and H00) ganglia.
(I and J) UMAP expression plot of Ifit3 in sensory (I) and sympathetic ganglia (J). (I0–J00) smFISH of Ifit3 and Kcnj10 in sensory (I0 and I00) and sympathetic (J0 and J00)
ganglia.

(K and K00) smFISH of Anxa1 andMlc1 in sensory ganglia. (L–L00) smFISH of Egr1 and Ifit3 in sympathetic ganglia. Fabp7 smFISH was used to label satellite glia.

Scale bars, 15 or 100 mm.
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Sympathetic satellite glia

We found few transcripts that are unique to sympathetic satellite

glia. Among the few enriched transcripts we detected were com-

ponents of fatty acid biosynthesis, activation, b-oxidation, and li-

poprotein uptake/metabolism, including Scd2, Acsbg1, Naaa,

and Lipg (McCoy et al., 2002; Miyazaki et al., 2005; Pei et al.,

2003) (Figure 3C; Table S1I). Using smFISH, we confirmed that

one of these genes, Lipg (endothelial lipase G), was enriched in

sympathetic glia (Figures 4C, 4D00, S4C, and S4D). Although

sympathetic satellite glia are in direct contact with cholinergic

synapses between pre- and post-ganglionic neurons (Hanani,

2010), we were unable to identify transcripts involved in cholin-

ergic neurotransmission, in contrast to glutamatergic neuro-

transmission-related transcripts detected in sensory ganglia.

General resident satellite glia

General resident satellite glia were found in both sensory and

sympathetic ganglia and were distinguished by the expression

of many genes related to ECM interactions. These genes

included collagen proteins (Col1a1, Col1a2, Col3a1, Col5a1,

andCol18a1), integrins (Itga1, Itga6, and Itgb4), annexin proteins

(Anxa1 and Anxa5), and the proteoglycan Hspg2 (Figure 3C; Ta-

ble S1J). This cluster also featured ion channels Scn7a and

Kcna1 (Figure 3C), which are likely key players in the regulation

of extracellular ion concentrations. Interestingly, mutations in

the general resident-specific genes Kcna1 and Hspg2 have

been linked to aberrant neuronal excitability and peripheral neu-

ropathies (Bangratz et al., 2012; Browne et al., 1994), although

these effects have been primarily attributed to their expression

in neurons or Schwann cells (Bangratz et al., 2012; Browne

et al., 1994). Annexins A1 and A5 (Anxa1 and Anxa5), enriched

in the general resident subtype (Figure 3C; Table S1J), are mem-

bers of the Annexin family of Ca2+- and phospholipid-regulated

proteins that mediate membrane trafficking events (Gerke

et al., 2005). Using smFISH, we detected Anxa1 expression in

a subset of satellite glial cells in both sensory and sympathetic

ganglia (Figures 4E, 4F00, S4E, and S4F).

Immediate early gene-expressing satellite glia

A shared population of satellite glia expressed many classical

immediate early genes, including Egr1, Cyr61, Fos, Jun, Junb,

and Hspa1a (Figure 3C; Table S1K), which are typically associ-

ated with neuronal activity (Guzowski et al., 2005) or injury

(Arthur-Farraj et al., 2012). We observed satellite glia-specific

Egr1 expression in both sensory and sympathetic ganglia using

smFISH (Figures 4G, 4H00, S4G, and S4H). Detection of Egr1 in

ganglia by smFISH suggests that IEG-expressing satellite glia

are present under physiological conditions and are not a result

of dissociation-induced upregulation in the course of isolating

cells for sequencing.

Immune-responsive satellite glia

A separate shared cluster of satellite glia was demarcated by the

specific expression of a cohort of guanylate-binding proteins

(Gbp2, Gbp3, and Gbp7) and related interferon-inducible

GTPases (Igtp, Iigp1, Irgm1, Irgm2, and Gm4951), which have

established roles in pathogen defense (Ngo and Man, 2017; Tre-

tina et al., 2019) (Figure 3C; Table S1L). This cluster was also en-

riched in other interferon-inducible genes (Irf1, Ifit1, and Ifit3)

(Figure 3C) that have antiviral properties (Fensterl and Sen,

2015), as well as the transcription factors Irf1 and Stat1 (Fig-
8 Cell Reports 38, 110328, February 1, 2022
ure 3C; Table S1L), which are induced by interferon B signaling

(Tretina et al., 2019). We used smFISH to validate one of the

genes, Ifit3, and found that Ifit3+ satellite glia were surprisingly

more abundant in sympathetic ganglia (Figures 4I, 4J00, S4I,

and S4J). These findings suggest that despite the presence of

resident macrophages (Pirzgalska et al., 2017), satellite glia

may be primed to defend PNS ganglia against bacterial or viral

infections.

To further define that we identified different subtypes of satel-

lite glial cells, we used smFISH to assess the co-localization of

markers for distinct clusters. In the DRG, we assessed co-

expression of Mlc1, a sensory satellite glia-specific marker,

and Anxa1, a marker for general resident satellite glia. We

observed that 51.5% ± 5% of DRG satellite glia were

Mlc1+;Anxa1�, while 11.5% ± 3% were Anxa1+;Mlc1�, where

all satellite glia were defined by Fabp7 expression. However,

co-localization was observed in 17.8% ± 4% of DRG satellite

glia (Figures 4K and 4K00). For the SCG, we assessed the expres-

sion of Egr1 and Ifit3, which label the immediate early gene and

immune-responsive clusters, respectively. Here, we observed

that while 17.7% ± 2% of satellite glia were Egr1+;Ifit3� and

33.8% ± 5% were Ifit3+;Egr1�, 2.5% ± 2% showed co-expres-

sion of both transcripts (Figures 4L and 4L00). These findings sup-
port that the satellite glia clusters that we defined are indeed

distinct populations in peripheral ganglia.

DISCUSSION

In this study, we describe a high-resolution transcriptional com-

parison of glial cell types between functionally and anatomically

distinct PNS ganglia. Compared to the well-characterized diver-

sity in neuronal populations in peripheral ganglia, little is known

about the molecular diversity of satellite glia that are intimately

associated with cell bodies of peripheral neurons. Our analysis

reveals 5 molecularly defined satellite glial cell types (Figure S5),

provides a rich resource of gene expression in satellite glia, and

suggests that satellite glia are transcriptionally tuned to their resi-

dent ganglia.

Both sensory and sympathetic satellite glial cells express >70

genes involved in fatty acid/cholesterol synthesis and meta-

bolism, including highly expressed transcripts such as ApoE,

Fabp7, and Fasn. In general, neurons are inefficient in lipid syn-

thesis and rely on lipid uptake from extrinsic sources (Pfrieger

and Ungerer, 2011). Satellite glia may be an important source

for lipid production and release to their neuronal neighbors. In

the mouse brain, astrocyte-derived ApoE regulates neuronal

cholesterol biosynthesis and epigenetic mechanisms to promote

memory consolidation (Li et al., 2021). Fabp7 deletion in mice

elicits deficits in pre-pulse inhibition, dendrite complexity, and

spine density (Bruce et al., 2017; Ebrahimi et al., 2016;Watanabe

et al., 2007), and Fasn loss in sensory satellite glia impairs axonal

regeneration after injury (Avraham et al., 2020). These results

imply that satellite glia may have key functions in regulating

neuronal metabolism, epigenetic states, morphology, synaptic

function, and nerve repair, through lipid-mediated communica-

tion. However, we also observed differences in lipid pathways

enriched in sensory versus sympathetic satellite glia, suggesting

specialized functions within ganglia. Sensory satellite glia were
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specifically enriched in genes for cholesterol biosynthesis,

important for the maintenance of neuronal processes, vesicle

formation, and synaptic transmission (Barber and Raben,

2019). Sensory satellite glia may also provide an additional

source of cholesterol for myelination, similar to astrocyte effects

in contributing lipids for CNS myelin (Camargo et al., 2017).

Within sensory satellite glia, we also identified new transcripts

with potential functions in cell-cell interactions and neuronal

morphology. Mlc1 is a membrane protein of unknown function,

and mutations in human Mlc1 underlie a neurological disorder,

megalencephalic leukoencephalopathy, characterized by mac-

rocephaly, motor dysfunction, and cognitive decline (Brignone

et al., 2015; Schmitt et al., 2003). In the brain, Mlc1 has been pro-

posed to have potential roles in astrocyte coupling and/or blood-

brain barrier function (Brignone et al., 2015). Further studies are

warranted to elucidate Mlc1 functions in sensory ganglia. The

proteoglycanBcan is another highly enrichedmarker for the sen-

sory-specific satellite glial sub-type. Astrocyte-derived Bcan in-

hibits outgrowth in CNS cerebellar granule neurons (Yamada

et al., 1997). Since sensory neurons lack dendrites and satellite

glia inhibit neurite outgrowth in neuron-glia co-cultures (De Ko-

ninck et al., 1993), glia-derived Bcan may be involved in limiting

dendrite growth.

Compared to sensory satellite glia, we found fewer transcripts

specific to sympathetic satellite glia. Sympathetic satellite glia are

largely distinguished by genes involved in fatty acid biosynthesis

and metabolism (e.g., Scd2, Acsbg1, Lipg), which could play a

role in supplying building blocks for dendrite and synapse

morphogenesis, aswell asmodulating neurotransmission in sym-

pathetic ganglia. Despite previous observations that satellite glia

modulate cholinergic neurotransmission in co-cultured sympa-

thetic neurons (Enes et al., 2020; Feldman-Goriachnik et al.,

2018), we did not detect glial transcripts that may be directly

involved in cholinergic signaling.We did find neuronal expression

of both nicotinic and muscarinic acetylcholine receptors,

including Chrm1, Chrm2, Chrna3, Chrna5, Chrnb2, and Chrnb4,

suggesting that the regulation of cholinergic neurotransmission

is carried out primarily by post-ganglionic neurons. However,

we do not rule out potential functions of satellite glia in synapse

formation during development ormaintenance (Enes et al., 2020).

The enrichment of ECM and adhesion pathways in the general

resident cluster implicates this subtype in the formation and/or

maintenance of adhesive contacts between glial cells and their

neuronal neighbors. Expression of annexins Anxa1 and Anxa5

also suggests a role for this population in clearing dying neurons

(Koopman et al., 1994), a function that has recently been re-

ported for DRG satellite glial cells (Wu et al., 2009).

We identifiedapopulationof satellite glial cells that showedhigh

expression of a gene set related to immune responsiveness,

including interferon signaling, antiviral defense, innate immunity,

and antigen presentation (Ngo and Man, 2017; Tretina et al.,

2019). Notably, Avraham et al. (2021) also defined a rare popula-

tion of DRG satellite glial cells (�1% of all DRG cells) that ex-

pressed immune markers and had a transcriptional profile similar

toboth satellite glia andmacrophages.Althoughwedid not detect

macrophagemarkers in the immune-responsive population in our

study, these findings suggest the existence of satellite glia that are

dedicated to immune surveillance in peripheral ganglia.
Our work is consistent with recent transcriptional studies of

satellite glial cells (Avraham et al., 2021; Tasdemir-Yilmaz

et al., 2021; van Weperen et al., 2021). (Avraham et al. (2021)

found that DRG satellite glia comprise 4 distinct populations,

consistent with our characterization of 1 sensory-specific and

3 shared populations. A recent analysis of sympathetic satellite

glial subtypes in stellate ganglia identified 5 clusters (van Wepe-

ren et al., 2021), one of which was enriched for genes related to

interferon signaling, similar to immune-response satellite glia in

our analysis, while another population was enriched for Kcna1

and Scn7a, 2 of the strongest markers for general resident satel-

lite glia. The authors also noted a population of satellite glia ex-

pressing high levels of immediate early genes, although this clus-

ter was excluded from their analysis. Thus, the 3 shared

populations of satellite glia that we identified in the SCG may

be present throughout sympathetic chain ganglia. In contrast

to the study by van Weperen et al. (2021), we were unable to

identify signatures of pluripotency or aging in SCG satellite glia.

Similar to our study, a comparative analysis of satellite glia

between DRG and cochlear spiral ganglia revealed major differ-

ences in transcriptional profiles between the 2 ganglia (Tasde-

mir-Yilmaz et al., 2021), likely reflecting specific needs of associ-

ated somatosensory versus auditory neurons. However, the

study specifically focused on embryonic days E14�E18 and

postnatal day 14 in mice. In contrast to adult DRGs, they found

2 satellite glial populations with shared expression of multiple

genes, suggesting glial cells at different stages of maturation

rather than distinct subtypes. However, the embryonic satellite

glia could still be distinguished by the expression of several

genes, including Bcan, Slc1a3, and Ednrb (Tasdemir-Yilmaz

et al., 2021), which we found to be retained in the adult sen-

sory-specific glial cluster. These findings suggest that satellite

glial cells are specified during embryonic development and

mature into distinct subtypes during late postnatal life.

We show that satellite glia are transcriptionally distinct from

both astrocytes and Schwann cells, and provide detailed gene

expression comparisons. We also found that Schwann cells

are scarce in sympathetic compared to sensory ganglia. Sympa-

thetic axons are non-myelinated (Griffin and Thompson, 2008),

and, consistently, markers for myelinating Schwann cells are ab-

sent in the SCG versusDRG. However, we also did not detect the

expression of non-myelinating Schwann cell markers, such as

Smoc2, Myoc, Crispld2, and Osr2 (Wolbert et al., 2020). These

results suggest that intra-ganglionic axon tracts in sympathetic

ganglia are not associated with Schwann cells. Our findings

imply that satellite glia perform the majority of glia-mediated

functions in sympathetic ganglia, including neuronal morpho-

genesis, synaptic function, and responses to nerve injury,

some of which had been previously attributed to Schwann cells

(Lyons et al., 1995; Perez-Gonzalez et al., 2008; Roufa et al.,

1986).

In summary, we provide a resource for satellite glia in function-

ally distinct peripheral ganglia, which provides a framework for

future investigations of ganglion-specific satellite glia popula-

tions during development, injury, and disease. The identification

of new markers for satellite glia in sensory and sympathetic

ganglia can be used to genetically target these cells for imaging,

ablation, and optogenetic studies. Recent studies suggest that
Cell Reports 38, 110328, February 1, 2022 9
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satellite glia could serve as important targets for interventions in

chronic pain (Hanani and Spray, 2020; Kim et al., 2016; Xie et al.,

2017) or heart disease, and the knowledge gained from this

study can be used to generate relevant animal models to study

human disease.

Limitations of the study
Recent work indicates that satellite glial subpopulations expand

following injury (Avraham et al., 2021). While we investigated

gene expression in naive tissue, it will be important to determine

how satellite glia gene signatures change in response to

environmental stimuli, injury, or disease. Furthermore, although

Drop-seq is a valuable tool for investigating single-cell gene

expression, it has recently been superseded by more sensitive

techniques including 10x Genomics chromium single-cell RNA-

seq and other spatial transcriptomic methods (Rao et al., 2021;

Zheng et al., 2017). While our ability to resolve satellite glial cell

types using Drop-seq is comparable to other single-cell RNA-

seq datasets generated using the 10x Genomics platform (Avra-

ham et al., 2021; vanWeperen et al., 2021), it would be of interest

to assess how satellite glia subtype clustering may be affected

by the use of other methodologies with more sensitivity and

sequencing depth.
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Chemicals, peptides, and recombinant proteins

Papain Dissociation System Worthington Biochemical

Corporation

Cat# LK003176

Dulbecco’s Modified Eagle Medium/

Nutrient Mixture F-12
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Drop-seq beads - Barcoded Seq B Chemgenes Macosko-2011-10(V+)

PDMS co-flow microfluidic
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FlowJEM N/A

Drop-Seq reagents Macosko et al., 2015 N/A

Critical commercial assays
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RNAscope� Probe-Slc1a3-C3 ACD Cat# 430788-C3

Deposited data

Raw and processed data files for Drop-Seq NCBI Gene

Expression Omnibus

GSE175421

Experimental models: Organisms/strains

C57Bl6 mice Jackson Labs Strain# 000664

Oligonucleotides

Template Switch Oligo (TSO) – 5’-AAG

CAGTGGTATCAACGCAGAG

TGAATrGrGrG-3’

Macosko et al., 2015 N/A

SMART PCR primer – 5’-AAGCAGTG

GTATCAACGCAGAGT-3’

Macosko et al., 2015 N/A

New-P5-SMART PCR hybrid oligo – 5’-A

ATGATACGGCGACCACCGAGATCTAC

ACGCCTGTCCGCGGAAGCAGTGGTA

TCAACGCAGAGT*A*C-3’

Macosko et al., 2015 N/A

Custom Read 1 primer – 5’-GCCTGTCCG

CGGAAGCAGTGGTATCAACGCAG

AGTAC-3’

Macosko et al., 2015 N/A
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Software and algorithms

ImageJ N/A https://imagej.nih.gov/ij/

ZEN2 (blue edition) N/A https://www.zeiss.com/microscopy/

int/home.html

STAR (v2.4.2a) Dobin et al., 2013 https://github.com/alexdobin/STAR

Drop-seq_tools-2.0.0 Macosko et al., 2015 https://github.com/broadinstitute/

Drop-seq/releases

Seurat V3 Stuart et al., 2019 https://satijalab.org/seurat/

R R Core Team http://www.r-project.org/
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Rejji

Kuruvilla.

Materials availability
This study did not generate unique reagents

Data and code availability

d Single-cell RNA-seq data have been deposited at the Gene Expression Omnibus (GEO: GSE175421) and are publicly available

as of the date of publication. Accession numbers are listed in the key resources table. Microscopy data reported in this paper

will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to re-analyze the data reported in this paper is available from the lead contact upon request
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Adult C57Bl6 mice (stock no. 000664; Jackson Labs), aged between postnatal days P30-P45, were used for all experiments. Male

and female mice were included in all experiments. Mice were housed under standard conditions with access to food and water ad

libitum. All experimental procedures were performed in accordance with guidelines of the Animal Care and Use Committee of Johns

Hopkins University.

METHOD DETAILS

Drop-Seq mixed species validation
HEK293 (human) andNIH-3T3 (mouse) cells were grown separately in culture until nearly confluent, then dissociatedwith Trypsin and

resuspended to a concentration of approximately 50,000 cells/ml. An equal amount of mouse and human cells were combined in a

single tube which was used as input to the Drop-Seq setup using the parameters described in the ‘Drop-Seq single cell partitioning,

library preparation’ section below. For mixed species experiments, completed sequencing libraries were run on a MiSeq and reads

were demultiplexed and aligned using the Drop-Seq Tools 1.0 pipeline. Barnyard plots for mixed species experiments were gener-

ated in R.

SCG/DRG tissue isolation and preparation of single cell suspensions
Each SCG library was generated from 4 SCGs collected from two animals, and each DRG library was generated from 6 lower lumbar

DRGs collected from two animals. In total, we generated 5 SCG libraries and 11 DRG libraries. SCGs and DRGs were not collected

from the same animal because of time considerations related to ganglia isolation and dissociation. Ganglia were incubated in 50 units

Papain diluted in HBSS plus HEPES for 20min at 37�C then washed with HBSS plus HEPES and incubated for an additional 20min at

37�C with 1.5mg/mL collagenase in HBSS plus HEPES. Following the second incubation, ganglia were washed again and then sus-

pended and triturated in DMEM AIR (DMEM F12 supplemented with 12.5mM glucose and 1U/ml penicillin/streptomycin). Cells were

centrifuged and resuspended in fresh DMEM AIR.
e2 Cell Reports 38, 110328, February 1, 2022

https://imagej.nih.gov/ij/
https://www.zeiss.com/microscopy/int/home.html
https://www.zeiss.com/microscopy/int/home.html
https://github.com/alexdobin/STAR
https://github.com/broadinstitute/Drop-seq/releases
https://github.com/broadinstitute/Drop-seq/releases
https://satijalab.org/seurat/
http://www.r-project.org/


Report
ll

OPEN ACCESS
Drop-Seq single cell partitioning, library preparation, and sequencing
Single cell suspensions were diluted to a concentration of 100 cells/ml and processed with the Drop-Seq protocol as previously

described (Macosko et al., 2015). Flow rates for cells, beads, and oil were optimized for aquapel-treated PDMS devices purchased

from FlowJem (cells and beads: 2,300 ml/hour, oil: 13,000 ml/hour). Up to two samples were processed in series, with single cell sus-

pensions and stable emulsions held on ice until all collections were completed (no more than 1 hour) before proceeding immediately

with reverse transcription. cDNA amplification was performed using 4000 beads/reaction with a total of 15 cycles of PCR.

Sequencing libraries were generated from amplified cDNA with the Illumina Nextera XT Library Prep kit and up to 6 libraries were

multiplexed for sequencing on an Illumina NextSeq500 platform. Sequencing was performed by the NIMH Microarray Core Facility

(Bethesda, MD).

Drop-Seq data preprocessing
Reads were demultiplexed and aligned to the mouse genome (mm10), and digital gene expression matrices were generated using

the Drop-Seq Tools 2.0.0 pipeline (https://github.com/broadinstitute/Drop-seq/releases).

PCA, clustering, and differential gene expression analysis
Digital gene expression matrices for all samples were imported and processed with the Seurat package (Satija et al., 2015; Stuart

et al., 2019). Cells containing fewer than 200 genes or greater than 7.5% mitochondrial gene content were removed prior to data

normalization and scaling. Principal component analysis was used to identify major sources of variation within the dataset, and

gene loadings within each PC were manually inspected to ensure the capture of biologically relevant signals. For the initial round

of clustering, 20 PCs were included as input to clustering and dimensionality reduction, resulting in the identification of 9 major

cell classes. Cell types were identified by the overlay of canonical marker genes. Following cell type identification, eachmajor cluster

was isolated and analyzed using iterative rounds of PCA to identify finer substructure among each class, and background cell types

weremanually removed as necessary (doublets, spinal cord oligodendrocytes). Differential gene expression testing (Wilcox rank sum

test) was used to identify cell type specific marker genes.

Integrated analysis of PNS glia and CNS astrocytes
Astrocyte scRNA-seq data from (Batiuk et al., 2020) was downloaded from the gene expression omnibus (GSE114000) and astrocyte

samples were extracted based on published identities (AST1-AST5). Astrocyte data was normalized with the Seurat SCTransform

function and integrated with all glial cells from this study via the Seurat dataset integration pipeline (Hafemeister and Satija, 2019;

Stuart et al., 2019). Following normalization and integration, differential gene expression testing (Wilcox rank sum test) was used

to identify sample- and cell type-specific marker genes.

Gene ontology analysis
Gene ontology (GO) analysis was performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID)

(Huang da et al., 2009b).

RNAscope
Superior cervical ganglia and L3-L5 dorsal root ganglia were dissected from P30-45 C57Bl6mice, cryo-protected in 30% sucrose in

PBS for one hour and embedded in OCT prior to being frozen at �80�C. Ganglia were cryo-sectioned at 14 mm and kept at �80�C
until RNAscope was performed. Target mRNA was probed using RNAscope� Multiplex Fluorescent Reagent Kit v2 Assay. Tissues

were incubated in fresh 4% paraformaldehyde for five minutes, washed twice in 1xPBS, and dehydrated with increasing concentra-

tions of ethanol. Subsequently, the tissues were treated with hydrogen peroxide for 10 minutes and protease treatment for 15 mi-

nutes. The RNAscope assay was performed following the manufacturer’s instructions. Kcnj10 and Fabp7 are two genes known to

be specific to satellite glia and were used to identify subtypes of satellite glia (Hanani and Spray, 2020). Egr1, Ifit3, Anxa1, and

Mlc1 smFISH labelings were performed on either SCGs or DRGs isolated from three different animals. Fabp7 smFISH was used

to label all satellite glia. Three 63x insets were taken at random for each ganglion, and used to quantify the percentage of satellite

glia that were positive for Egr1, Ifit3, Anxa1, and Mlc1 transcripts or co-expressed Egr1 and Ifit3 or Anxa1 and Mlc1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Single cell differential gene expression testing was performed with Seurat software in R using a non-parametric Wilcoxon rank sum

test and Bonferroni false discovery rate correction. Gene ontology enrichment was performed using a modified Fisher’s exact test

and false discovery rate correction as previously described (Huang da et al., 2009a). Information for statistical analyses for all exper-

iments are provided in figure and table legends.
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