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Abstract 

Purpose  Glial cells play a crucial role in regulating physiological and pathological functions, such as sensation, infec-
tions, acute injuries, and chronic neurodegenerative disorders. Despite the recent understanding of glial subtypes 
and functional heterogeneity in central nervous system via single-cell/nucleus RNA sequencing, the transcriptomic 
profiles of glial cells in the adult human dorsal root ganglia (DRG) have not yet been characterized at single-cell 
resolution.

Methods  We used high-throughput single-nucleus RNA sequencing to map the cellular and molecular heteroge-
neity of satellite glial cells (SGCs) and Schwann cells (SCs) in the human DRG, and further compared these human 
findings with those from mice. The expression profiles of classical marker genes of peripheral somatosensory system 
in glial cells were examined in human and mouse DRG. Additionally, the functional properties of the enriched genes 
in glial cells and their subtypes were also explored by Gene Ontology (GO) term analysis.

Results  Human DRG cells were initially classified into 11 clusters based on their distinct transcriptional characteristics. 
SGCs and SCs were identified through their representative marker genes. SGCs were further classified into six subclus-
ters, while SCs were classified into seven subclusters. The comparison with mouse transcriptomic profiles revealed 
an overall similarity between the two species, while simultaneously highlighting some degree of heterogeneity in 
specific genes.

Conclusions  This atlas comprehensively profiled glial cell heterogeneity and provides a powerful resource for investi-
gating the cellular basis of physiological and pathological conditions associated with DRG glial cells.
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1  Introduction
Glial cells are abundantly present in both the peripheral 
(PNS) and central nervous system (CNS). The common 
types of glial cells in the CNS include astrocytes, microglia, 
and oligodendrocytes [1, 2]. In the PNS, satellite glial cells 
(SGCs) and Schwann cells (SCs) are the major glial types 
[3, 4]. In dorsal root ganglia (DRG), primary sensory neu-
rons are wrapped by SGCs, and the interaction between 

neurons and SGCs affect the nociceptive transmission [5]. 
Emerging evidence suggests that SGCs respond to patho-
logical conditions within the peripheral nerves [6], and 
act as key modulators in chronic pain [7, 8]. Schwann cells 
(SCs) are another common type of glial cells in PNS. SCs 
are not only of fundamental physiological importance for 
myelin formation around peripheral axons, but also pro-
mote nerve regeneration after nerve injury [9].
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Despite the clear evidence that glial cells play a piv-
otal role in sensory perception, processing as well as 
motor behavior, their cellular and functional heteroge-
neity are not well understood. Recently, emerging evi-
dence has revealed cellular and molecular heterogeneity 
in glial cells of the CNS using single-cell (scRNA-seq) or 
single-nucleus RNA sequencing (snRNA-seq) [3, 5–11]. 
For example, using scRNA-seq, Hasel et al. identified 10 
astrocyte subclusters in the mouse brain which showed 
heterogeneous responses to inflammation [8]. The knowl-
edge about the cellular and functional heterogeneity of 
glial cells in PNS is significantly less than that in the CNS. 
Van Weperen et  al. performed scRNA-seq on mouse 
stellate ganglia and divided SGCs into six distinct tran-
scriptomic subtypes [3]. Yang et al. provided a cell atlas of 
human and mouse trigeminal ganglia at single-cell reso-
lution, which identified neuronal and non-neuronal cell 
types, including SGCs and SCs that engaged in migraine 
and two mouse models of headache [12]. In human DRG, 
although recent studies have characterized the heteroge-
neity of neuronal subtypes using single-nucleus or spatial 
transcriptomic analysis [13, 14], to the best of our knowl-
edge, no evidence of transcriptomic profiles of DRG glial 
cells at single-cell resolution is available.

In this study, we used 10 × Genomics snRNA-seq to 
map the heterogeneity of glial cells, including SGCs and 
SCs, in the human DRG. Additionally, we addressed 
interspecies heterogeneity by comparing human and 
mouse transcriptomic profiles. This study aimed to serve 
as an important resource for future research on the 
molecular basis of human physiological and pathological 
conditions related to DRG glial cells.

2 � Methods
2.1 � Ethics approval
This study has been approved by the Ethical Commit-
tee of the Affiliated Hospital of Zunyi Medical University 
(Approval No. KLL-2020–273, May 19, 2021) and registered 
in the Chinese Clinical Trial Registry (www.​chictr.​org.​cn.) on 
June 20, 2021 (ChiCTR2100047511). Written informed con-
sent was signed before patient enrollment. The study proto-
col was in consistent with the ethical and legal guidelines.

2.2 � Human samples
The lumbar L3-5 DRGs were acutely isolated from adult 
brain-dead human donors (two males, 38 and 46 years old; 
one female, 35  years old) within 90  min of cross-clamp 
in the operating room. These donors had not been diag-
nosed with acute/chronic low back or lower limb pain, 
two were dead from cerebral hernia and one was dead 
from intraventricular hemorrhage. Surgical procedures 
were performed by the same surgeon from department 

of orthopedic surgery. Samples were immediately cleaned 
and frozen in liquid nitrogen for further use.

2.3 � Isolation of nuclei
The nucleus was isolated using a Nucleus Isolation Kit 
(catalogue no. 52009–10, SHBIO, China) according to the 
manufacturer’s protocols. Briefly, frozen human samples 
were thawed on ice, minced, and homogenized in cold 1% 
bovine serum albumin (BSA) in lysis buffer. The lysates 
were filtered through a 40-μm cell strainer, followed by 
a centrifugation (500 × g, 5 min) at 4 °C. Then, the pellets 
were resuspended in the lysis buffer after removing the 
supernatant. Phosphate buffered saline (PBS) were added 
and centrifuged (3000 × g, 20  min) at 4  °C. The pellets 
were then filtered through a 40-μm cell strainer, centri-
fuged (500 g, 5 min) at 4 °C, and resuspended twice in the 
nuclease-free BSA. Finally, nuclei were stained by trypan 
blue and counted using a dual-fluorescence cell counter.

2.4 � cDNA synthesis
The nuclei suspension was loaded onto a Chromium 
single cell controller (10 × Genomics) to produce sin-
gle-nucleus gel beads in the emulsion (GEM) using 
single cell 3’ Library and Gel Bead Kit V3.1 (10 × Genom-
ics, 1,000,075) and Chromium Single Cell B Chip Kit 
(10 × Genomics, 1,000,074) according to the manufac-
turer’s instructions. After the captured nucleus was lysed, 
the released mRNA was barcoded using reverse tran-
scription in individual GEM. cDNA was generated by 
reverse transcription using a S1000TM Touch Thermal 
Cycler (Bio-Rad, 53  °C for 45 min, 85  °C for 5 min, and 
4 °C until further use). The cDNA was then amplified and 
their quality was determined using an Agilent 4200 (Cap-
italBio Technology, Beijing).

2.5 � 10 × Genomics library preparation and sequencing
The 10 × snRNA-seq library was established using Single 
Cell 3’ Library and Gel Bead Kit V3.1 according to the 
manufacturer’s instructions. The library was sequenced 
using a Novaseq 6000 sequencing platform (Illumina) 
with a depth of at least 30,000 reads per nucleus with a 
paired-end 150  bp (PE150) reading strategy (CapitalBio 
Technology, Beijing).

2.6 � Single‑nucleus transcriptomic data analysis
2.6.1 � Data pre‑processing
We first processed 10 × Genomics raw data by the Cell 
Ranger Single-Cell Software Suite (release 5.0.1), includ-
ing using cellranger mkfastq to demultiplexes raw base 
call files into FASTQ files and then using cellranger count 
to preform alignment, filtering, barcode counting, and 
unique molecular identifier (UMI) counting. The reads 
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(including intron sequences) were aligned to the hg19 
reference genome using a pre-built annotation package 
download from the 10 × Genomics website.

2.6.2 � Quality control
We performed quality control to remove low-quality 
cells, empty droplets or cell doublets. Low-quality cells 
or empty droplets often contain very few genes or exhibit 
extensive mitochondrial contamination, whereas cell 
doublets may exhibit an aberrantly high gene count. 
Moreover, we can detect contamination with low com-
plexity cells like red blood cells that show a less complex 
RNA species. Specifically, cells were filtered out if the 
gene number was less than 200 or more than 8,000, UMI 
counts was less than 500, cell complexity was less than 0.8, 
or if the mitochondrial gene ratio was more than 10%.

2.6.3 � Normalization and integration
Seurat package (4.1.0) was used to normalize and scale 
the single-nucleus gene expression data. Data was first 
normalized by ‘‘Normalize Data’’ function with setting 
normalization method as ‘Log Normalize’. In detail, the 
expression of gene A in cell B was determined by the UMI 
count of gene A divided by the total number of UMI of the 
cell B, followed by multiplying 10,000 for the normaliza-
tion and the log-transformed counts were then computed 
with base as 2. Top 2,000 highly variable genes (HVGs) 
were detected by “Find Variable Features” function with 
setting selection method as “vst”. We then removed the 
uninteresting sources of variation by regressing out cell-
cell variation within gene expression driven by batch, the 
number of detected UMI, mitochondrial gene expression, 
and ribosomal gene expression, which was implemented 
by ‘‘Scale Data’’ function. Finally, the corrected expression 
matrix was used as an input for further analysis.

2.6.4 � Dimension reduction, cell clustering and annotation
“Run PCA’’ function in the Seurat package was used to 
perform the principal component analysis (PCA) on the 
single-cell expression matrix with genes restricted to 
HVGs. To integrate cells into a shared space from dif-
ferent batches for unsupervised clustering, harmony 
algorithm was used to integrate two batches, which was 
implemented by “Run Harmony” function. ‘‘Find Clus-
ters’’ function in the Seurat package was then used to 
conduct the cell clustering analysis through embedding 
cells into a graph structure in harmony space. The clus-
tering results were visualized using Uniform Manifold 
Approximation and Projection (UMAP). Multiple cell 
type-specific/enriched marker genes that have been pre-
viously described in the literature were used to determine 
cell-type identity, including FABP7 and APOE for SGCs; 
and MPZ, PMP22, PRX, and PLLP for Schwann cells.

2.6.5 � Differential expression analysis
Differential gene expression analysis was performed 
using the ‘Find Markers’ function, which performs dif-
ferential expression based on the non-parameteric Wil-
coxon rank sum test for two annotated cell groups. The 
marker genes were identified using the ‘Find All Markers’ 
function in Seurat with settings on genes with at least 
0.25 increasing logFC upregulation, comparing to the 
remaining cell clusters.

2.6.6 � Enrichment analysis
Gene Ontology (GO) enrichment was conducted using R 
package with default settings. GO terms with an adjusted 
p-value of less than 0.05 that calculated by the hypergeo-
metric test followed by the Benjamini–Hochberg method 
were defined as significantly enriched terms. The top 20 
enriched terms were visualized.

2.6.7 � Risk genes of diseases
The risk genes of diseases were identified using Dis-
GeNET (https://​www.​disge​net.​org), which contains 
one of the largest publicly available collections of genes 
associated with human diseases. The current version of 
DisGeNET (v7.0) contains 1,134,942 gene-disease asso-
ciations (GDAs), between 21,671 genes and 30,170 dis-
eases, disorders, traits, and clinical or abnormal human 
phenotypes. From the summary of GDAs, the top 50 risk 
genes ordered by the number of PMIDs were selected.

2.6.8 � Comparison to RNA‑seq data sets from mouse
For analysis of the mouse, the snRNA-seq data of naive 
DRGs from 8–12-week-old C57BL/6  J mice  (strain 
#000,664; RRID: IMSR_JAX: 000,664) was extracted from 
data deposited by Renthal et al. [15].

3 � Results
3.1 � Identification of glial cell types in human and mouse 

DRG
snRNA-seq was performed on 26,279 nuclei from the 
L3-L5 DRG of three adult donors (Fig. 1A). DRG cells 
were initially classified into 11 clusters based on their 
distinct transcriptional characteristics (Fig.  1B). We 
verified that each individual donor contributed nuclei 
to each cluster and the gene expression profiles corre-
lated well among three donors (Supplementary Fig. 1). 
Transcriptomic analysis of DRG neurons (Cluster 10 
in Fig.  1B, labeled with the representative markers 
SNAP25 [synaptosome associated protein 25], SYP [syn-
aptophysin], and RBFOX3 [RNA binding fox-1 homolog 
3]) were not performed due to the limited numbers 
captured by the nuclei-isolation method. Therefore, our 
present study focused on the transcriptomic data from 
glial cells. As a result, SGCs (10.7% of total nuclei) were 

https://www.disgenet.org
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labeled with the representative markers FABP7 (fatty 
acid binding protein 7) and APOE (apolipoprotein E) 
and formed Cluster 2 (Fig.  1C–E), and Schwann cells 
(5.8% of total nuclei) were identified with the repre-
sentative markers MPZ (myelin protein zero), PMP22 
(peripheral myelin protein 22), PRX (periaxin), and 
PLLP (plasmolipin) as Cluster 6 (Fig.  1F–H). We also 
reanalyzed available snRNA-seq transcriptional data of 
the mouse DRG from a previous study [15]. DRG cells 
from seven C57 mice were classified into 22 cell types 
(Fig.  2A), of which Cluster 0 was identified as SGCs 
(9.8% of total nuclei) with the markers Fabp7 and Apoe 
(Fig.  2B–D). Schwann cells (6% of total nuclei) were 
identified with the representative markers Mpz, Pmp22, 
Prx, and Pllp as Cluster 6 (Fig.  2E–G). These findings 
suggest the fraction of glial subtypes in DRG was simi-
lar between humans and mice.

3.2 � Identification of glial cell subtypes
To determine the heterogeneity within each glial cell 
type, SGCs were further classified into six subclusters 
in humans (Fig.  3A, B, Supplementary Fig.  2A) and 

three subclusters in mice (Fig.  3C, D, Supplementary 
Fig. 2B). SCs were further classified into seven subclus-
ters in humans (Fig. 4A, B, Supplementary Fig. 3A) and 
three subclusters in mice (Fig.  4C, D, Supplementary 
Fig.  3B). Regarding intraspecies comparison, SGCs and 
SCs showed substantial similarity across subtypes, as 
they could not be classified completely. While we also 
identified genes that are differentially expressed across 
subclusters, such as CNTNAP2 (encoding contactin asso-
ciated protein 2, which mediates interactions between 
neurons and glia during nervous system development 
and is also involved in localization of potassium channels 
within differentiating axons) (Fig. 3B), and Neat1 (encod-
ing nuclear paraspeckle assembly transcript 1, which 
acts as a transcriptional regulator for numerous genes) 
(Fig. 3D).

We further analyzed the representative marker genes 
which exhibited uniquely high expression levels in each 
subcluster, and finally identified several genes that asso-
ciated with pain, such as Prx (periaxin) [16], Stat1 (sig-
nal transducer and activator of transcription 1) [17] 
and Cntf (ciliary neurotrophic factor) [18] in mouse SCs 

Fig. 1  Identification of glial cell-types in human DRG. A Overview of the experimental workflow for snRNA-seq in DRG. B UMAP plot of human DRG 
cells showing 11 major cell types. Dots, individual cells; Colors, cell types. C UMAP plot showing the expression of representative well-known marker 
genes of human SGCs. Numbers reflect the number of UMIs detected for the specified gene in each cell. D Heatmap showing the distribution of 
expression levels of marker genes of human DRG SGCs across all 11 cell types. E Dot plot showing the distribution of expression levels of human 
SGCs marker genes across all cell types. F UMAP plot showing the expression of representative well-known marker genes of human SCs. G Heatmap 
showing the distribution of expression levels of marker genes of human DRG SCs across all cell types. H Dot plot showing the distribution of 
expression levels of human SCs marker genes across all cell types. DRG, dorsal root ganglia; UMAP, Uniform Manifold Approximation and Projection; 
SGCs, satellite glial cells; UMIs, unique molecular identifiers; SCs, Schwann cells
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(Fig.  4D). Previous evidence also reported that several 
differentially expressed genes identified in our study was 
present in DRG and were involved in pain disorders, 
such as FGF13 (fibroblast growth factor 13) [19], PTGDS 
(prostaglandin D2 synthase) [20] and CNTNAP2 [21]; 
however, whether their function in glial cells was associ-
ated with pain requires to be determined. Interestingly, 
one study reported that neuropathic pain-associated 
Pi16 (peptidase inhibitor 16) was not expressed in glia 
of mouse DRG [22], while our data showed that PI16 
was predominantly expressed in Cluster 4 of human 
SGCs.

3.3 � Human‑mouse divergence
To address the similarities and differences in glial cells 
between humans and mice, we performed co-cluster-
ing methods [23] to align human transcriptomic data 
with those from mice. Unlike DRG neuronal data that 

clustered well between human and mouse as described in 
previous studies [14], alignment results of glial data sug-
gested significant heterogeneity in SGCs (Supplementary 
Fig.  4A) or SCs (Supplementary Fig.  4B) between mice 
and humans, as indicated by the slight overlap across 
species.

Transcriptional profiles of classical markers of soma-
tosensory system in glial cells between humans and mice 
were examined, including ion channels, neurotransmit-
ter receptors, neuropeptides, and transcription factors 
(Figs. 5 and 6). Firstly, from this atlas, we can observe the 
differential expression patterns in the same family. For 
example, in the family of voltage-gated sodium channels, 
SCN7A (encoding Nav2.1) showed significantly higher 
expression than other subtypes did in human SGCs 
(Fig.  5A, left panel). For neurotransmitter receptors, 
Grina (encoding glutamate ionotropic receptor NMDA 
type subunit associated protein 1) exhibited extremely 

Fig. 2  Identification of glial cell-types in mouse DRG. A UMAP plot of mouse DRG cells showing 22 major cell types. Dots, individual cells; Colors, 
cell types. B Dot plot showing the distribution of expression levels of mouse SGCs marker genes across all cell types. C UMAP plot showing the 
expression of representative well-known marker genes of mouse SGCs. D Heatmap showing the distribution of expression levels of marker genes 
of mouse DRG SGCs across all cell types. E UMAP plot showing the expression of representative well-known marker genes of mouse SCs. F Dot plot 
showing the distribution of expression levels of mouse SCs marker genes across all cell types. G Heatmap showing the distribution of expression 
levels of marker genes of mouse DRG SCs across all cell types. DRG, dorsal root ganglia; UMAP, Uniform Manifold Approximation and Projection; 
SGCs, satellite glial cells; SCs, Schwann cells
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higher levels than other family members did in mouse 
SGCs (Fig. 5D, right panel). SLC12A2 (encoding NKCC1) 
showed higher levels than SLC12A5 (encoding KCC2) 
in both human and mouse SGCs (Fig. 5E). In the family 
of voltage-gated calcium channels, CACNA1A (encod-
ing Cav2.1) showed significantly higher expression than 
other subtypes did in human and mouse SCs (Fig.  6B). 
Secondly, we compared the gene expression across differ-
ent subclusters in humans and/or mice. Although most 
genes showed consistent patterns, a number of genes 
were significantly differentially expressed across subclus-
ters. For examples, HTR4 (encoding 5-hydroxytryptamine 
receptor 4, which modulates the release of various neuro-
transmitters in both PNS and CNS) showed significantly 
higher expression levels in Cluster 5 than in other clus-
ters in human DRG SGCs (Fig.  5F, left panel). Adra1a 
(encoding Adrenoceptor alpha 1A, which regulates cell 
growth and proliferation) showed significantly higher 
expression levels in Cluster 0 than in other clusters in 

mouse DRG SGCs (Fig. 5F, right panel). SCN7A showed 
significantly higher levels in Cluster 6 than in other clus-
ters in human DRG SCs (Fig.  6A, left panel). GABRG3 
(encoding gamma-aminobutyric acid type A receptor 
subunit gamma3) showed significantly higher expression 
levels in Cluster 5 than in other clusters in human DRG 
SCs (Fig. 6D, left panel).

Next, we compared the transcriptomic data of glial 
cells between humans and mice. While gene expression 
patterns between human and mouse DRG exhibit a high 
degree of similarity, we also identified genes that are differ-
entially expressed between these two species. For exam-
ples, CACNA1C (encoding calcium voltage-gated channel 
subunit alpha1 C that mediates inward Ca2+ influx upon 
membrane polarization) expression was significantly 
higher than CACNA1A in human SGCs (Fig.  5B, left 
panel), but Cacna1c expression was lower than Cacna1a 
in mouse SGCs (Fig.  5B, right panel). KCNK2 (encod-
ing TREK1 that leaks potassium out of the cell to control 

Fig. 3  Identification of subtypes of DRG SGCs. A UMAP plot showing 6 clusters in human SGCs. Dots, individual cells; Colors, clusters. B Dot plot 
showing the expression of the top ten most differentially expressed genes across all the SGCs clusters in humans. C UMAP plot showing 3 clusters in 
mouse SGCs. Dots, individual cells; Colors, clusters. D Dot plot showing the expression of the top ten most differentially expressed genes across all 
the SGCs clusters in mice. DRG, dorsal root ganglia; UMAP, Uniform Manifold Approximation and Projection; SGCs, satellite glial cells
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resting membrane potential) expression was significantly 
higher than KCNJ10 (encoding KIR4.1, which is responsible 
for the potassium buffering action of glial cells) in human 
SGCs (Fig. 5C, left panel), but Kcnk2 expression was lower 
than Kcnj10 in mouse SGCs (Fig. 5C, right panel). RORA 
(encoding RAR related orphan receptor A, which belongs 
to nuclear hormone receptors) expression was significantly 
higher than MAF (encoding MAF bZIP transcription fac-
tor, which acts as a transcriptional activator or repressor) 
in human SGCs (Fig. 5G, left panel), but Rora expression 
was lower than Maf in mouse SGCs (Fig. 5G, right panel). 
PAM (encoding peptidylglycine alpha-amidating monoox-
ygenase, which catalyzes the conversion of neuroendocrine 
peptides to active alpha-amidated products) expression 
was significantly higher than CALCA (encoding calcitonin 
gene-related peptide CGRP, which functions as a vasodila-
tor) in human SGCs (Fig. 5H, left panel), but Pam expres-
sion was lower than Calca in mouse SGCs (Fig. 5H, right 
panel). KCNJ3 (encoding Kir3.1, which allows potassium 

to flow into the cell) and KCNK12 (encoding Thik2, which 
belongs to the superfamily of potassium channels con-
taining two pore-forming P domains) expression was sig-
nificantly higher than KCNA1 (encoding KV1.1, which 
is associated with myokymia with periodic ataxia) and 
KCNA2 (encoding KV1.2, which allows nerve cells to repo-
larize after action potentials) in human SCs (Fig. 6C, left 
panel), but Kcna1 and Kcna2 expression was lower than 
Kcnj3 and Kcnk12 in mouse SCs (Fig.  6C, right panel). 
HCN1 (encoding hyperpolarization activated cyclic nucle-
otide gated potassium channel 1, which contributes to the 
native pacemaker currents in neurons.) expression was 
significantly higher than SLC12A2 in human SCs (Fig. 6E, 
left panel), but Hcn1 expression was lower than Slc12a2 in 
mouse SCs (Fig.  6E, right panel). And TACR1 (encoding 
tachykinin receptor 1 for tachykinin substance P) expres-
sion was higher than ADRA2A (encoding adrenoceptor 
alpha 2A, which is required for presynaptic transmitter 
release from central noradrenergic neurons) in human SCs 

Fig. 4  Identification of subtypes of DRG SCs. A UMAP plot showing 7 clusters in human SCs. Dots, individual cells; Colors, clusters. B Dot plot 
showing the expression of the top ten most differentially expressed genes across all the SCs clusters in humans. C UMAP plot showing 3 clusters in 
mouse SCs. Dots, individual cells; Colors, clusters. D Dot plot showing the expression of the top ten most differentially expressed genes across all the 
SCs clusters in mice. DRG, dorsal root ganglia; UMAP, Uniform Manifold Approximation and Projection; SCs, Schwann cells
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Fig. 5  Expressional profiles of classical marker genes in DRG SGCs. Normalized mean gene expression of classic marker genes of sodium channels 
(A), calcium channels (B), potassium channels (C), glutamatergic-, GABAergic-, and cholinergic receptor (D), classical ion channels (E), classical 
receptors (F), transcription factors (G), and neuropeptides (H) in human and mouse SGCs. DRG, dorsal root ganglia; SGCs, satellite glial cells

Fig. 6  Expressional profiles of classical marker genes in DRG SCs. Normalized mean gene expression of classic marker genes of sodium channels 
(A), calcium channels (B), potassium channels (C), glutamatergic-, GABAergic-, and cholinergic receptor (D), classical ion channels (E), classical 
receptors (F), transcription factors (G), and neuropeptides (H) in human and mouse SCs. DRG, dorsal root ganglia; SCs, Schwann cells
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(Fig. 6F, left panel), but Tacr1 expression was significantly 
lower than Adra2a in mouse SCs (Fig. 6F, right panel).

3.4 � Disease‑associated genes in glial cells
To better understand the conservation and divergence 
of genes associated with DRG-related diseases between 
humans and mice, we examined and compared the tran-
scriptional profiles of these risk genes in two types of 
chronic pain, namely, neuropathic and inflammatory 
pain (Fig.  7). Several neuropathic pain-related genes, 
including MAPK1/Mapk1 (encoding mitogen-activated 
protein kinase 1, which acts as an integration point for 
multiple biochemical signals), HMGB1/Hmgb1 (encoding 
high mobility group box 1, which plays a role in inflam-
mation process), and STAT3/stat3 (encoding signal trans-
ducer and activator of transcription 3, which mediates 
the expression of various genes in response to cell stimuli) 
showed high expression levels in SGCs of both humans 
(Fig. 7A, left panel) and mice (Fig. 7A, right panel). Nota-
bly, NGF (encoding nerve growth factor, which is involved 
in the regulation of growth and differentiation of sympa-
thetic and certain sensory neurons) showed higher expres-
sion than CALCA, GJA1 (encoding gap junction protein 
alpha 1, which is associated with cell–cell gap junctions), 
and CXCR4 (encoding C-X-C motif chemokine receptor 4, 
which is associated with pain signaling) in human SGCs 
(Fig. 7A, left panel), but Ngf was significantly lower than 

Calca, Gja1, and Cxcr4 in mouse SGCs (Fig.  7A, right 
panel). The inflammatory pain-related gene PRKCA 
(encoding protein kinase C alpha), which modulates dif-
ferent cellular processes, such as cell adhesion and cell 
transformation, showed extremely high expression levels 
than the other genes in human SGCs (Fig. 7B, left panel) 
and SCs (Fig.  7D, left panel). Several neuropathic pain-
related genes, including BDNF (encoding brain derived 
neurotrophic factor, which is involved in many neurode-
generative disorders) and GRIN2B (encoding glutamate 
ionotropic receptor NMDA type subunit 2B, which acts 
as an agonist binding site for glutamate) were selectively 
highly expressed in Cluster 5 of human SCs (Fig. 7C, left 
panel).

3.5 � Functional assignment for glial clusters
A Gene Ontology (GO) term analysis was performed to 
explore the functional properties of the enriched genes 
in glial cells and their subtypes; its results showed sev-
eral common biological processes between humans 
and mice. The enriched genes in human SGCs were 
mainly associated with extracellular matrix organiza-
tion, neuron migration, axon guidance, cell matrix 
adhesion, modulation of chemical synaptic transmis-
sion, and neuron projection development (Supplemen-
tary Fig.  5A). The enriched genes in human SCs were 
mainly associated with myelination, cell migration, 

Fig. 7  Expressional profiles of disease-risk genes in SGCs and SCs. A, B The transcriptional profiles of risk genes for neuropathic pain (A) and 
inflammatory pain (B) in human and mouse SGCs. C, D The transcriptional profiles of risk genes for neuropathic pain (C) and inflammatory pain (D) 
in human and mouse SCs. SGCs, satellite glial cells; SCs, Schwann cells
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peripheral nervous system myelin maintenance, extra-
cellular matrix organization, cell–cell adhesion, and 
regulation of dendritic spine development (Supplemen-
tary Fig.  6A). The enriched genes in mouse SGCs were 
mainly associated with myelination, regulation of oligo-
dendrocyte differentiation, regulation of cell population 
proliferation, neuron projection development, extracel-
lular matrix organization (Supplementary Fig.  7A). The 
enriched genes in mouse SCs were mainly associated 
with myelination, axon regeneration, transmission of 
nerve impulse, peripheral nervous system myelin forma-
tion and maintenance, and cell migration, regulation of 
cell population proliferation (Supplementary Fig.  7E). 
Detailed information on the GO term analysis for glial 
cell types and their subtypes were shown in Supplemen-
tary Figs. 5, 6, 7.

4 � Discussion
Despite the emerging evidence of the existence of distinct 
transcriptional profiles in glial cells from animal models 
[3, 6, 8, 9], little information is known about the hetero-
geneity within glial cells from human tissues at single-cell 
resolution. To the best of our knowledge, this is the first 
study to characterize the cellular and molecular complex-
ity of glial cells, including SGCs and SCs in the human 
DRG using 10 × Genomics snRNA-seq. Furthermore, we 
compared human transcriptomic data with those from 
mice to explore conservation and divergence across spe-
cies. Additionally, we examined the expression profiles of 
genes associated with two types of chronic pain condi-
tions in human DRG glial cells.

The biological function of SGCs has been less studied 
than that of their CNS counterparts, astrocytes. SGCs 
envelop neurons in the PNS, mainly including the sen-
sory, parasympathetic, and sympathetic ganglia [24]. 
SGCs activity is altered after neuronal injury in periph-
eral sensory ganglia, such as the DRG and trigeminal 
ganglia [25–28]. Despite the clear evidence that SGCs 
play an important role in the PNS, little information is 
available regarding their cellular and molecular hetero-
geneity. Van Weperen et  al. performed scRNA-seq of 
mouse stellate ganglia and identified six distinct sub-
types based on transcriptomic profiles [3]. However, our 
findings showed that SGCs cannot be completely dis-
tinguished into different subtypes either in human or in 
mouse DRG, suggesting low cellular heterogeneity within 
DRG SGCs.

There is always an unsatisfying failure to translate pre-
clinical mechanisms of peripheral pain and/or neurode-
generative disorders from rodents into clinical effective 
pain therapeutics [29–32]. A potential explanation is that 
important interspecies differences in molecular pheno-
types exist between rodents and humans, as supported 

by bulk RNA sequencing or RNAscope in  situ hybridi-
zation [33–36]. Therefore, it is necessary to address 
the similarities and differences in gene expression pro-
files of peripheral nervous system between humans and 
mice, as most preclinical studies are conducted in mice. 
Recently, increasing studies have attempted to explore 
the similarities and differences between human and 
mouse DRG neurons at single-cell resolution. Nguyen 
et  al. used single nuclear transcriptomics to charac-
terize transcriptomic classes of human DRG neurons, 
which showed substantial similarity between human 
and mouse [14]. Tavares-Ferreira et al. used spatial tran-
scriptomics to molecularly characterize transcriptomes 
of single human DRG neurons. They also compared 
human DRG neuronal subtypes to nonhuman primates 
and mice, and the results showed conserved patterns of 
gene expression among many cell types but divergence 
among specific nociceptor subsets [13]. Consistently, 
similar cell-type-specific gene expression patterns were 
observed between human and mouse TG neurons [12]. 
However, the information of divergence of glial cells 
between species was significantly less than that in neu-
rons. Geirsdottir et  al. reported that human microglia 
show significant heterogeneity in comparison with all 
mammals [5]. They further compared the expression of 
neurodegenerative disease susceptibility genes in human 
microglia with those of other mammalian species [5]. 
Their findings showed significant expression changes in 
susceptibility genes for Alzheimer’s and Parkinson’s dis-
ease in humans compared with in rodents. In the present 
study, our snRNA-seq data also suggested that SGCs and 
SCs exhibit substantial heterogeneity between humans 
and mice, as indicated by the slight overlap of their tran-
scriptomic profiles. Furthermore, a number of genes 
showed differential expression patterns between mice 
and humans. Additionally, we compared the transcrip-
tional data of human glial cells with those from mice in 
two common types of chronic pain, namely, neuropathic 
and inflammatory pain. As a result, some degree of het-
erogeneity in the expression levels of several genes was 
identified between humans and mice. For instance, pre-
vious study showed that Cxcr4 were widely expressed in 
rodents DRG SGCs [37] and CXCR4 signaling was asso-
ciated with nerve injury-induced neuropathic pain [38]. 
In our study, Cxcr4 was also highly expressed in mouse 
SGCs when compared to other genes (e.g., Ngf), how-
ever, it was little in humans when compared to other 
genes (e.g., NGF). In addition to Cxcr4, many disease-
related genes were found highly expressed in mouse 
glial cells but little in humans, such as Calca, Gja1, and 
Kcnj10. Moreover, several classical genes associated with 
nociceptive signaling, such as Scn10a, Maf, and Kcna2, 
were also differentially expressed in DRG SGCs between 
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humans and mice. These heterogeneous gene expres-
sion patterns between humans and mice may partially 
explain the failure in the transition from animal models 
to clinical trials. Therefore, this work provides an impor-
tant background to investigate the expression profiles of 
molecular targets of interest as well as their function in 
glial cells for DRG-related disease. A limitation is that 
the different platform used for mouse (inDrops) and 
human (10 × Genomics) DRGs sequencing may influ-
ence the comparability between species.

This study has several limitations. First, the compara-
tive results will be more rigorous if human and mouse 
samples in the same conditions. More importantly, the 
sequencing results from chronic pain patients will be of 
greater significance than those from patients without 
pain. Unfortunately, we have not obtained samples from 
these patients, and future studies may resolve this prob-
lem. Second, scRNA-seq will provide more integrated 
information than the snRNA-seq used in our study, and 
the molecular difference in the cytoplasm across species 
may also be associated with the failure of preclinical drug 
development. Therefore, it is interesting and meaning-
ful to detect the molecular differences in the cytoplasm 
of DRG glial cells between human beings and rodents 
using scRNA-seq in future studies. Third, given that we 
only showed the expressional pattern of chronic pain-
related genes in the peripheral glial cells, it is not clear 
about these genes in the central nervous system. The 
similarities and differences between the peripheral and 
central nervous system in the chronic pain-related genes 
may also help to develop therapeutic targets for sensation 
disorders.

In summary, our study provides a map of the complex 
cellular composition and transcriptomic atlas of glial cells 
in the human DRG. Our results also provide an essential 
resource of conserved and divergent expression profiles 
in glial cells between humans and mice. Importantly, this 
dataset not only offers the possibility to develop soma-
tosensory disorders-related targets based on human 
transcriptomics, but also will serve as a valuable resource 
for translational researches on conserved molecular tar-
gets across species.
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