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Transcriptional profiles of non-neuronal and immune cells in mouse trigeminal ganglia
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Non-neuronal cells constitute 90%–95% of sensory ganglia. These cells, especially glial and immune cells, play critical roles in the modulation of sensory neurons. This study aimed to identify, profile, and summarize the types of trigeminal ganglion (TG) non-neuronal cells in naïve male mice using published and our own data generated by single-cell RNA sequencing, flow cytometry, and immunohistochemistry. TG has five types of non-neuronal cells, namely, glial, fibroblasts, smooth muscle, endothelial, and immune cells. There is an agreement among publications for glial, fibroblasts, smooth muscle, and endothelial cells. Based on gene profiles, glial cells were classified as myelinated and non-myelinated Schwann cells and satellite glial cells. Mpz has dominant expression in Schwann cells, and Fabp7 is specific for SCG. Two types of Col1a2+ fibroblasts located throughout TG were distinguished. TG smooth muscle and endothelial cells in the blood vessels were detected using well-defined markers. Our study reported three types of macrophages (Mph) and four types of neutrophils (Neu) in TG. Mph were located in the neuronal bodies and nerve fibers and were sub-grouped by unique transcriptomic profiles with Ccr2, Cx3cr1, and Iba1 as markers. A comparison of databases showed that type 1 Mph is similar to choroid plexus-low (CPlo) border-associated Mph (BAMs). Type 2 Mph has the highest prediction score with CPhi BAMs, while type 3 Mph is distinct. S100a8+ Neu were located in the dura surrounding TG and were sub-grouped by clustering and expressions of Csf3r, Ly6G, Ngp, Elane, and Mpo. Integrative analysis of published datasets indicated that Neu-1, Neu-2, and Neu-3 are similar to the brain Neu-1 group, while Neu-4 has a resemblance to the monocyte-derived cells. Overall, the generated and summarized datasets on non-neuronal TG cells showed a unique composition of myeloid cell types in TG and could provide essential and fundamental information for studies on cell plasticity, interactomic networks between neurons and non-neuronal cells, and function during a variety of pain conditions in the head and neck regions.
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Introduction

Multiple reports reported that dorsal root ganglion (DRG) glial (1–4) and immune cells, especially macrophages (Mph) and neutrophils (Neu), play critical roles in nociceptive signal transmission (5–8). Studies suggested that ganglion non-neuronal cells are capable of sensitizing neurons (5, 2, 3) by directly communicating with them and changing their gating properties (7, 9, 4). Accordingly, information on transcriptional profiles for non-neuronal sensory ganglion cells is critically important for examining intercellular signal transduction among neuronal and non-neuronal cells. Such fundamental information could also be used to explain a variety of mechanisms during interactions of sensory neuron soma with non-neuronal cells within the ganglia. For example, the information has been used to establish interactomic networks between sensory neurons and non-neuronal cells (10). In addition, it could constitute a baseline in the investigation of trigeminal ganglion (TG) non-neuronal cell plasticity in different pain models and conditions for the head and neck regions. Single-nucleus RNA sequencing (snRNA-seq) of DRG and TG cells has previously generated transcriptomic profiles for both sensory neurons and non-neuronal ganglion cells (11–14). Single-cell RNA sequencing (scRNA-seq) studies are complex and often produce variable outcomes. These outcomes depend on several factors such as ganglial type (DRG vs. TG vs. nodose ganglia), snRNA-seq vs. scRNA-seq, nucleus/cell isolation approach, sequencing depth, and clustering analysis (11–14). Hence, every independent study contributes novel information and refines the previously reported data. Thus, seven non-neuronal subtypes, namely, satellite glial cells (SGC), myelinating and non-myelinating Schwann cells, Mgp+ and Dcn+ fibroblasts, immune cells, and vascular endothelial cells, were identified in TG using snRNA-seq (14), wherein nuclei were isolated using a density gradient method (12). Other snRNA-seq and scRNA-seq studies reported eight (15) or five (13) types of non-neuronal cells in TG, namely, SGC, myelinating and non-myelinating Schwann cells, fibroblasts, myofibroblasts, immune cells, and vascular endothelial cells. snRNA-seq of DRG cells revealed nine types of non-neuronal cells, namely, SGC, myelinating and non-myelinating Schwann cells, one group of fibroblasts, pericytes, and vascular endothelial cells, and three types of immune cells, i.e., Mph, B cells, and Neu (12).

Multiple studies on the roles of ganglion glial cells in the regulation of sensory neurons require specific markers to distinguish SGC from Schwann cells and other non-neuronal cells. It is not entirely clear whether such markers exist. In addition, the function of ganglion fibroblasts is largely unknown. In this respect, more information on their gene profiles and locations within TG is needed. Studies reported three immune cell types in DRG (12) and only one group in TG (13–15). Furthermore, additional studies regarding this topic could be valuable. Accordingly, this study aimed to identify, profile, and summarize TG non-neuronal cell types in naïve male mice using published and our own data generated by scRNA-seq, flow cytometry, and immunohistochemistry (IHC).



Materials and methods


Ethical approval and mouse lines

The reporting in the manuscript follows the recommendations in the ARRIVE guidelines [PLoS Bio. (2010) 8(6): e1000412]. We also followed the guidelines issued by the National Institutes of Health (NIH) and the Society for Neuroscience (SfN) in minimizing the number of animals used and their suffering. All animal experiments conformed to the protocols approved by the University Texas Health Science Center at San Antonio (UTHSCSA) Institutional Animal Care and Use Committee (IACUC). The protocol numbers are 20190114AR and 20220069AR.

Experiments were performed on the following male mice: 10–18-week-old C57BL/6 wild type (WT); Col1a2-cre-ER (stock no: 029567); tdTomato (aka Ai14; stock no: 007914); and Ccr2RFP/Cx3cr1GFP (stock no: 032127) on the B6.129 background. All mouse lines were purchased from the Jackson Laboratory (Bar Harbor, ME, USA) and were bred in the UTHSCSA LAR facilities.



TG isolation and single-cell preparation

There are several approaches to dissecting TG tissues. One of them is to collect the TG with surrounding dura and another is to isolate the dura-free TG. We have isolated TG with surrounding dura for scRNA-seq, TG without dura for IHC, and both preparations of TG with and without dura for flow cytometry. Briefly, prior to TG dissections, the animals were perfused with cold phosphate-buffered solution (PBS) to eliminate the contributions of immune cells from blood to the scRNA-seq and flow cytometry data. For IHC, mice were perfused with 4% paraformaldehyde prior to tissue dissections. TG were dissected from the skull base after the removal of the brain. For dura-free TG, V1–V3 were cut close to TG, and then dura-free TG was lifted by a spatula. For TG with dura, continuous cuts were made all around TG, resulting in a dissected TG covered by dura.

Mice were perfused with PBS to flash out the blood cells from the tissues, including TG. Dissected TG were collected in ice-cold HBSS buffer and subjected to preparation of single-cell suspension for scRNA-seq or flow cytometry. Single-cell suspension was generated using Liberase and Dispase II as described previously (16). After this step, single-cell suspension was processed in two different ways. For the first scRNA-seq experiment, fractions enriched with sensory neurons were obtained using the Percoll gradient as described previously (16). For the second scRNA-seq experiment, viable TG cells were purified by flow cytometry using Calcein Violet-AM/Helix NP NIR (BioLegend) dual live/dead stain. Calcein Violet-AM is a cell-permeable fluorescent probe cleaved and activated in live cells by esterases, whereas Helix NP NIR is impermeable to live cells and detects the nucleic acids of dead cells. Briefly, TG cells were stained first with 0.1 μM of Calcein Violet-AM for 40 min at room temperature, followed by 5 nM of Helix NP NIR. Calcein Violet-AM+/Helix NP NIR-gated TG cells were sorted to DMEM/5% fetal calf serum (FCS) medium using the BD FACSAria Fusion cell sorter equipped with a 100 μm nozzle. Sorted cells were centrifuged and resuspended in 15 μl of 1X PBS, 0.04% BSA, and 0.1 U/μl RNase inhibitor. For flow cytometry experiments, single-cell suspensions after the Liberase–Dispase step (see above) were stained with a panel of antibodies as described below.



scRNA-seq procedures, clustering, visualization, and annotation

TG from three mice were used to generate single-cell suspension for one experiment. The experiment was performed in two independent replicates: the first preparation used the Percoll step (16) and the second used the Calcein Violet-AM/Helix NP Blue sorting approach (see previous sub-section of Materials and methods section). All clustering methods, visualization (tSNE, UMAP), and analysis were done by the 10X tool loupe browser (https://support.10xgenomics.com/single-cell-gene-expression/software/visualization/llatest/what-is-loupe-cell-browser). The 10X single-cell raw sequencing data from both next generation sequencing runs were processed following the 10X single-cell gene expression pipeline (https://www.10xgenomics.com/support/single-cell-gene-expression). The 10X software Cell-Ranger mkfastq was used for base-calling and generating raw fastqs. Cell-Ranger count was used to align the fastq reads to the reference transcriptome (refdata-gex-mm10-2020-A) and to generate a gene count matrix and a “cloupe” file. In addition, the “cloupe file” was put in the “Loupe Browser” for data visualization and preliminary analysis. Cells with >500 unique genes, <15,000 total UMIs, and <10% of the counts deriving from mitochondrial genes were included for analysis. We used two similar different clustering approaches. For the first scRNA-seq experiment, K-means was employed (Figure 1A), while for the second scRNA-seq experiment, a graph-based approach was used for analysis (Figure 1B). For both runs, we employed tSNE plots for visualization. Commonly, doublet or low-quality clusters could significantly be enriched for at least four mitochondrial genes [fold change (FC) > 2, false discovery rate (Padj) < 0.05)] have no enriched cluster marker genes (FC > 5, Padj < 0.05). We did not have such clusters in the final presented data.
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FIGURE 1
scRNA-seq of mouse TG non-neuronal cells. Two independent replicates were performed. (A) tSNE plot of scRNA-seq data from experiment 1 from 2,859 live FACS-isolated TG cells from three mice. Cell types are indicated and are represented by different colors. Nue (Ly6G+) are Ly6G-positive neutrophils (Neu); SGC, satellite glial cells; Sch cells, Schwann cells; Mph, macrophages; Fibro, fibroblasts; Neu/Mo (Ly6G-), monocyte-derived Neu-like Ly6G-negative cells; Smooth Mus, blood vessel smooth muscle cells; and Endo cells, endothelial cells. (B) tSNE plot of scRNA-seq data from experiment 2 from 6,362 live FACS-isolated TG cells from three mice. Cell types are indicated and are represented by different colors. Glia are a combination of satellite glial cells and Schwann cells; Mph-1 (Cd163), type 1 macrophage with Cd163 as a marker; Mph-2 (Ccr2), type 2 macrophage with Ccr2 as a marker; Fibro-1 (Dcn), type 1 fibroblasts with Dcn as a marker; Neu-3 (Cxcr2), type 3 Neu with Cxcr2 as a marker; Neu-1 (Ly6G+), Ly6G-positive type 1 Neu; Mph-3 (Iba1), type 2 macrophage with Iba1 as a marker; Neu-2 (Ly6G+), Ly6G-positive type 2 Neu; Neu-4/Mo (Ly6G−), Ly6G-negative monocyte-derived Neu-like type 4 cells; Fibro-2 (Comp), type 1 fibroblasts with Comp as a marker; and Endo cells, endothelial cells.




Comparisons of TG immune cell transcriptional profiles with published datasets

The label transfer method provided by the Seurat package was used to project labels from a reference dataset to a query dataset by identifying shared “anchors” between two datasets (17). The identified anchors were used to integrate these two datasets as a batch-corrected expression matrix for all cells, enabling them to be jointly analyzed for cell-type clustering. Label transfer has been widely adopted in scRNA-seq studies by leveraging rich annotations from reference datasets to interpret and understand the cellular composition and state of query datasets (18). In this study, the reference dataset contains 21,966 CD45+ cells extracted from the entirety and border areas of male C57BL/6 mice at 9 weeks of age, which have been labeled as 14 distinct cell types (19). Specifically, the reference data have 10,947 Mph sourced from both the entire brain and its bordering regions containing seven cell types, among which six were unique subtypes of border-associated Mph (BAMs) cells and one microglial cell type. Annotation of these cells and the gene expressions (GSE128855) can be downloaded from (20) (https://www.brainimmuneatlas.org/). The label transfer algorithm was then applied to interpret our own dataset for cell composition.



Flow cytometry

Flow cytometry was used to assess immune cell profiles in TG. Single-cell suspensions were first stained for viability using Zombie NIR™ fixable viability kit (BioLegend, San Diego, CA, USA) for 20 min on ice in PBS at pH 7.2 combined with FcR blocking antibody (1 μg, clone 2.4G2; Bio X Cell, Lebanon, NH, USA) to block non-specific binding. Cells then were washed with 2% FBS/PBS and stained with antibodies against surface antigens for 30 min on ice. Fluorochrome-conjugated antibodies against mouse CD45 (clone 30-F11), CD3 (clone 17A2), B220 (clone RA3-6B2), CD11b (clone M1/70), CD64 (clone X54-5/7.1), CD11c (clone N418), NK1.1 (clone PK136), MHC-II (clone 2G9), Ly-6G (clone 1A8), Ly-6C (clone KH1.4), CCR2 (clone 475301), CX3CR1 (clone SA011F11), and Siglec-F (clone S17007l) were purchased from BioLegend (San Diego, CA, USA) or BD Biosciences (San Jose, CA, USA). Flow cytometry was performed using Aurora (Cytek Biosciences, CA, USA). Data were analyzed using FlowJo LLC v10.6.1 software.

The gating strategy to select immune populations in TG is shown in Figure 2. Briefly, live/singlets/CD45+ cells were gated using the markers listed below to define specific cell populations: monocytes (Mo, Ly6G−/Siglec-F−/NK1.1−/Ly6C+/CD11b−); total Mph (CD64high/CD11b+); type 1 macrophage (Mph-1, Ly6C+/CCR2+); type 2 macrophage (Mph-2, Ly6C−/CCR2+/CX3CR1+/MHCII+); type 3 macrophage (Mph-3, Ly6C−/CCR2+/CX3CR1−/MHCII+); type 4 macrophage (Mph-4, Ly6C−/CCR2−/CX3CR1+/MHCII+); type 5 macrophage (Mph-5, Ly6C−/CCR2−/CX3CR1+/MHCII−) Ly6G+ Neu (Nph, CD11b+/Ly6G+/Ly6C+); dendritic cells (DCs, B220−/CD64−/Ly6C−/MHCIIhigh/CD11c+); eosinophils (Eos; Siglec-F+/CD11b+/CD64−); natural killer cells (NK, NK1.1+/CD3−); B cells (B, B220+/MHCII+); and T cells (T, CD3+/NK1.1−).


[image: Figure 2]
FIGURE 2
Gating strategy for flow cytometry. The panel shows the sequence of gating events. The first step is the selection of live singlets and then the separation of CD45+ cells. CD45+ cells are gated into different types of immune cells using sets of specific markers. Immune cell types and markers are indicated. The sequence of gaining events is marked by arrows. Neu, neutrophils; Mph, macrophages; NK, natural killer cells; Eos, eosinophils; DCs, dendritic cells; Mono, monocytes.




Immunohistochemistry

For IHC, we used naïve WT and Ccr2RFPCx3cr1GFP and Col1a2cre/Ai14fl/− reporter male mice. TG tissues from 4% paraformaldehyde perfused mice were isolated, post-fixed with 4% paraformaldehyde for 1 h, cryoprotected with 10% and then 30% sucrose in phosphate buffer overnight, embedded in Neg-50 (Richard–Allan Scientific, Kalamazoo, MI, USA), and cryo-sectioned at 25–30 μm. IHC was carried out as previously described (21). The following antibodies were used: anti-Iba1 rabbit polyclonal (Thermo Fisher Scientific, San Diego, CA, USA; Cat: PA5-27436; 1:300); anti-s100a8 rat IgG2B monoclonal (R&D Systems; clone # 335806; Cat: MAB3059-SP 1:200); and anti-NFH chicken polyclonal (Novus Biologicals; Cat: NB300-217; 1:2000). Donkey Alexa Fluor secondary antibodies were obtained from Jackson ImmunoResearch (1:200; West Grove, PA, USA). Control IHC was performed on tissue sections processed as described but either lacking primary antibodies or lacking primary and secondary antibodies. The images were acquired using a Keyence BZ-X810 All-in-One Fluorescence Microscope (Keyence, Itasca, IL, USA). The gain setting was constant during acquisition, and it was established on no primary control slides. All Images taken were z-stack images and were processed with the Adobe Photoshop CS2 software. Cells on microphotography were counted within the entire field captured with a ×20 objective. The field of view is approximately 350 μm  × 350 μm for our microscope equipped with a ×20 objective.



Statistical analysis

The GraphPad Prism 8.0 (GraphPad, La Jolla, CA, USA) was used for all statistical analyses of data related to non-scRNA-seq. Data in the figures were expressed as mean ± standard error of the mean (SEM), with “n” referring to the number of animals per group. The differences between groups with one variable were assessed by chi-square analysis with Fisher’s exact test, unpaired t-test, or regular 1-way ANOVA with Bonferroni’s post-hoc tests, and each column was compared to all other columns. A difference was accepted as statistically significant when p < 0.05. Interaction F ratios and the associated p values were also reported.




Results


scRNA-seq of TG non-neuronal cells

We carried out two replicates for scRNA-seq on 12 left and right TG from six naïve, WT C57BL/6 male mice. Bilateral TG from three mice were combined per replicate. For the first experiment, single-cell suspension preparation had the Percoll step (see Materials and methods section). For the second experiment, single-cell suspension preparation had two cycles of FACS sorting step for isolation of viable cells (see Materials and methods section). For the first replicate experiment, 2,859 TG cells were present in scRNA-seq, and an average of 1,211 genes were detected per cell. For the second replicate experiment, 6,362 TG cells were present in scRNA-seq, and an average of 1,580 genes were detected per cell. All TG cells in each experiment were clustered together. The Loupe Browser developed by 10X Genomics was used for data visualization (12, 13). We clustered and classified cell types using K-means for both replicates (22). We also used graph-based clustering for the second replicate (23). K-means and graph-based clustering for the second replicate produced identical results. Clusters enriched with mitochondrial genes were excluded. Clusters enriched with the expression of Pirt were assigned as sensory neuronal clusters, and the remaining clusters were classified as non-neuronal cells (24, 25).

We detected nine clusters (Cluster-1 has 471 cells, Cluster-2 with 351, Cluster-3 with 288, Cluster-4 with 239, Cluster-5 with 192, Cluster-6 with 168, Cluster-7 with 72, Cluster-8 with 37, and Cluster-9 with 21 cells) in the first experimental run/replicate (Figure 1A) and 11 clusters (Cluster-1 has 1,126 cells, Cluster-2 with 815, Cluster-3 with 618, Cluster-4 with 561, Cluster-5 with 446, Cluster-6 with 382, Cluster-7 with 356, Cluster-8 with 333, Cluster-9 with 311, Cluster-10 with 185, and Cluster-11 with 81 cells) in the second run/replicate (Figure 1B). Cell types were identified according to the significant enrichment of markers (Padj < 0.05; FC > 5) and also by specificity in expression for certain genes (FC > 10). It could be noted that a neuronal cluster was not detected in the second experimental trial. This could be explained by the no-neuron Percoll enriching step in the second trial. This also indicates that scRNA-seq has a substantial preference for sequencing non-neuronal cells over sensory neurons (16, 26).



Glial cells in TG

Glial cell sub-types were revealed after analysis of the first trial (Figure 1A), while the second trial and analysis revealed only a single glial group (Figure 1B). Schwann cells were recognized by an enrichment with Mpz (Figures 1A, 3 and Table 1). SGC cells were distinguished by a specific marker—Fabp7 (Figures 1A, 3 and Table 1). Fabp7 as an SGC marker was also noted in previous reports (27, 15). Apoe, suggested as an SGC marker, was found to also be expressed at high levels in Mph in our study (Table 1) (14, 15). Plp1 is also not suitable as an SGC marker, since it is presented at an equal level in both Schwann cells and SGC (Figures 1A, 3 and Table 1) (28–30). Previous publications distinguished myelinating and non-myelinating Schwann cells using Ncmap, Prx, Scn7a, and Cdh19 (14, 15). The clustering of our data did not reveal a distinct myelinating Schwann cell subset. However, Ncmap+ and Prx+ cells were encountered among Schwann cells and were absent in SGC, while Cdh19+ and Scn7a+ cells were present only among SGC (see the Supplementary Material). Despite glial cells containing distinct markers, it could be noted that low-to-moderate levels of expression of these genes have been reported in sensory neurons (31, 13, 14). Overall, our scRNA-seq data have shown that TG glial cells are divided into two groups, namely, Schwann cells and SGC, which have distinct transcriptional profiles. Previous publications showed both Schwann cells and SGC could be clustered into a variety of subtypes. Thus, Schwann cells were classified into myelinating and non-myelinating, whereas SGC types were divided into general resident, sensory, immediate early gene (IEG), and immune-responsive groups (32, 14, 15).
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FIGURE 3
Expression of markers in TG non-neuronal cells (experiment 1). The expressions of select cell-type marker genes for TG non-neuronal cells clustered in experiment 1 are displayed in individual cells and within clusters. The marker genes are indicated.



TABLE 1 Markers for non-neuronal cells in TG.
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Fibroblasts, smooth muscle cells, and endothelial cells in TG

Different types of fibroblasts were categorized after analysis of the second trial (Figure 1B), but not in the first trial (Figure 1A). Fibroblasts identified as Col1a2+ cells were represented by two distinct clusters (Figure 1B). The larger fibroblast subgroup, labeled as Fibro (Dcn), was Apod+/Dcnhigh and was distinguished by a combination of an enriched marker Dcn and a specific marker Apod (Figures 1A, 4 and Table 1). Unlike Dcn, Apod is expressed by many sensory neurons (31, 13, 14). The second subgroup, labeled as Fibro (Comp), was Comp+/Mgphigh, was enriched with Mgp, contained a specific marker (Comp) (Figures 1A, 4 and Table 1), and was previously reported as myofibroblasts (15).


[image: Figure 4]
FIGURE 4
Expression of markers in TG non-neuronal cells (experiment 2). The expressions of select cell-type marker genes for TG non-neuronal cells clustered in experiment 2 are displayed in individual cells and within clusters. The marker genes are indicated.


We and others also identified a small number of cells representing either smooth muscle or endothelial vascular cells (Figures 1A,B) (14, 15). Smooth muscle vascular cells contained a specific marker Tagln, and endothelial vascular cells were defined by a standard Pecam1/CD31 marker (Figures 1A,B, 3, 4 and Table 1). In summary, there is an agreement that TG has two types of fibroblasts (i.e., Apod+/Dcnhigh and Comp+/Mgphigh) and vascular smooth muscle and endothelial cells (13–15).



Immune cells in TG

Immune cells in TG were reported as one single group (13–15), though DRG immune cells were split into three groups, namely, Mph, Neu, and B cells (12). Our first trial revealed a group of Mph and two groups of Neu (Figure 1A). The second trial, which was not enriched with sensory neurons, contained more cells and deeper reads, and we split these groups into three Mph groups and four Neu groups (Figure 1B). Mph were recognized by the expression of CD64 (aka Fcgr1). The first group of Mph was enriched with Cd163, a marker for M2-type Mph (33, 34), but contained other M1-type Mph markers, such as Csfr1, Cx3cr1, Cxcr1, and Cd68 (Figures 1B, 4 and Table 1). The second group of Mph had a relatively specific marker, Ccr2, and was also expressing Csfr1, Cxcr1, and Cd68 (Figures 1B, 4 and Table 1). The third group of Mph was classified as Aif1high (aka Iba1), which also specifically expressed Cxcl9 (Figures 1B, 4 and Table 1). This group had a low level of Cd163, had no Ccr2, and expressed several fibroblast markers (Figure 4, Table 1).

Neu were recognized by the expression of s100a8 and s100a9 (35, 36). Four Neu groups were split into two domains, i.e., Ly6G− and Ly6G+ (Table 1). The Ly6G+ Neu groups (Neu-2 and Neu-3) were similar and had high levels of Cd177, Camp, and Ngp expressions (Table 1). Nevertheless, Neu-2 and Neu-3 were differentiated by transcriptional profiles and expressions of Elane in Neu-2 and Cxcl2 and Cxcr2 in Neu-3 (Figures 1B, 3, 4 and Table 1). The Ly6G− Neu groups (Neu-1 and Neu-4) were substantially different from Ly6G+ Neu and were dissimilar to each other (Figure 1B, Table 1). Thus, Neu-1 was enriched with Cxcr4 and Csf3r, while Neu-4 was dominated with Ccl5, Elane, Pycard, and Mpo (Figures 3, 4 and Table 1).

Next, we looked at expressions of standard immune cell markers in clusters of TG non-neuronal cells. A pan-immune cell marker, Ptprc (aka CD45), was expressed by all TG immune cells. However, the expression level was low (Table 1). A pan-myeloid cell marker Itgam (aka CD11b) was presented at unusually low levels in Mph and at low-to-moderate levels in Neu (Table 1). A Mph and monocyte marker, Ccl2, was expressed by a subset of TG Mph and Apod+/Dcnhigh fibroblasts (Table 1). A myeloid cell marker, CD74, was TG Mph and Neu subsets and at lower levels in TG fibroblasts (Table 1). We found that the most suitable and highly expressed marker for all TG immune cells was Lyz2 (aka LyzM; Table 1). scRNA-seq showed that the markers for other immune cell types, such as Itgax (aka CD11c) for DCs, Il2rb (aka CD122) for natural killer cells (NK), Cd3d and Cd3e for T cells, and Cd22 for B cells, are not present in TG (Table 1). Altogether, TG from naïve mice had exclusively a subset of myeloid cells, which could be sub-grouped into several Mph and Neu types with distinct transcriptional profiles.



Visualizations of non-neuronal cells in TG by IHC

Previous publications thoroughly characterized locations of different glial cell types, including distinct SGC groups, in TG and DRG, using in situ and IHC (28, 32). Mph and Neu were mainly characterized and visualized in DRG and were often presented as a single group (37–41). Here, we investigated whether several groups of Mph, Neu, and fibroblasts could be detected in TG. To do so, we used two approaches, i.e., IHC and flow cytometry.

Based on our scRNA-seq data, different types of Mph could be distinguished by labeling TG from Ccr2RFP/Cx3cr1GFP reporter with Iba1 antibodies. In congruence with scRNA-seq data, three subsets of Mph—Cx3cr1+/Ccr2−/Iba1+ (Mph-1), Cx3cr1+/Ccr2+/Iba1+ (Mph-2), and Cx3cr1−/Ccr2−/Iba1+ (Mph-3)—could be distinguished (Figure 5A, Table 1). scRNA-seq revealed 633 and 618 cells in the Mph-1 and Mph-2 clusters, respectively, and 356 cells in the Mph-3 cluster (Figure 1B). Cell counting (see the Materials and Methods section) showed that there were substantially fewer Ccr2+ than Cx3cr1+ and Iba1+ cells in TG [one-way ANOVA; F (4, 10) = 42.48; p < 0.0001; n = 3; Figure 6].
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FIGURE 5
Representations of non-neuronal cells in TG. (A–A”’) Representative microphotographs of Ccr2RFP/Cx3cr1GFP reporter mouse TG sections show relative expressions of macrophage markers Cx3cr1 (green), Ccr2 (red), and Iba1 (blue). The yellow arrows on panel A show Cx3cr1+/Iba1+/Ccr2− macrophages in TG. The yellow arrows on panels (A”) and (A”’) show Cx3cr1−/Iba1+/Ccr2− macrophages in TG. (B–B’) Representative microphotographs of Ccr2RFP/Cx3cr1GFP reporter mouse TG sections show expression patterns of a macrophage marker Cx3cr1 (green) and a neutrophil/monocyte marker S100a8 (red). (C) A representative microphotograph of a Col1a2cre/Ai14fl/ reporter mouse TG sections shows the expression of a fibroblast marker Col1a2. (D) A representative microphotograph of a Col1a2cre/Ai14fl/ reporter mouse TG section shows relative expressions of a fibroblast marker Col1a2 and an A-fiber neuronal marker NFH. The scales are presented in each microphotograph.
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FIGURE 6
Non-neuronal cell count in TG sections. Counts of different types of non-neuronal cells in TG sections from Col1a2cre/Ai14fl/ and Ccr2RFP/Cx3cr1GFP reporter mice. Every cell within a field of a microscope equipped with a ×20 objective was counted. Statistic is one-way ANOVA relative to the Ccr2 column (NS p > 0.05; ***p < 0.001; #p < 0.0001; n = 3).


A highly expressing Neu marker, s100a8 (Table 1), was detected using secondary antibodies with 647 fluorophores in a few TG cells (Figures 5B, 6). This result is surprising considering at least similar numbers of Mph and Neu in TG were revealed by scRNA-seq (Figures 1A,B). This indicated that in naïve WT mice, Neu is mainly located in the dura sheath covering the entire TG (see the next section) (41).

Fibroblasts were visualized by IHC on TG from Col1a2cre/Ai14fl/− reporter mice. Fibroblasts with distinct shapes compared to immune and glial cells were noted among the neuronal cell bodies and myelinated nerve fibers in TG (Figures 5C,D). In summary, IHC can distinguish different types of TG Mph and visualize fibroblasts. IHC data also implied that Neu could be located in the dura sheath covering TG.



Detection of TG immune cells by flow cytometry

To further validate the findings of scRNA-seq on immune cells, we have performed flow cytometry on single-cell suspensions generated from male mouse TG. TG was isolated without or with surrounding dura (see Materials and Methods section). DRG was also isolated from some animals. The overall flow cytometry gating strategy is presented in Figure 2. TG and DRG without dura were dominated by Mph (Figures 7A,B). Neu and T cell levels are low in naïve WT mice (Figures 7A,B). It could be noted that Neu has a smaller sample size (n = 3) due to the failed actions of Neu (Ly6G) antibodies in one of the probes. Based on scRNA-seq and IHC results, we have designed a gating strategy to detect different types of Mph (Figure 7C). Neither TG nor DRG had Ly6C+/CCR2+ Mph-1, which could be classified as inflammatory Mph (Figures 7D,E). This Mph-1 is not present in TG and DRG from WT naïve male mice. TG and DRG also lacked Ly6C−/CCR2+/CX3CR1−/MHCII+ Mph-3 (Figures 7D,E). Both TG and DRG had Ly6C−/CCR2+/CX3CR1+/MHCII+ Mph-2 and Ly6C−/CCR2−/CX3CR1+/MHCII+ Mph-4 as dominant subsets (Figures 7D,E). This Mph-2 corresponds to Mph-2 (Ccr2) depicted in scRNA-seq (Figure 1B). Mph-4 detected by flow cytometry was Mph-1 (Cd163) depicted in scRNA-seq (Figure 1B). Finally, Ly6C−/CCR2−/CX3CR1+MHCII− Mph-5 were present in TG, but not in DRG (Figures 7D,E). Flow cytometry-detected Mph-5 represents Mph-3 (Iba-1) clustered after scRNA-seq (Figure 1B). This Mph group is Iba-1high/Cx3cr1low.


[image: Figure 7]
FIGURE 7
Immune cell profiles in TG and DRG isolations without surrounding dura. Flow cytometry count was normalized (by live cell numbers) immune cell counts in the TG (A) and DRG (B). WT male mouse ganglia were isolated without surrounding dura. Mph, macrophages; Neu, neutrophils; Mono, monocytes; DCs, dendritic cells; Eos, eosinophils; NK, natural killer cells; B cells; and T cells (n = 3–4). (C) Gating strategy to isolate a variety of macrophage types (Mph-1–Mph-5). Used markers are indicated at the y- and x-axis. (D,E) Normalized (by live cell numbers) cell counts for different types of macrophages (Mph-1–Mph-5) in TG (D) and DRG (E) without surrounding dura. Used markers are indicated beneath panels (D) and (E).


Isolation of TG with surrounding dura, which is described in the Materials and Methods section, dramatically changed immune cell profiles (Figure 8A). Neu dominated the CD45+ cells (Figure 8A). In addition to Neu, the isolation of TG with dura led to an increase in other immune cells, especially monocytes (MO; Figure 8A). Interestingly, the isolation of TG with dura did not alter ganglion Mph and DC profiles (Figures 8B,C vs. Figures 7D,E). Thus, TG with dura had Ly6C−/CCR2+/CX3CR1+/MHCII+ Mph-2 and Ly6C−CCR2−/CX3CR1+/MHCII+ Mph-4 groups (Figures 8C). However, it appears that Mph with only Ly6C−CCR2−/CX3CR1+/MHCII− Mph-5 were more present in TG with dura compared with TG without dura (Figure 8C vs. Figure 7E). This finding indicates that Iba-1high/Cx3cr1low Mph are mainly in dura surrounding TG, but only a few in TG ganglia. Indeed, we counted a few of these Iba-1high/Cx3cr1low Mph-3 in WT male mouse TG. Overall, the flow cytometry study validated the scRNA-seq data on the diversity of Mph and Neu in TG and showed that Neu was mainly presented in the dura surrounding TG from naïve WT mice.
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FIGURE 8
Immune cell profiles in TG isolations with surrounding dura. (A) Flow cytometry count was normalized (by live cell numbers) immune cell counts. TG from naïve Ccr2RFP/Cx3cr1GFP reporter male mice was isolated with surrounding dura. Mph, macrophages; Neu, neutrophils; Mono, monocytes; DCs, dendritic cells; Eos, eosinophils; NK, natural killer cells; and T cells (n = 3–4). (B) Gating strategy to isolate a variety of macrophage types (Mph-1–Mph-5). Used markers are indicated at the y- and x-axis. (C) Normalized (by live cell numbers) cell counts for different macrophage types in TG with surrounding dura. Used markers are indicated below the x-axis.




Comparison between TG immune cells and immune cells from published databases

We further leveraged the vast knowledge base of mouse immune cell types in our analysis of the identities of TG immune cells. To do so, we have compared TG immune cell transcriptional profiles to two major scRNA-seq datasets, referred to as the Ydens (42) and the Van Hove datasets (19). These studies reported transcriptional profiles of immune cells in the nervous system and compared them to peripheral myeloid cells, especially Mph (19). TG Mph and Neu had none-to-very low [<0.1 prediction score (PS)] matches with plasmacytoid DCs (pDCs, Siglech+/Ccr9+/Pacsin1+), conventional DCs that have been subdivided into the cDC1 (Flt3+/Irf8hi/Xcr1+) and cDC2 (Flt3+/Irf8lo/Cd209+) subsets, and migratory DCs (migDCs; Ccr7+/Nudt17+) (43, 44, 19) (Supplementary Figure S1). As expected, Mph and Neu had also none-to-very low (<0.1 PS) similarities with the adaptive immune system cells, such as NK (NK1.1+/TCRβ−), NKT, T (CD3+), B (CD22+), and ILC cells (Supplementary Figure S1) (19).

Microglia, which was highly represented in the brain (19, 42), was distinct compared to TG Mph and Neu (Figure 9 and Table 2). TG Mph and Neu have also no match to both canonical and non-canonical monocytes (45). However, Neu-4 had substantial similarity to an intermediate monocyte/macrophage or monocyte/Neu populations [aka monocyte-derived cells (MdCs); Figure 9]. Moreover, unlike Neu-1, Neu-2, and Neu-3, Neu-4 did not exhibit transcriptional profiles of brain Neu (Figure 9). Neu-1, Neu-2, and Neu-3 belonged to the Neu-1 group, and poorly matched to the Neu-2 group (19) (Figure 9). However, the Neu-1 group was not divided into sub-groups as TG Neu (Figures 1A,B) (19).


[image: Figure 9]
FIGURE 9
Comparison of mouse TG immune cell types with datasets. Prediction scores of our data against the Van Hoven dataset. The y-axis is the prediction score (aka probability score). The x-axis shows immune cell types of our dataset. The Van Hoven dataset cell-type nomenclature above each panel. Boxplots define the median. CPhi-BAM is choroid plexus high border-associated macrophages; CPlo-BAM is choroid plexus low border-associated macrophages; CPepl-BAM is choroid plexus-specific border-associated macrophages; Dhi-BAM is dural high border-associated macrophages; Dlo-BAM is dural low border-associated macrophages; SD-BAM is sub-dural border-associated macrophages; MdC is monocyte-derived cells.



TABLE 2 Markers of sciatic nerve macrophages in TG immune cells.

[image: Table 2]

Mph in the brain tissues were differentiated from microglia based on a high expression of prototypical Mph genes, such as Adgre1 (aka F4/80) and Fcgr1 (aka CD64) (19, 42). Mph in the central nervous system (CNS) were detected in the whole-brain samples and especially border regions, such as the dura mater, choroid plexus (CP), and sub-dura meninges (19). These Mph in CNS are called BAMs (46). Transcriptional profiles and morphology of BAMs are drastically different from peritoneal and alveolar Mph and Kupffer cells (19, 42). Thus, TG Mphs have a similar shape to BAMs [Figure 1A vs. Figure 4A from (19)]. Transcriptional profiles of immune cells from distinct border regions revealed six major BAM subsets (19). The comparison of TG Mph with these BAM subsets showed that the Mph-1 group has the highest match to CP-low BAMs (CPlo-BAMs); Mph-2 is similar to CP-high BAMs (CPhi-BAMs), while Mph-3 is distinct and has <0.5 PS to the reported BAMs (19) (Figure 9). TG Mph had minimal similarities with two dural BAMs (i.e., Dlo-BAMs and Dhi-BAMs), sub-dura BAMs (SD-BAMs), and small CP group (CPepi-BAMs) (19) (Figure 9). Moreover, the analysis of gene marker expressions showed that TG Mph was also different from sciatic Mph (Table 2), which were presented as a distinct group (42).

In summary, multiple independent repetitions of scRNA-seq studies positively contribute to the generation of accurate single-cell profiles for tissues at naïve and pathological conditions. Accordingly, we performed two different non-neuronal cell isolations and two separate replicates (reported separately in Figures 1, 3, 4) of scRNA-seq to generate transcriptional profiles for non-neuronal TG cells. Then, based on marker expression profiles, we integrated previously published and our data to generate a schematic depicted in Figure 10. One of the distinct findings of the presented study is the identification of multiple Mph and Neu in TG samples. Some of them match to reported BAMs from the CP, but some of them are distinct for TG.


[image: Figure 10]
FIGURE 10
Schematic for representation of non-neuronal cells in TG. This schematic summarizes published and generated here data. Satellite glial cells (SGC) are represented by four different subtypes. SchC—Schwann cells are represented by two subtypes: unmyelinated (UnM) and myelinated (Myel). Sm Musc—vascular smooth muscle cells. Endo—vascular endothelial cells. Fibro—fibroblasts are divided into two sub-groups, i.e., Fibro-1 and Fibro-2. Mph—macrophages are divided into three sub-groups: Mph-1, Mph-2, and Mph-3. Neu—neutrophils are divided into four sub-groups: Neu-1, Neu-2, Neu-3, and Neu-4. Gene markers for each TG non-neuronal cell type are indicated underneath the bars with the same color theme as the bars.





Discussion

The plasticity of non-neuronal cells in TG and DRG during a variety of acute and chronic pain conditions was reported in multiple publications. It was suggested that this plasticity of glial (1–4) and immune cells (5–8) has essential contributions to the progression of pain in many diseased states. It is presumed that transcriptional changes in sensory ganglion non-neuronal cells could eventually lead to the production of a plethora of mediators. It has been shown that these mediators can sensitize sensory neurons (5, 2, 3) via direct contact of non-neuronal cells with sensory neurons (28) and/or by regulating a plethora of neuronal channels, which could result in a change in neuronal excitability and gating properties (7, 9, 4).

This essential role of non-neuronal ganglion cells in the regulation of sensory neuronal excitability and the development of pain conditions elevated information on transcriptional profiles for non-neuronal sensory ganglion cells to a critically important level. Such knowledge could be used to study the interactomic network between sensory neurons and non-neuronal cells (10). This dataset could also be a baseline in the investigation of TG non-neuronal cell plasticity in different pain models for the head and neck regions. RNA-seq on the single-cell level was employed in several publications to gain this important information and knowledge on transcriptional profiling of non-neuronal cells in mouse TG (13, 32, 14, 15). The results of these independent studies have substantial overlap but show some differences. These differences are unavoidable and could be dictated by nucleus/cell isolation approaches, the number of sequenced cells, sequencing depth, and clustering analysis (11–13, 32, 14). Thus, multiple independent repetitions of scRNA-seq positively contribute to the generation of accurate single-cell profiles for tissues at naïve and pathological conditions. Accordingly, we integrated previously published and our data (Figure 9).

There are several types of glial cells in TG (Figure 1). Schwann cells could be assigned to one of two categories, i.e., myelinated and non-myelinated (14, 15). SCG could also be divided into four subsets, i.e., general resident, sensory, IEG, and immune responsive (32). Fabp7 is the specific marker for all SGC sub-groups and Mpz for all Schwann cell sub-groups. Suggested Apoe as an SGC marker is expressed at high levels in Mph (Table 1) (14, 15). Plp1 is also not suitable as an SGC marker, because it is present at an equal level in Schwann cells and SGC (Table 1) (28, 29). Moreover, low-to-moderate levels of expression of glial markers have been reported in sensory neurons (31, 13, 14). Overall, we could not find viable markers to generate SGC or Schwann cell-specific reporter mice that could be used for activation, inhibitions, and ablations of these glial cell types.

Previous reports showed that among the TG non-neuronal cells, there were small numbers of vascular smooth muscle, endothelial cells, and two types of fibroblasts (14, 15) (Figure 1). Our scRNA-seq data concur with this finding (Figure 1). We suggest Apod as a gene marker for one group of fibroblasts and Comp for another group (Figure 1 and Table 1). Dcn could be another good marker choice for the Fibro-1 group, since Apod is expressed on substantial levels in sensory neurons (31, 13, 14). However, Mgp as a proposed marker for Fibro-2 is presented on significant levels in other TG non-neuronal cells (Table 1). In addition, it appears that the most appropriate marker to manipulate all fibroblasts is Col1a2. Our IHC data have shown that fibroblasts are among the sensory neuronal cell bodies in TG and nerve fibers.

The importance of sensory ganglion immune cells in the regulation of the development of pain conditions is well documented in many reports (see Introduction section). ScRNA and snRNA-seq showed only one immune cell cluster in TG (13–15). Interestingly, DRG contained Mph, Neu, and B cell clusters (12). Our data indicate that there are at least seven immune cell clusters in TG (Figure 10 and Table 1). IHC and flow cytometry confirmed the presence of three types of residential Mph (Cd64+) in TG, which could be recognized by preferential expression of Cd163, Ccr2, and Iba1 markers (Figures 4, 5 and Table 1) and separated by flow cytometry (Figures 7E, 8C). Interestingly, Cd163 is a marker for M2 Mph. Moreover, two recognized M2 markers, i.e., Cd206/Mrc1 and Il10rb, are also expressed on Mph-1 (see the Supplementary Material). Further analysis using the label transfer method demonstrated that Mph-1 is similar to CPlo-BAMs. Mph-2 has the highest prediction score with CPhi BAMs, while Mph-3 is distinct (19). Flow cytometry data indicate that Mph-3 (Iba1hi/Cx3cr1lo) is mainly present in the dura surrounding TG. TG Mph are quite dissimilar to the dura, the sub-dura, a CP group CPepi BAMs, and the microglia. The gating strategy described here is different from the one used for the isolation of BAMs from the CP, dura, and sub-dura. Thus, we have relied on the differential expression of MHCII, Ly6C, Ccr2, and Cx3cr1 (Figure 7), while Van Hove et al. used differential expression (low, intermediate, high) of P2r7, Clec12a, Folr2, and Nrp1 to separate the BAM subsets (19).

scRNA-seq data clustering revealed four types of Neu (s100a8+), which are either Ly6G+ or Ly6G−. Surprisingly, s100a8 antibodies, which were used in multiple publications to label Neu in several tissues, did not show a strong signal within naïve mouse TG. Neu were mainly located in the perineuronal/dura sheath surrounding DRG but infiltrated DRG during myalgia (41). Similarly, flow cytometry revealed plenty of Neu in TG isolation with surrounding dura (Figure 8A). Ly6G+ Neu were clustered into two groups, but we could not find specific markers distinguishing the Neu-2 sub-type from the Neu-3 sub-type (Table 1). Ly6G− Neu could be readily differentiated into two groups using Csf3r or Cxcr4 for Neu-1 and Elane, Mpo, or Pycard for Neu-4 (Figure 4, Table 1). The label transfer analysis showed that Neu-1, Neu-2, and Neu-3 were similar to the brain Neu-1 group, whereas Neu-4 had a resemblance to monocyte-derived cells.

In conclusion, comprehensive transcriptional profile data of TG non-neuronal and especially immune cells generated by our and several independent studies establish a foundation for detailed studies on the regulation of a variety of pain conditions by these cell sub-types. The detailed transcriptional profiles for each group of cells and independent replicates generated in this study are provided as Supplementary Material. Thus, as outlined here, information could allow monitoring of the plasticity of different types of TG myeloid cells, which are unique in their transcriptional profiles and belong to the BAM and Neu classes; generating novel tools (mouse lines) for selective manipulations of particular sub-types on TG non-neuronal and immune cells; and evaluating of cell plasticity during pain conditions. This, in turn, could address understudied areas of pain research by building the molecular basis for the mechanisms controlling the chronicity of a variety of pain conditions for the head and neck regions.



Data availability statement

Single-cell RNA-seq data has been deposited and has GEO Accession GSE240432. Supplementary excel files show the mean gene readings for each cluster. Supplementary files are “Non-neuronal TG clusters (1st run, rev).xlsx” and “Non-neuronal TG clusters (2nd run, rev).xlsx”.



Ethics statement

The animal study was approved by the Institutional Animal Care and Use Committee (IACUC). The protocol numbers are 20190114AR and 20220069AR. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

JM: Formal analysis, Investigation, Methodology, Validation, Writing – Review & editing. SS: Formal analysis, Investigation, Methodology, Validation, Visualization, Writing – Review & editing. MM: Formal analysis, Investigation, Methodology, Validation, Software. AH: Formal analysis, Investigation, Methodology, Validation, Visualization, Writing – Review & editing. KW: Formal analysis, Investigation, Methodology. YZ: Data curation, Formal analysis, Software, Validation, Writing – Review & editing. ZL: Conceptualization, Data curation, Formal analysis, Resources, Software, Supervision, Validation, Writing – Review & editing. Y-FJ: Conceptualization, Formal analysis, Software, Supervision, Validation, Writing – Review & editing. SR: Conceptualization, Data curation, Funding acquisition, Project administration, Resources, Writing – Review & editing. AT: Conceptualization, Data curation, Funding acquisition, Project administration, Resources, Supervision, Writing – Review & editing. AA: Conceptualization, Data curation, Funding acquisition, Project administration, Resources, Supervision, Validation, Writing – Original draft, Writing – Review & editing.



Funding

The authors declare financial support was received for the research, authorship, and/or publication of this article.

This research work was supported by the National Science Foundation, NSF 2051113 (to YJ) and UTHSCSA/UTSA Cancer Moonshot Pilot Awards (to YJ), HEAL Initiative (https://heal.nih.gov/) NIDCR/NIH DE029187 (to AT, SR, and AA), and the National Institute of Arthritis and Musculoskeletal and Skin Diseases of the National Institutes of Health (NIH/NIAMS) through the NIH HEAL Initiative the Restoring Joint Health and Function to Reduce Pain (RE-JOIN) Consortium UC2 AR082195 (to AA).



Acknowledgments

We would like to thank Mrs. Dawn Garcia for her assistance in the performance of the single-cell RNA-seq experiments. RNA-seq experiments were conducted in the genome sequencing facility (GSF) in the Greehey Children’s Cancer Research Institute (GCCRI) of UTHSCSA. The GSF facility has been constructed in part with the support from UT Health San Antonio, NIH/NCI P30 CA054174 (Cancer Center at UT Health San Antonio), NIGMS/NIH S10 Shared Instrumentation Grant Program (SIG) (S10OD021805-01 to ZL), and Cancer Prevention Research Institute of Texas (CPRIT) Core Facility Award (RP160732). The Flow Cytometry Shared Resource at UT Health San Antonio was supported by a grant from the National Cancer Institute to the Mays Cancer Center (P30CA054174), a grant from the Cancer Prevention and Research Institute of Texas (CPRIT) (RP210126), a grant from the National Institutes of Health (S10OD030432), and the Office of the Vice President for Research at UT Health San Antonio.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpain.2023.1274811/full#supplementary-material

Supplementary Figure S1

Comparison of mouse TG immune cell types with datasets. Prediction scores of our data against the Van Hoven dataset. Y-axis is prediction score (aka Probability Score). X-axis shows immune cell types of our dataset. The Van Hoven dataset cell type nomenclature above each panel. Boxplots define the median. cDC-1 is conventional dendritic cells type-1; cDC-2 is dendritic cells type-2; pDC-1 is plasmacytoid dendritic cells; migDC is migratory dendritic cells; NK cells is natural killer cells; NKT cells is natural killer T cells; ILC is innate lymphoid cells.



References

1. Huang LY, Gu Y, Chen Y. Communication between neuronal somata and satellite glial cells in sensory ganglia. Glia. (2013) 61:1571–81. doi: 10.1002/glia.22541

2. Donnelly CR, Andriessen AS, Chen G, Wang K, Jiang C, Maixner W, et al. Central nervous system targets: glial cell mechanisms in chronic pain. Neurotherapeutics. (2020) 17:846–60. doi: 10.1007/s13311-020-00905-7

3. Gazerani P. Satellite glial cells in pain research: a targeted viewpoint of potential and future directions. Front Pain Res (Lausanne). (2021) 2:646068. doi: 10.3389/fpain.2021.646068

4. Mcginnis A, Ji RR. The similar and distinct roles of satellite glial cells and spinal astrocytes in neuropathic pain. Cells. (2023) 12. doi: 10.3390/cells12060965

5. Ji RR, Chamessian A, Zhang YQ. Pain regulation by non-neuronal cells and inflammation. Science. (2016) 354:572–7. doi: 10.1126/science.aaf8924

6. Yu X, Liu H, Hamel KA, Morvan MG, Yu S, Leff J, et al. Dorsal root ganglion macrophages contribute to both the initiation and persistence of neuropathic pain. Nat Commun. (2020) 11:264. doi: 10.1038/s41467-019-13839-2

7. Domoto R, Sekiguchi F, Tsubota M, Kawabata A. Macrophage as a peripheral pain regulator. Cells. (2021) 10. doi: 10.3390/cells10081881

8. Lesnak JB, Berardi G, Sluka KA. Influence of routine exercise on the peripheral immune system to prevent and alleviate pain. Neurobiol Pain. (2023) 13:100126. doi: 10.1016/j.ynpai.2023.100126

9. Haberberger RV, Kuramatilake J, Barry CM, Matusica D. Ultrastructure of dorsal root ganglia. Cell Tissue Res. (2023) 393(1):17–36. doi: 10.1007/s00441-023-03770-w

10. Wangzhou A, Paige C, Neerukonda SV, Naik DK, Kume M, David ET, et al. A ligand–receptor interactome platform for discovery of pain mechanisms and therapeutic targets. Sci Signal. (2021) 14. doi: 10.1126/scisignal.abe1648

11. Drokhlyansky E, Smillie CS, Van Wittenberghe N, Ericsson M, Griffin GK, Eraslan G, et al. The human and mouse enteric nervous system at single-cell resolution. Cell. (2020) 182:1606–22.e23. doi: 10.1016/j.cell.2020.08.003

12. Renthal W, Tochitsky I, Yang L, Cheng YC, Li E, Kawaguchi R, et al. Transcriptional reprogramming of distinct peripheral sensory neuron subtypes after axonal injury. Neuron. (2020) 108:128–44.e9. doi: 10.1016/j.neuron.2020.07.026

13. Sharma N, Flaherty K, Lezgiyeva K, Wagner DE, Klein AM, Ginty DD. The emergence of transcriptional identity in somatosensory neurons. Nature. (2020) 577:392–8. doi: 10.1038/s41586-019-1900-1

14. Yang L, Xu M, Bhuiyan SA, Li J, Zhao J, Cohrs RJ, et al. Human and mouse trigeminal ganglia cell atlas implicates multiple cell types in migraine. Neuron. (2022) 110:1806–21.e08. doi: 10.1016/j.neuron.2022.03.003

15. Chu Y, Jia S, Xu K, Liu Q, Mai L, Liu J, et al. Single-cell transcriptomic profile of satellite glial cells in trigeminal ganglion. Front Mol Neurosci. (2023) 16:1117065. doi: 10.3389/fnmol.2023.1117065

16. Mecklenburg J, Zou Y, Wangzhou A, Garcia D, Lai Z, Tumanov AV, et al. Transcriptomic sex differences in sensory neuronal populations of mice. Sci Rep. (2020) 10:15278. doi: 10.1038/s41598-020-72285-z

17. Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM, et al. Comprehensive integration of single-cell data. Cell. (2019) 177:1888–902.e21. doi: 10.1016/j.cell.2019.05.031

18. Kupari J, Usoskin D, Parisien M, Lou D, Hu Y, Fatt M, et al. Single cell transcriptomics of primate sensory neurons identifies cell types associated with chronic pain. Nat Commun. (2021) 12:1510. doi: 10.1038/s41467-021-21725-z

19. Van Hove H, Martens L, Scheyltjens I, De Vlaminck K, Pombo Antunes AR, De Prijck S, et al. A single-cell atlas of mouse brain macrophages reveals unique transcriptional identities shaped by ontogeny and tissue environment. Nat Neurosci. (2019) 22:1021–35. doi: 10.1038/s41593-019-0393-4

20. Brain Immune Atlas (2023). Available at: https://www.brainimmuneatlas.org/. (Accessed September 25, 2023).

21. Lindquist KA, Belugin S, Hovhannisyan AH, Corey TM, Salmon A, Akopian AN. Identification of trigeminal sensory neuronal types innervating masseter muscle. eNeuro. (2021) 8. doi: 10.1523/ENEURO.0176-21.2021

22. Feng Q, Chen CLP, Liu L. A review of convex clustering from multiple perspectives: models, optimizations, statistical properties, applications, and connections. IEEE Trans Neural Netw Learn Syst PP. (2023) 1–21. doi: 10.1109/TNNLS.2023.3276393

23. Dhapola P, Rodhe J, Olofzon R, Bonald T, Erlandsson E, Soneji S, et al. Scarf enables a highly memory-efficient analysis of large-scale single-cell genomics data. Nat Commun. (2022) 13:4616. doi: 10.1038/s41467-022-32097-3

24. Kim AY, Tang Z, Liu Q, Patel KN, Maag D, Geng Y, et al. Pirt, a phosphoinositide-binding protein, functions as a regulatory subunit of TRPV1. Cell. (2008) 133:475–85. doi: 10.1016/j.cell.2008.02.053

25. Gao X, Han S, Huang Q, He SQ, Ford NC, Zheng Q, et al. Calcium imaging in population of dorsal root ganglion neurons unravels novel mechanisms of visceral pain sensitization and referred somatic hypersensitivity. Pain. (2021) 162:1068–81. doi: 10.1097/j.pain.0000000000002096

26. Tonello R, Silveira Prudente A, Hoon Lee S, Faith Cohen C, Xie W, Paranjpe A, et al. Single-cell analysis of dorsal root ganglia reveals metalloproteinase signaling in satellite glial cells and pain. Brain Behav Immun. (2023) 113:401–14. doi: 10.1016/j.bbi.2023.08.005

27. Avraham O, Deng PY, Jones S, Kuruvilla R, Semenkovich CF, Klyachko VA, et al. Satellite glial cells promote regenerative growth in sensory neurons. Nat Commun. (2020) 11:4891. doi: 10.1038/s41467-020-18642-y

28. Kim YS, Anderson M, Park K, Zheng Q, Agarwal A, Gong C, et al. Coupled activation of primary sensory neurons contributes to chronic pain. Neuron. (2016) 91:1085–96. doi: 10.1016/j.neuron.2016.07.044

29. Kim D, An H, Fan C, Park Y. Identifying oligodendrocyte enhancers governing Plp1 expression. Hum Mol Genet. (2021) 30:2225–39. doi: 10.1093/hmg/ddab184

30. Elbaz B, Yang L, Vardy M, Isaac S, Rader BL, Kawaguchi R, et al. Sensory neurons display cell-type-specific vulnerability to loss of neuron–glia interactions. Cell Rep. (2022) 40:111130. doi: 10.1016/j.celrep.2022.111130

31. Usoskin D, Furlan A, Islam S, Abdo H, Lonnerberg P, Lou D, et al. Unbiased classification of sensory neuron types by large-scale single-cell RNA sequencing. Nat Neurosci. (2015) 18:145–53. doi: 10.1038/nn.3881

32. Mapps AA, Thomsen MB, Boehm E, Zhao H, Hattar S, Kuruvilla R. Diversity of satellite glia in sympathetic and sensory ganglia. Cell Rep. (2022) 38:110328. doi: 10.1016/j.celrep.2022.110328

33. Landis RC, Quimby KR, Greenidge AR. M1/M2 macrophages in diabetic nephropathy: Nrf2/HO-1 as therapeutic targets. Curr Pharm Des. (2018) 24:2241-9. doi: 10.2174/1381612824666180716163845

34. Cutolo M, Campitiello R, Gotelli E, Soldano S. The role of M1/M2 macrophage polarization in rheumatoid arthritis synovitis. Front Immunol. (2022) 13:867260. doi: 10.3389/fimmu.2022.867260

35. Foell D, Wittkowski H, Roth J. Monitoring disease activity by stool analyses: from occult blood to molecular markers of intestinal inflammation and damage. Gut. (2009) 58:859-68. doi: 10.1136/gut.2008.170019

36. Di Ceglie I, Ascone G, Cremers NaJ, Sloetjes AW, Walgreen B, Vogl T, et al. Fcgamma receptor-mediated influx of S100A8/A9-producing neutrophils as inducer of bone erosion during antigen-induced arthritis. Arthritis Res Ther. (2018) 20:80. doi: 10.1186/s13075-018-1584-1

37. Latremoliere A, Latini A, Andrews N, Cronin SJ, Fujita M, Gorska K, et al. Reduction of neuropathic and inflammatory pain through inhibition of the tetrahydrobiopterin pathway. Neuron. (2015) 86:1393-406. doi: 10.1016/j.neuron.2015.05.033

38. Guan Z, Kuhn JA, Wang X, Colquitt B, Solorzano C, Vaman S, et al. Injured sensory neuron–derived CSF1 induces microglial proliferation and DAP12-dependent pain. Nat Neurosci. (2016) 19:94–101. doi: 10.1038/nn.4189

39. Woolf Z, Swanson MEV, Smyth LC, Mee EW, Schweder P, Heppner P, et al. Single-cell image analysis reveals a protective role for microglia in glioblastoma. Neurooncol Adv. (2021) 3:vdab031. doi: 10.1093/noajnl/vdab031

40. Yu X, Basbaum A, Guan Z. Contribution of colony-stimulating factor 1 to neuropathic pain. Pain Rep. (2021) 6:e883. doi: 10.1097/PR9.0000000000000883

41. Caxaria S, Bharde S, Fuller AM, Evans R, Thomas B, Celik P, et al. Neutrophils infiltrate sensory ganglia and mediate chronic widespread pain in fibromyalgia. Proc Natl Acad Sci U S A. (2023) 120:e2211631120. doi: 10.1073/pnas.2211631120

42. Ydens E, Amann L, Asselbergh B, Scott CL, Martens L, Sichien D, et al. Profiling peripheral nerve macrophages reveals two macrophage subsets with distinct localization, transcriptome and response to injury. Nat Neurosci. (2020) 23:676–89. doi: 10.1038/s41593-020-0618-6

43. Miller JC, Brown BD, Shay T, Gautier EL, Jojic V, Cohain A, et al. Deciphering the transcriptional network of the dendritic cell lineage. Nat Immunol. (2012) 13:888–99. doi: 10.1038/ni.2370

44. Guilliams M, Dutertre CA, Scott CL, Mcgovern N, Sichien D, Chakarov S, et al. Unsupervised high-dimensional analysis aligns dendritic cells across tissues and Species. Immunity. (2016) 45:669–84. doi: 10.1016/j.immuni.2016.08.015

45. Mildner A, Schonheit J, Giladi A, David E, Lara-Astiaso D, Lorenzo-Vivas E, et al. Genomic characterization of murine monocytes reveals C/EBPbeta transcription factor dependence of Ly6C(–) cells. Immunity. (2017) 46:849–62.e7. doi: 10.1016/j.immuni.2017.04.018

46. Mrdjen D, Pavlovic A, Hartmann FJ, Schreiner B, Utz SG, Leung BP, et al. High-dimensional single-cell mapping of central nervous system immune cells reveals distinct myeloid subsets in health, aging, and disease. Immunity. (2018) 48:599. doi: 10.1016/j.immuni.2018.02.014



OPS/images/fpain-04-1274811-g010.jpg
Sm Musc Endo Fibro-2 Mph-3 Neu-3 Neu-4

1-4types Uni MySN,

Fabp7  Mpz Apod | cates  cerz | Csfrixcra Ly6GiNgp |
Comp Ccl9/lbat Elane/Mpo

Tagin Pecam1





OPS/images/fpain-04-1274811-g002.jpg
all Singlets Singlets Live

CD64- NK1.1-CD3-

£ = w: §o EosC]
H |o
3 : jor— 9
| L g 3 )
| L=l -3
4| xo Bl ‘ \v NSID
CW CO! C"’"’D‘ co1e.

14 b
I 10 ! = ;
£ i
3 nl; i,
S ol IR}

7
NIRRT






OPS/images/fpain-04-1274811-g003.jpg
Mpz Plp1 Fabp7 Picam1

& &
8
Tagin Apod Dcn Comp i
’ v %y bt
Cd163 Ccr2 Aif1 Cxcr2
%
; %
i
Ngp Camp Elane Mpo
[ : B Rl %
g, 3





OPS/images/fpain-04-1274811-g001.jpg
BNeu (Ly6G+)
msGe

W Sch cells
®EMph

®Fibro
ENeu/Mo (Ly6G-)
8 Neurons

# Smooth Mus
®Endo cells

=Glia
ph-1(Cd163)
ph-2 (Ccr2)
ibro-1 (Dcn)
eu-3 (Cxcr2)
Neu-1 (Ly6G+)
®Mph-3 (Iba1)
Neu-2 (Ly6G+)
leu-4/Mo (Ly6G-)
ibro-2 (Comp)
®Endo cells






OPS/images/fpain-04-1274811-g006.jpg
o
=3
<

S3Unod [|I°)

8 200

Cell types





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Transcriptional profiles of non-neuronal and immune cells in mouse trigeminal ganglia

		Introduction



		Materials and methods



		Ethical approval and mouse lines



		TG isolation and single-cell preparation



		scRNA-seq procedures, clustering, visualization, and annotation



		Comparisons of TG immune cell transcriptional profiles with published datasets



		Flow cytometry



		Immunohistochemistry



		Statistical analysis











		Results



		scRNA-seq of TG non-neuronal cells



		Glial cells in TG



		Fibroblasts, smooth muscle cells, and endothelial cells in TG



		Immune cells in TG



		Visualizations of non-neuronal cells in TG by IHC



		Detection of TG immune cells by flow cytometry



		Comparison between TG immune cells and immune cells from published databases











		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		References



















OPS/images/cover.jpg
' frontiers ‘ Frontiers in Pain Research

Transcriptional profiles of
non-neuronal and immune cells
in mouse trigeminal ganglia





OPS/images/fpain-04-1274811-g007.jpg
A TG B so DRG
5 00 « 4000
2 2
5 H
3 4000 3 3000
o o
= L = 2000
3 ; 3
400 . 1000
2°"H‘@—|Fﬁrﬁ_,ﬁﬁri. ﬁr’mﬂ. e O e
RIS IPCI ] RO I I I
& & & & & F ¥ S R & & &7 & NN
W F& ¢ <& of AR N PR
Cell types Cell types
(o] D E
TG DRG
» . 2500
T i p o + 1500 [}
o O et L e E £ 2000
8 | B 0 1000 3 1500
o @ i o . S
TR = = 1000
cotl @ 500 =
o » & 500
Gated on ccrziyec. o
i (@) CR2 + + + - - CR2 + + + - -
LR yec + - - - - yec  + - - -
RO L MHCI  + o+ 4+ -
CX3CRY, CX3CR1 + + - + + CX3CR1 + + - + +





OPS/images/fpain-04-1274811-g004.jpg
Fabp7 Picam1

- Log2
Exp
8
Tagln Apod Dcn Comp
Loy, % o, % % A L
S, S,
Cd163 Ccr2 Aif1 Cxcr2

Mpo






OPS/images/fpain-04-1274811-g005.jpg
Cx3cri/Gor2/ibal =~
A \‘."(:-.* ¥ k

Cx3cr1 S$100a8 ym
B

go,ITEZ.,,“,I, - NFH/Colfa2






OPS/images/fpain-04-1274811-g008.jpg
000+

E—‘q s BPETI

A [ X)
@ 20000
-
c
g 15000 .
(%]
= 100004
[}
O
5000 .
0 T T T
> N (] 2 &
O
€ F F <
Cell types
B
Gated on CD45+  Gated on CD64+CD11b+ Gated on CCR2+Ly6C-
| == 10°]
2" aa"’ftE_g 5|
Q o' Ot Mph-1| I io*y
| S| Mph3 Mph-2
ol € ‘ PRI A o
At | —
o 10° 10° o 10 10%10 o 10 10° 10°
cD11b Lyé6C X3CR1
Gatgd on CCR2-Ly6C-

5 o
CX3CR1

&
3

C

2000

1500

1000
500

Cell counts

0
CCR2 +
Ly6C +
MHCII +
CX3CR1 +





OPS/images/fpain-04-1274811-g009.jpg
& CP"-BAM & CP°-BAM
G 10 510
O 0.8 N o 08
D os | D o6
Bos B o4 y N
5 02 $&‘& 202 &b !
® 00 ® 00 L e —— ——
= Mph-1 Mph-2 Mph-3 Neu-1 Neu-2 Neu-3 Neud o Mph-1 Mph-2 Mph-3 Neu-1 Neu-2 Neu-3 Neud
CPe-BAM o Microglia
2 505
] l o
9006 S 0.4
(2]
Poos | 5
8 :
=0.02 =
5 Soq | ? * =
©0.00 4 A Doo| 1 b 1 f
o Mph-1 Mph-2 Mph:3 Neu1 Neu2 Neu3 Neu-d o Mph-1 Mph-2 Mph-3 Neu-1 Neu-2 Neu3 Neud
D"-BAM o D°-BAM
‘o- 08
S |
» 0.6 “‘
° 04 | i
oz ‘\ -~ - <
2, | !
Mph-1 Mph-2 Mph-3 Neu1 Neu2 Neu-3 Neu-d o Mph-1 Mph-2 Mph-3 Neu-1 Neu-2 Neu3 Neud
SD-BAM . Mdc
02
2
034
3
, A=
| Bz
A= 3]
Mph-1 Mph2 Mph3 Neu-1 Neu2 Neu3 Neusd Eg— . . . . R
Mph-1 Mph-2 Mph-3 Neu-1 Neu-2 Neu3 Neud
Neutrophil-1 Neutrophil-2
0t 02
034 034
o o
5 LER
Bz Bz
T o T
2 Fall
CER y : SRR ==
Mph-t  Mph2 Mph3 Neud Neu2 Neu3 Neud Mph1 Mph2 Mph3 Neu-! Neu2 Neu3d Neud






OPS/images/fpain-04-1274811-t001.jpg
SchC, Schwann cells; SGC, satellite glial cells; Mus, smooth muscle: Endo, endothelial cells; Fibro-1, Apod*/Den™" fibroblasts; Fibro-2, Comp*/Mgp"s" fibroblasts: Mpht,
CD163"9" macrophages (Mph); Mph2, Cx3crl* Mph; Mph3, Aif1"9" Mph; Neu-1, Cxcr2™9"/Cxcr4* neutrophils (Neu): Neu-2, Ly6G* Neu; Neu-3, Ly6G* Neu; Neu4, Mpo*/
Elane™9"/Ly6G™ Neu.

- O S W ey -





OPS/images/fpain-04-1274811-t002.jpg
Cd12 61385 | 49514 | 2.4820 N -

Cx3erl 3.5415 25622 -
Ferls 7.0536 | 36958 | 52903 B -

Gas6 17846 - 19584 - Fibro-2
Gprad 14193 -
Mef2C 33218 | 21234 - - Endo

Cd36 - - = " -

= 11288 = =
Clecsn 1.0388 - 1.1084 - -

Cxd2 23639 | 97906 | 36.2917 | Neu2, -
Neu-4

Foxred2 - - - - -
Fxyd2 - - - - -
H2-Aa 38.1446 | 519887 | 23.7860 | Neud Endo
H2-Abl 41.0393 | 53.8268 | 23.1944 Neu-4 Endo
IL18rap B B B = =
IL1r1 i = e " el

Selm - - - - Glia, Fibro-1,
Fibro-2

Slamf7 = - = < =
‘Thap6 NA NA NA NA NA

Grpse/Adgrgl | - - = = =
H2-Oa - - - - -
Kendl - - - - -

Scl24a3 NA NA NA NA NA
Scl2as NA NA NA NA NA

Tmem119 - - - - -

The blue font for gene ID shows the genes specific for both microglial and sciatic
macrophages; the brown font for gene ID shows the genes specific for sciatic
macrophages; the green font for gene ID shows the genes specific for microglia
the - sign means an expression below 1; NA marks non-sequenced genes; the
Cithers: coltime shows the sxprsssan of genes i gther non-nsuronal TG cale









OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
2 frontiers | Frontiers in Pain Research





