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SUMMARY

Sensitization of trigeminal ganglion neurons contributes to primary headache disorders such 

as migraine, but the specific neuronal and non-neuronal trigeminal subtypes that are involved 

remain unclear. We thus developed a cell atlas in which human and mouse trigeminal ganglia 

are transcriptionally and epigenomically profiled at single-cell resolution. These data describe 

evolutionarily conserved and human-specific gene expression patterns within each trigeminal 

ganglion cell type, as well as the transcription factors and gene regulatory elements that contribute 

to cell-type-specific gene expression. We then leveraged these data to identify trigeminal ganglion 

cell types that are implicated both by human genetic variation associated with migraine and two 

mouse models of headache. This trigeminal ganglion cell atlas improves our understanding of the 
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cell types, genes, and epigenomic features involved in headache pathophysiology and establishes 

a rich resource of cell-type-specific molecular features to guide the development of more selective 

treatments for headache and facial pain.

eTOC

Trigeminal ganglion neurons are activated in migraine and related headache disorders. Yang et 

al. developed a cell atlas in which human and mouse trigeminal ganglia are transcriptionally 

and epigenomically profiled at single-cell resolution. These data provide a rich resource for 

understanding the cell types and genetic mechanisms underlying migraine susceptibility and for 

developing novel analgesics.

INTRODUCTION

Headache disorders such as migraine are among the leading causes of morbidity worldwide 

and are estimated to cost the US economy at least $20 billion annually in lost productivity 

(Steiner et al., 2020; Stewart et al., 2003). Despite recent advances (Charles and Pozo-

Rosich, 2019), current headache treatments provide only partial relief to most patients 

(Goadsby et al., 2017; Loder and Renthal, 2019; Tfelt-Hansen and Loder, 2019). Migraine 

and related headache disorders involve the activation of peripheral sensory neurons whose 

cell bodies reside in the trigeminal ganglion (TG) (Akerman et al., 2011; Pietrobon and 

Moskowitz, 2013), a complex structure comprised of multiple neuronal and non-neuronal 

cell types (Goto et al., 2016). Improved understanding of the cell types and molecules 

expressed in distinct TG cell types, especially within human trigeminal nociceptors, could 

both help understand the complex genetic mechanisms underlying migraine susceptibility 

(Sutherland et al., 2019) and guide the development of novel headache and facial pain 

treatments.

Recent advances in single-cell transcriptomics have enabled the molecular characterization 

of mouse TG neurons, which in most cases correspond to previously described functional 

classifications (Nguyen et al., 2017; Sharma et al., 2020; von Buchholtz et al., 2021; von 

Buchholtz et al., 2020). For example, unique transcriptional profiles have been observed for 

distinct mouse dorsal root ganglion (DRG) and TG neuronal subtypes such as peptidergic 

and non-peptidergic nociceptors, Aβ low-threshold mechanoreceptors (LTMR) subtypes, Aδ 
LTMRs, C-fiber LTMRs (cLTMRs), and Sst+/Nppb+ pruriceptors (SST) (Nguyen et al., 

2019; Sharma et al., 2020; Usoskin et al., 2015; von Buchholtz et al., 2021). Transcriptional 

profiles of non-neuronal TG cell types have yet to be characterized at single-cell resolution. 

It also remains unclear which TG cell types and molecules are evolutionarily conserved 

in human TG or are human-specific, how these cell-type-specific gene expression patterns 

are established epigenomically, and which of these TG cell types contribute to migraine 

susceptibility. These questions can be addressed by integrating single-cell transcriptomic 

and epigenomic analyses of mouse and human tissues to characterize cell-type-specific 

gene expression patterns, the putative gene regulatory elements (e.g. gene enhancers) and 

transcription factors (TFs) that establish these patterns, and the cell types in which disease-

associated human genetic variation is likely to act (Cao et al., 2018; Cusanovich et al., 

2018a; Cusanovich et al., 2018b; Lake et al., 2018; Ma et al., 2020).
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Here, we present a transcriptional and epigenomic cell atlas of the mouse and human 

TG. We examine the range of evolutionarily conserved cell types and molecules, as well 

as species- and sex-specific features. Using single-nucleus epigenomics, we map putative 

gene regulatory elements that are likely to drive cell-type-specific gene expression within 

each TG cell type and leverage these epigenomic data to interpret the TG neuronal and 

non-neuronal cell types that may be affected by human genetic variation associated with 

migraine susceptibility. Finally, we identify the TG cell types that are engaged in two 

mouse headache models. These data provide a rich resource (available at tg.painseq.com) of 

cell-type-specific gene expression and epigenomic regulation in human and murine TG and 

improve our understanding of the cell types involved in headache disorders.

RESULTS

Neuronal enrichment of human and mouse TG nuclei for single-nucleus RNA sequencing

A technical challenge in characterizing TG neuronal subtypes is that there are many more 

non-neuronal cells in the TG than neurons (LaGuardia et al., 2000). This problem is 

further exaggerated in human tissue, where there can be significant variability in tissue 

procurement. To develop a method that enriches for neuronal nuclei while still sampling 

non-neuronal nuclei in both human and mouse TG, we compared two nuclear dissociation 

protocols: a commonly-used nuclear dissociation protocol (non-gradient) (Drokhlyansky et 

al., 2020) and a density centrifugation protocol (gradient) (Mo et al., 2015). To quantify the 

fraction of neuronal nuclei isolated in each protocol, we used Vglut2-Cre;Sun1-GFP reporter 

mice in which the nuclear membranes of >95% of sensory ganglia neurons are labeled with 

GFP (Renthal et al., 2020). We extracted TG nuclei using both protocols and then compared 

the fraction of GFP+ nuclei with fluorescence-activated cell/nucleus sorting (FACS). We 

observed that >30% of the nuclei recovered by the gradient method are GFP+ whereas < 6% 

of the nuclei recovered by the non-gradient method are GFP+ (Figure S1A). The fraction 

of neurons collected by FACS was 5.09 ± 1.08 (standard deviation, n = 3) times greater 

with the gradient protocol than the non-gradient protocol. We next performed single-nucleus 

RNA-sequencing (snRNA-seq) of C57BL/6 mouse TG and human TG nuclei isolated using 

both protocols (Figure S1B, see methods). Consistent with our FACS observations of GFP-

labeled neuronal nuclei, we found that the fraction of nuclei transcriptionally classified as 

neurons is significantly greater with the gradient method than the non-gradient method in 

both mouse and human TG (Figure S1C–D). These data led us to use the gradient method to 

collect the remainder of our snRNA-seq data from human and mouse TG.

Human and mouse TG cell atlases

Using the gradient method, we performed snRNA-seq of 14 TG biological replicates from 

C57BL/6 mice (8–12 weeks old C57BL/6 mice, 11 male, 3 female, 2–3 mice per replicate) 

and three human donors who died of non-neurological causes (1 male, 2 female) (Figures 

1A–B, S1E, Table S1). Bilateral TGs were combined and sequenced together for the mouse 

snRNA-seq atlas, which is comprised of 59,921 nuclei with an average of 1,851 genes 

detected per nucleus. Left and right TGs from human donors 1 and 2 and the left TG from 

donor 3 were sequenced individually for the human snRNA-seq atlas, which is comprised 

of 38,028 nuclei with an average of 1,974 genes detected per nucleus. We used Seurat 
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(Butler et al., 2018) to cluster nuclei and transcriptionally classify cell types of each species 

separately (see methods).

In both mouse and human TG cell atlases, we observed 15 transcriptionally defined cell 

types (Figures 1A–C). These include 8 neuronal subtypes (see below) and 7 non-neuronal 

subtypes (Satellite glia, myelinating and non-myelinating Schwann cells [Schwann_M, 

Schwann_N, respectively], fibroblasts [Fibroblast_Mgp, Fibroblast_Dcn], immune cells, and 

vascular endothelial cells). While our study is the first report of snRNA-seq of human TG 

and non-neuronal cells from mouse TG, the TG neuronal subtypes we identified by snRNA-

seq are highly consistent with those previously described in mice (Figures S1F–J) (Nguyen 

et al., 2017; Sharma et al., 2020), despite different methods being used to obtain each of 

these datasets. The PEP cluster is peptidergic nociceptors, TRPM8 is cold-sensitive neurons, 

NP is non-peptidergic nociceptors, cLTMR is c-fiber low threshold mechanoreceptors, and 

SST is Sst+/Nppb+ pruriceptors. NF1-3 clusters are A-fiber LTMR subtypes, and while 

genome-wide transcriptional profiling has not yet been performed on functionally-classified 

TG cell types, NF1 and NF2 neurons express S100b and likely correspond to the polymodal 

C4 class of Aβ neurons recently described (von Buchholtz et al., 2021). NF3 neurons 

express Fxyd2 and likely correspond to the brush responsive C5 Aδ neurons (von Buchholtz 

et al., 2021). We also compared the NF1-3 clusters to single-cell transcriptomic data from 

adult mouse DRG (Sharma et al., 2020), and found that NF1 is most similar to Aβ-Field 

DRG neurons, NF2 is similar to Aβ-RA or Aβ-Field DRG neurons, and NF3 is similar to 

Aδ DRG neurons (Figure S1J).

The cell-type-specific “marker” genes (defined as significantly greater expression in each 

TG cell type compared to all other TG cell types, see legends/methods) that are expressed 

in distinct TG cell types are largely conserved in both male and female mice and human 

(Figure 1C) and indeed label distinct populations of human TG cells as measured by in situ 
hybridization (Figure S2A). The TG cell types from individual libraries cluster together and 

are consistent across biological replicates (Figure 1A, S2B), a finding that is also observed 

with TG neurons from individual human donors (Figure 1B, S2B). Human non-neuronal 

cell types, however, appear to have a greater degree of transcriptional variability between 

donors than neurons (Figure S2B). We do not believe this observation is a technical batch 

effect of sample preparation because neuronal cell types cluster together across donors 

and non-neuronal cells from left and right TG of the same donor cluster together despite 

being prepared as individual libraries (Figure S2C). This variability in human non-neuronal 

TG gene expression may contribute to individual differences in TG function or simply 

reflect a greater sensitivity than neurons to underlying disease, medications, or post-mortem 

transcriptional changes.

While each of the annotated TG cell types was observed in both mouse and human atlases, 

the fraction of certain cell types varied between species (Figures 1A–B, S2D). Most notably, 

PEP neurons comprise a significantly greater fraction of the human TG neurons (23.8 – 

28.2%) than mouse TG neurons (8.2 – 9.6%) sequenced (p < 0.01, two-tailed Student’s 

t-test) (Figure S2D). We also noted differences in the fraction of non-neuronal subtypes 

between species, but it is likely that technical differences in the amount of nerve and 

surrounding tissue included in dissections contribute to this observation. These species 
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differences in TG prompted us to perform a more comprehensive comparison between 

mouse and human TG cell atlases.

Comparison of human and mouse TG

To more directly compare snRNA-seq data from human and mouse TG, we used Seurat 

to anchor the human dataset to the mouse dataset and assigned an ‘anchored’ cell type 

classification to each of the human nuclei based on their transcriptional similarity to the 

mouse cell types (see methods). We found that the mouse and human data clustered together 

(Figures 2A–B) and resulted in highly similar cell type assignments to those made when 

analyzing the species separately (86.8 ± 14.5 % overlap) (Figure 2C). Consistently, we 

observed similar cell-type-specific gene expression patterns between species (Figure 2D, 

Table S2). We also observed similar gene expression patterns between mouse and human 

TG cell types of key transcription factors, neuropeptides, ion channels, G-protein coupled 

receptors (GPCRs), and functional pathways (Figures 2E, S2E, Tables S2–3) involved in 

sensory ganglia function (Chiu et al., 2012; Geppetti et al., 2015; Moehring et al., 2018; 

Zheng et al., 2019). For example, in both mouse and human, TAC1 is highly enriched 

in PEP nociceptors and SCN11A is highly enriched in NP nociceptors compared to other 

cell types (Figures 1C, 2D–E). Moreover, human and mouse also express overlapping sets 

of ligand-receptor pairs between distinct TG cell types and between TG neurons and the 

meningeal cells to which many of them project (Figure 2F, S2F, Table S3). In both mouse 

and human TG, satellite glia and fibroblasts express the greatest number of ligands with 

receptor pairs in other TG cell types (e.g. NGF, APOE, SLIT2) (Figure 2F), and PEP 

nociceptors and SST neurons express the greatest number of ligands with receptor pairs in 

meningeal cell types (e.g. Adcyap1 [PACAP] from PEP neurons is paired with the Adcyap1r 
[PAC1] receptor in meningeal mast cells) (Figure S2F, Table S3). Single-cell atlases do 

not yet exist of the trigeminal nucleus caudalis; characterizing these cells and their ligand-

receptor interactions with the TG neurons from which they receive input are important future 

directions. The evolutionary conservation of key cell-type-specific gene expression profiles, 

functional pathways, and ligand-receptor pairs in the TG suggests that mouse models may 

be useful in many cases for characterizing novel human pain therapeutics that target these 

conserved pathways.

While cell-type-specific gene expression patterns between human and mouse TG exhibit a 

high degree of similarity, we also identified genes that are differentially expressed between 

species (Figures 3A, S3A, Table S4). For example, SST neurons in humans but not mice 

express high levels of CALCA (Figure 3B–E, S3A), which encode calcitonin gene-related 

peptide (CGRP). While SST neurons in DRG are critical mediators of itch in mice (Huang 

et al., 2018; Stantcheva et al., 2016), the high expression of CALCA in human TG suggests 

that this cell type may also contribute to the known role of CGRP in head pain and migraine 

pathophysiology (Karsan and Goadsby, 2015). Indeed, SST neurons (Sst+/Nppb+) are well 

positioned to do so, as they have been observed to extensively innervate the meninges (von 

Buchholtz et al., 2020). The gene that encodes serotonin receptor 1F (HTR1F) is another 

migraine-associated gene that displays differential expression in mouse and human, and 

suggests that PEP nociceptors may be a key cell type through which the FDA-approved 

HTR1F agonist Lasmiditan aborts migraine headaches (Figure S3B–C). These species-
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specific gene expression patterns and ligand-receptor pairs point to opportunities for novel 

analgesic design that have been previously overlooked from molecular study of rodents.

Sex differences in gene expression in TG cell types

The prevalence of migraine and chronic pain are several fold higher in females than 

males (Greenspan et al., 2007), which has prompted intense investigation into potential 

sex differences that may contribute to this observation (Avona et al., 2021; Mogil, 2020; 

Renthal et al., 2020; Sorge et al., 2015; Tavares-Ferreira et al., 2022a; Yu et al., 2020). We 

thus compared gene expression profiles of distinct TG cell types between male and female 

mice. As mentioned above, male and female TGs contain the same cell types that express 

highly similar cell-type-specific genes (Pearson’s r = 0.95 – 0.98 per cell type between 

males and females) (Figures 1C, S3D). While the transcriptional identity of each TG cell 

type appears to exhibit few sex differences, differential gene expression analysis comparing 

nuclei of the same cell type between male and female mice did reveal 123 genes that are 

significantly (Log2FC > 1, FDR < 0.05) more highly expressed in males than females and 

180 genes that are more highly expressed in females than males (Figure S3E, Table S5). The 

most dramatic sex differences in gene expression are known sex-specific genes involved in 

X-inactivation (e.g., Xist, Tsix) or are Y chromosome genes (e.g., Uty, Ddx3y). However, 

we also observed differential gene expression between male and female mice such as Ptgds 
(prostaglandin D2 synthase) and Prl (prolactin). Ptgds and Prl are expressed more highly 

in females than males in both TG and DRG (Avona et al., 2021; Renthal et al., 2020; 

Tavares-Ferreira et al., 2022a), and have been shown to contribute to sex differences in 

pain-related behaviors (Avona et al., 2021; Tavares-Ferreira et al., 2022a). While there are 

few differences in cell-type-defining gene expression patterns between the male and female 

TG cell types sequenced here, the gene expression differences we do observe may have 

important functional consequences.

Latent alphaherpes virus expression in human TG

Alphaherpes viruses (e.g. herpes simplex virus 1, varicella zoster) lie dormant in human 

sensory neurons for decades in ~50% of the population (Gilden et al., 2007). When 

reactivated, these viruses can cause significant morbidity, such as painful ulcers, keratitis/

vision loss, and more rarely, encephalitis. The TG cell types and gene regulatory 

mechanisms affected by alphaherpes viruses remain incompletely understood. We thus 

searched our human TG snRNA-seq data for reads that map to HSV1 latency-associated 

transcript (HSV1-LAT), HSV2-LAT, and VZV latency-associated transcript (VZV-LAT), 

transcripts expressed by these viruses in their latent state (Kennedy et al., 2015, LaPaglia 

et al., 2018). While we did not observe any reads that map to HSV2-LAT or VZV-LAT, 

we did identify 115 nuclei with reads that mapped to HSV1-LAT across the three human 

TG donors (0.185 – 0.325% per donor). Consistent with the literature, neurons are the 

primary cell types in which HSV1-LAT is detected (Figure 4A) (Gilden et al., 2007). The 

rare detection of HSV1-LAT in non-neuronal cells may be from secondary infection of 

these cells that occurs post-mortem or background RNA during single-cell encapsulation. 

The most common HSV1-LATpositive neuronal subtypes are NF1 and PEP nociceptors, 

followed by SST neurons (Figure 4B). The preference of HSV1 to lay dormant in neuronal 

subtypes that mediate nociception and neurogenic inflammation (NF1, PEP, and SST are all 
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CALCA+ subtypes) is consistent with the clinical observation of herpes reactivation (Gilden 

et al., 2007).

We next asked how HSV latency alters gene expression patterns within host TG cell types by 

performing differential gene expression analysis between HSV1-LAT positive and negative 

nuclei. We observed that there were 343 upregulated genes and 298 down-regulated genes 

(Log2FC > 1 or < −1, FDR < 0.05) in HSV1-LAT positive nuclei compared to HSV1-LAT-

negative nuclei (Figure 4C, Table S5). Notably, these dysregulated genes are associated 

with pathways implicated in sensory perception of pain, synaptic vesicle exocytosis, and 

neurotransmitter secretion (Figure 4D). These findings suggest that neurons are primed for 

hyperactivity when stress, immunosuppression, or other triggers for reactivation occur.

Epigenomic mechanisms that drive cell-type-specific gene expression

We were particularly struck by both conserved and species-specific cell-type-specific gene 

expression patterns in the TG and reasoned that improved understanding of these gene 

regulatory mechanisms might provide new opportunities for understanding the function 

of disease-associated genetic variation within these regulatory regions and for designing 

cell-type-specific genetic tools (e.g., transgenic mice or gene therapy vectors).

As cell-type-specific gene regulation is thought to be largely mediated by the action of 

distal gene regulatory elements (e.g. gene enhancers) (Heinz et al., 2015), we turned to the 

assay for transposase-accessible chromatin (ATAC-seq) to characterize these putative gene 

regulatory elements in mouse and human TG at single-cell resolution (Buenrostro et al., 

2015). In mice, we first enriched our cell population for neurons by sorting fluorescently 

labeled TG neuronal nuclei from male and female Vglut2-cre;Sun1-GFP mice prior to 

performing snATAC-seq. From three biological replicates (Table S1), we obtained 316 

million unique transposase-sensitive fragments in the expected nucleosomal size distribution 

(Figure S4A–B), generating a dataset of 8,064 TG nuclei with an average sequencing depth 

of 31,559 transposase-sensitive fragments per nucleus. These snATAC-seq fragments formed 

306,222 peaks when aggregated across all TG nuclei. The peaks most frequently mapped to 

gene distal genomic regions (68.4%, within 200kb of TSS, not overlapping with gene body 

or promoter). The remainder of fragments mapped to intragenic (17.6%), promoter (5.4%, 

≤1,000bp upstream or ≤100bp downstream of TSS) and intergenic (8.6%, >200kb from any 

genes) regions (Figure 5A).

We next assigned cell types to each epigenomically profiled nucleus by multi-omic 

anchoring them to our annotated mouse TG snRNA-seq data (Figure 5B, see methods) 

(Butler et al., 2018). Anchoring enabled us to assign known cell types to 3,519 out of 

8,064 epigenomically profiled TG nuclei (Figure 5C, Figure S4C), yielding 73.6% neurons 

and 26.4% non-neurons. Chromatin accessibility near cell-type-specific marker genes was 

consistent with the expected cell types (Figure 5D); for example, chromatin accessibility 

near Rbfox3, a neuronal marker gene, was preferentially accessible in neurons. Likewise, 

chromatin accessibility near Sparc, a non-neuronal marker gene, was preferentially 

accessible in non-neuronal cells. Cell-type-specific marker genes for neuronal subtypes such 

as Tac1, Trmp8, and Sst also displayed preferential accessibility at these genomic loci in 

their respective cell types (Figure 5D). Consistent with the broad transcriptional similarity 

Yang et al. Page 7

Neuron. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in male and female TG cell types, genome-wide chromatin accessibility is also highly 

correlated between male and female mice (Pearson’s r = 0.98). That said, we did observe 

some significant sex differences in chromatin accessibility at known sex-specific genes (e.g., 

Xist, Uty) (Figure S4D), as well as several other regions that may contribute to or reflect sex 

differences in gene expression (Table S6).

To characterize the extent to which chromatin accessibility is conserved between mice 

and human, we next performed snATAC-seq data from three human TGs (Table S1). We 

obtained 11,346 nuclei with an average sequencing depth of 5,931 transposase-sensitive 

fragments per nucleus that form 124,619 peaks (Figures S4E–F). While multi-omic 

anchoring could only confidently classify 46 neurons and 4,989 non-neuronal nuclei (see 

methods) (Figures S4G–H), 58.4% of the human snATAC-seq peaks occur in genomic loci 

that correspond to regions in mice where we also observed peaks of chromatin accessibility, 

indicating highly significant overlap between human and mouse epigenomic profiles (p < 1 

× 10−155, hypergeometric test, Table S7).

We next asked which TFs and putative gene enhancers contribute to cell-type-specific 

gene expression patterns in distinct TG cell types. We addressed most of these questions 

using mouse snATAC-seq data because of the greater number of neuronal nuclei profiled. 

To identify which TFs are likely to mediate cell-type-specific gene expression in TG, we 

identified 91,269 genomic regions that are preferentially accessible within 12 distinct TG 

cell types (Log2FC > 0.5, FDR < 0.05, comparing accessibility within one TG cell type 

to that of all others) (Figure 5E, Table S8) and the transcription factor binding motifs that 

are enriched within these sites (Log2FC > 0, FDR < 0.05) (Figures 5E–F, Table S9). We 

identified TFs that have been previously implicated in the function of sensory ganglion 

cells such as ISL1 (Sun et al., 2008), whose motif is enriched across most sensory neuron 

subtypes, RUNX1 (Chen et al., 2006), whose motif is enriched in unmyelinated C-fibers, 

and SOX2 and SOX6 (Cantone et al., 2019; Parrinello et al., 2010), whose motifs are 

enriched in satellite glia and Schwann cells (Figure 5F). We also implicate several new 

cell-type-specific TFs in TG function such as the ISL LIM Homeobox 2 (ISL2) and AT-Rich 

Interaction Domain 3A (ARID3A) in C-fibers and ARID5A and estrogen related receptor 

alpha (ESRRA) in A-fibers.

To explore whether cell-type-specific TFs likely function to activate or repress gene 

expression within their respective cell types, we next correlated the gene expression 

measured by snRNA-seq to the motif enrichment measured by snATAC-seq for each TF 

across all cell types. We found that the neuronal-specific TFs such as RUNX1 and ESRRA, 

and non-neuronal TFs such as ZFX likely function to activate gene expression because the 

expression of these TFs is positively correlated with their motif enrichment across cell types 

(Figure 5G). Consistent with these findings, we observed that expression of the predicted 

downstream target genes (regulons) of both ESRRA and Zinc Finger Protein X-Linked 

(ZFX) are preferentially enriched in similar mouse TG snRNA-seq cell types (PEP and 

TRPM8 for ESRRA and Schwann cells and satellite glia for ZFX) to those predicted by 

motif analysis of cell-type-specific regions of chromatin accessibility (snATAC-seq) (Figure 

5H). We also identified TFs such as Homeobox Containing 1 (HMBOX1) that are likely to 

Yang et al. Page 8

Neuron. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



function as cell-type-specific repressors of gene expression, as the expression of these TFs 

and their motif enrichment is negatively correlated across cell types (Figure 5G).

As cell-type-specific TFs regulate gene expression through gene regulatory elements located 

in promoter and distal enhancer regions, we next characterized these putative regulatory sites 

genome-wide. To prioritize peaks of chromatin accessibility that are likely to function as 

gene enhancers, we correlated the chromatin accessibility of cell-type-specific peaks with 

expression of cell-type-specific genes in each cell type (see methods). We found 43,885 

positively correlated (r > 0) cell-type-specific peak-gene pairs that are distributed with a 

median distance of 33,717 bp upstream of their putative target genes (Figure S5A). These 

cell-type-specific peaks are significantly more correlated with the expression of cell-type-

specific genes than all genes on the same chromosome (Figure S5B); indeed, among those 

positively correlated pairs of cell-type-specific peaks and genes, 29,881 (68.1%) have a 

Pearson’s r > 0.5.

To assign these putative enhancers to their most likely target gene, we calculated the 

Activity-By-Contact (ABC) score (Fulco et al., 2019), an experimentally validated enhancer 

prediction tool, for each peak of accessible chromatin genome-wide (Table S10). For 

example, ABC predicted that non-coding genomic regions ~37 – 56 kb downstream of 

Calca, ~19 – 24 kb upstream of Scn11a, and ~24 – 46 kb upstream of Ngfr are likely to 

regulate the expression of their respective genes (Figure 6A, Table S10). We also identified 

1,080 ABC-predicted gene enhancers that exhibit cell-type-specific chromatin accessibility 

that is highly correlated (r > 0.5) with their predicted target gene expression (Figure 6B). 

These findings provide new insight into the gene regulatory mechanisms of distinct TG cell 

types and may be of particular use for developing tools such as viral vectors or reporter mice 

that can enable genetic access to distinct sensory ganglia cell types.

Genetic susceptibility to migraine can occur in cell-type-specific putative enhancers

Epigenomic cell atlases have recently been used to help localize the cell types in which 

disease-associated genomic variation drives pathophysiology (Cusanovich et al., 2018a). 

This approach is particularly useful for interpreting the potential function of non-coding 

genomic variants because chromatin accessibility at these loci can be matched with gene 

expression in a cell-type-specific fashion. We reasoned that our catalogue of chromatin 

accessibility in TG cell types could provide a new opportunity for predicting the genes and 

cell types affected by genomic variants associated with migraine, a heritable condition that 

involves disabling head pain and sensitization of TG neurons (Ashina et al., 2019). Recent 

GWAS have identified 123 single nucleotide polymorphisms (SNPs) that are significantly 

associated with migraine susceptibility, but it remains unclear which genes and TG cell types 

are affected by these variants and how they contribute to migraine susceptibility (Gormley 

et al., 2016; Hautakangas et al., 2022). Of the 123 migraine-associated SNPs, 70 have 

corresponding genomic coordinates in the mouse and of these, over half occur in peaks 

of accessible chromatin, and 14 exhibit significant enrichment of chromatin accessibility 

in specific TG cell types compared to all TG cell types (Figure 6C, Table S11). For 

example, rs10166942 is selectively accessible in TRPM8 neurons and is located ~1kb 

upstream of the TRPM8 gene, rs7564469 is selectively accessible in satellite glia and 
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located within a ZEB2 intron, and rs10828247 is selectively accessible in Schwann cells 

and located within an MLLT10 intron. We also observed peaks of chromatin accessibility at 

several migraine-associated loci in our human TG snATAC-seq data (Figure S5C), including 

rs580845 (located within an intron of neuronal TF, NFIB) with ~10-fold greater accessibility 

in TG neurons compared to non-neuronal cell types in both human and mice (Figures 6C, 

S5C).

Current migraine therapeutic target genes (e.g., CALCA, CALCB, HTR1F) as well as 

several genes implicated by GWAS exhibit cell-type-specific gene expression patterns in 

human TG (Figure 6D). These findings suggest that multiple TG cell types such as PEP and 

NP nociceptors, SST neurons, and satellite glia may contribute to migraine pathophysiology 

and highlight the potential of integrating GWAS with single-cell transcriptional and 

epigenomic data. To comprehensively assess which of these TG cell types are engaged 

during head pain, we turned to two animal models of headache: inflammatory soup 

(IS) and cortical spreading depression (CSD). The IS model involves the application 

of IS to dura, which acutely causes migraine-like headache behaviors by activating and 

sensitizing trigeminal meningeal nociceptors (Burgos-Vega et al., 2019; De Felice et al., 

2013; Strassman et al., 1996). CSD, the neurophysiological correlate of migraine aura, 

is also known to acutely activate and sensitize trigeminal meningeal nociceptors (Ashina 

et al., 2019; Bolay et al., 2002; Zhang et al., 2010; Zhao and Levy, 2016) and promote 

migraine-like pain (Charles, 2017; Harriott et al., 2021). For IS, bilateral TGs were isolated 

from male mice 1h, 6h, or 24h after dural application of IS, female mice 1h after IS, and 

mice injected with PBS. For CSD, mice were cannulated a week prior to induction of CSD 

by pinprick; TG ipsilateral to the pinprick were collected 1.5h or 6h after induction of CSD. 

In total, we sequenced 15 replicates containing 37,012 nuclei across both headache models 

(Table S1). Co-clustering of those nuclei from headache models and nuclei from naive mice 

led to the identification of the same 15 TG neuronal and non-neuronal cell types described 

above (Figure 7A, Figure S6A).

To characterize the TG cell types engaged in these headache models, we used an snRNA-seq 

approach (Act-seq) that identifies “activated” cells by the expression of immediate early 

genes (see methods) (Wu et al., 2017). We observed a significantly greater fraction of 

activated nuclei overall in the IS model (4.9%) than CSD (3.5%) and naive (1.2%) (Figure 

7B), with the fraction of activated NP nociceptors, satellite glia, and fibroblasts 1h after 

IS significantly increased compared to naive mice (p < 0.05, one-way ANOVA) (Figures 

7C, S6B). A trend of increased activation is also observed in PEP nociceptors and vascular 

cells 1h after IS (p = 0.06, one-way ANOVA). We also observed significant increases in 

the fraction of activated TG fibroblasts and vascular cells after IS compared to naive mice 

in females (p < 0.001, permutation test) (Figure S6C), but future studies are needed to 

sufficiently power sex comparisons of less abundant TG neuronal cell types.

We next asked whether the TG cell types that are activated by CSD overlap with those which 

are activated by IS. We observed significant increases in the fraction of activated satellite 

glia and fibroblasts 1.5h after CSD compared to naive mice (p < 0.05, one-way ANOVA) 

(Figures 7C, S6D), which suggests that there is some convergence at the level of TG cell 

type activation between distinct mouse models of headache. This cell type convergence 
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between headache models is particularly relevant for our interpretation of IS because TG 

cells can be activated by the acute surgical process in this model (Figure S6E).

To characterize the transcriptional program induced in TG cells that are activated by 

headache, we performed differential expression analysis between the activated and non-

activated nuclei defined previously by Act-seq. We found that IS significantly upregulates 96 

genes and CSD significantly upregulates 72 genes in nuclei that are classified as activated 

compared to the same number of nuclei that are not transcriptionally activated (Log2FC > 

1, FDR < 0.05) (Figure 7D, Table S12). These headache-induced transcriptional programs 

are associated with pathways involved in gene regulation, axon guidance, inflammation 

(Figures S6F–G, Table S12) and may contribute to the peripheral sensitization that is 

thought to underlie headache disorders such as migraine (Strassman et al., 1996). Indeed, 

several of these headache-activated genes (e.g., Nfib, Lrp1, Col4a1, Tgfbr3, and Jag1) are 

near to and/or are predicted to be affected by migraine-associated SNPs (Figures 6C–D, 

S5C). Future studies are aimed at characterizing precisely how this genetic variation drives 

susceptibility to migraine.

DISCUSSION

The transcriptional and epigenomic TG cell atlas presented here identified evolutionarily 

conserved and species-specific gene expression patterns within distinct TG cell types, 

epigenomic features that may establish these cell-type-specific gene expression patterns, and 

the TG cell types in which migraine-associated genetic variation may contribute to disease. 

These data also provide a resource for studying other TG functions, including the sensory 

innervation of cornea, nasal mucosa, and teeth. To facilitate access to these data, we have 

built a searchable web resource for the research community at tg.painseq.com.

Our studies of human and mouse sensory ganglia are particularly relevant as the field of 

pain medicine is trying to overcome decades of difficulty with the translation of novel 

analgesic targets from mice to humans. These difficulties raise important questions about the 

similarities and differences between mouse and human pain processing and led us to build a 

TG cell atlas in both species. We observed eight neuronal subtypes and seven non-neuronal 

subtypes in both species. For a given TG cell type, we observed similar cell-type-specific 

patterns of gene expression between mice (male and female) and human including most 

cell-type-specific marker genes (Figures 1C, 2D, Table S2). These similarities extend to 

conserved expression of ion channels that are critical for pain processing (e.g., SCN9A, 
SCN11A, TRPV1) and support the utility of rodent models for studying the function of these 

channels in the same cell types in which they are expressed in humans (Figure 2E, Table 

S2).

We found that the transcriptional identity of TG cell types is largely conserved not only 

between species, a finding that is consistent with recent cross-species comparisons of 

DRG (Kupari et al., 2021; Nguyen et al., 2021; Tavares-Ferreira et al., 2022b), but also 

between TG and DRG. Indeed, with a notable exception of proprioceptors (Figure S1J), the 

same general classes of cell types are present in both TG and DRG, and they express 

highly similar patterns of cell-type-specific genes in both mouse and human (Figures 
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S7A–G). Thus, while we did detect gene expression differences between TG and DRG 

cell types in both mouse (Figure S7C, Table S13) and human (Figure S7G, Table S13), 

deeper sequencing is likely necessary to identify differences in additional genes (e.g., 

lowly-expressed GPCRs) that could guide the development of ganglion-specific therapeutic 

strategies.

While the transcriptional identities of broad cell types are largely conserved between 

species, we also observed notable gene expression differences that may have implications 

for pain processing and underscore the importance of including studies of human cells 

in the design of next-generation pain therapeutics (Renthal et al., 2021). For example, 

Calca, the gene that encodes the neuropeptide CGRP, is predominantly expressed in PEP 

nociceptors and NF1 neurons in mouse TG, but in human, it is expressed in SST neurons in 

addition to PEP and NF1. As CGRP is inhibited by new classes of FDA-approved migraine 

therapeutics, SST neurons, which have recently been shown to innervate the meninges (von 

Buchholtz et al., 2020), may play an important role in migraine pathophysiology through 

CGRP’s downstream actions. Our ligand-receptor analyses suggest that while we do observe 

subtle CGRP receptor expression in Aδ-fibers (Edvinsson et al., 2019; Melo-Carrillo et al., 

2017), CGRP may exert stronger effects on non-neuronal cells such as vascular cells or 

fibroblasts in the TG or in the meninges (Levy et al., 2019). Future studies are needed to 

better characterize the roles of CGRP+ SST and PEP neurons in migraine pathophysiology.

As gene expression profiles are largely determined by distinct epigenomic signatures at 

gene promoters and enhancers, we mapped these elements in the TG across species using 

single-cell epigenomics, linked these putative regulatory elements with their most likely 

target genes (Table S10), and identified TFs whose consensus binding motifs are enriched 

within these elements (Table S9).

In addition to providing new insight into the gene regulatory mechanisms underlying TG 

cell-type-specific gene expression patterns, the TG transcriptional and epigenomic cell atlas 

presented here also enables important future applications. For example, ongoing work is 

focused on identifying the putative gene regulatory elements identified in our epigenomic 

data that are sufficient to drive TG cell-type-specific gene expression in the setting of a 

viral vector (e.g., enhancer viruses). Such an application has recently been reported for 

CNS interneuron subtypes using ATAC-seq data (Hrvatin et al., 2019; Mich et al., 2021; 

Vormstein-Schneider et al., 2020), so we are optimistic that this approach will lead to the 

development of nociceptor-specific AAVs for the treatment of pain.

We also leveraged the TG epigenomic data presented here to guide the interpretation of 

non-coding genomic variants associated with migraine, a heritable condition in which 

pathological sensitization of TG meningeal nociceptors occurs through mechanisms that 

remain unclear. Indeed, we found that over half of the index variants that are significantly 

associated with migraine occur within peaks of chromatin accessibility, several of which are 

predicted to regulate genes that are expressed preferentially in TG nociceptors and satellite 

glia (Figure 6D). These findings prompted us to perform a comprehensive assessment of 

trigeminal cell types that are engaged in two distinct animal models of headache. We found 

that satellite glia and fibroblasts are transcriptionally activated in both IS and CSD headache 
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models, which suggests that these distinct models mechanistically converge on the activation 

of these cell types. We also observed PEP and NP nociceptors and vascular cells are 

activated after IS, which is consistent with IS being a stronger acute inflammatory stimulus 

than CSD. While neither IS nor CSD model all aspects of migraine pathophysiology, 

some of the TG cell types that are activated in these models are consistent with the cell 

types implicated in our analyses of human genetic variation associated with migraine 

susceptibility (e.g. NP cells, satellite glia, fibroblasts). Future studies are still needed to 

clarify the mechanisms by which specific genetic variants increase migraine susceptibility, 

but our data can guide these studies toward the cell types in which each variant is most likely 

to cause dysfunction.

Together, the human and mouse TG transcriptional and epigenomic cell atlases presented 

here provide a wealth of new data that can be used to identify more specific headache and 

pain therapeutic targets and begin to interrogate the complex biology of migraine and other 

headache and facial pain disorders. We imagine that the cellular and molecular resolution 

of the resource presented here will continue to improve as additional human donors and TG 

cells are sequenced.

STAR METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the Lead Contact, William Renthal 

(wrenthal@bwh.harvard.edu).

Materials Availability—This study did not generate new unique reagents.

Data and Code Availability

• Processed snRNA-seq data are available at tg.painseq.com. Raw and processed 

snRNA-seq data were also deposited within the Gene Expression Omnibus 

(GEO) repository (www.ncbi.nlm.nih.gov/geo) with an accession number 

(GSE197289).

• Custom R scripts are available on https://github.com/Renthal-Lab/.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—8–12-week-old C57BL6/J male and female mice were obtained from the Jackson 

Laboratory (JAX) (strain #000664). Sun1-GFP (strain #021039) and Vglut2-Cre (strain 

#016963) male and female mice were also obtained from JAX. All animal experiments 

were conducted according to institutional animal care and safety guidelines at Brigham and 

Women’s Hospital.
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Headache models—The inflammatory soup (IS) model was performed as described 

in (Strassman et al., 1996) with minor modifications. Briefly, C57BL6/J mice were 

anesthetized by isoflurane and head fixed in a stereotaxic device. Frontal and parietal dura 

were exposed bilaterally by four burr holes (from bregma, 1.5mm anterior +/− 2mm lateral, 

3.75mm posterior +/− 2mm lateral) and IS (capsaicin 0.5mM, bradykinin 1mM, histamine 

1mM, PGE2 0.1mM) or vehicle control (PBS) were slowly applied topically (10uL per burr 

hole). Mice remained anesthetized for 15 min prior suturing the scalp incision. Mice were 

observed closely after surgery and sacrificed at 1h, 6h, or 24h after application of IS or 

control. Bilateral TGs were collected for each mouse; two mice were pooled per biological 

replicate. The cortical spreading depression model (CSD) was performed as described in 

previously (Zhao and Levy, 2018) with minor modifications. Briefly, C57BL6/J mice were 

anesthetized by isoflurane and a 0.5mm bur hole was made above the left frontal cortex 

(1.5 mm lateral, 1.5 mm anterior of bregma) and sealed with a silicon elastomer (Kwik-Cast 

Silicone Sealant). After 1 week of recovery, mice were briefly anesthetized with isoflurane, 

the sealant removed, and CSD was induced by briefly inserting a glass micropipette (50μm 

diameter) ~1mm deep into the cortex for 2 seconds. This approach has been demonstrated 

to reliably induce CSD and prolonged meningeal nociceptor activation and sensitization 

(Zhao and Levy, 2016). Mice were sacrificed 1.5h or 6h after CSD induction and the right 

TG (CSD) and left TG (control) were collected separately. TG from two mice were pooled 

per biological replicate. For both IS and CSD models, TG nuclei were processed using the 

gradient method followed by inDrops snRNA-seq (see below).

METHOD DETAILS

Human and mouse TG dissection—Human TGs were obtained from consented donors 

using a rapid autopsy protocol at Mass General Brigham (IRB#2017P000757). After 

removal of the brain for neuropathological analysis, Meckle’s cave was identified in the 

skull base and manually dissected by one of the authors (JKL). After visualizing the ganglia, 

the V1-3 nerve branches and the cranial nerve 5 root were cut as they emerged from 

the ganglion. Right and left ganglia were dissected, flash-frozen in liquid nitrogen, and 

subsequently stored individually at −80C. The date and time of death, the time of dissection, 

and freezing time were recorded by pathology staff and donor information was anonymized 

for downstream processing. None of the donors carried a diagnosis of migraine. TGs from 

experimental mice were dissected from the skull base after removal of the brain and direct 

visualization. V1-3 and the proximal projection were severed as close to the ganglia as 

possible, and TGs were snap frozen on dry ice.

Single-nuclei isolation from human and mouse TG—Single-nuclei suspensions 

of human and mouse TG were collected using a non-gradient protocol modified from 

one described previously (Slyper et al., 2020) or a Gradient protocol modified from ones 

described previously (Yang et al., 2021). Human and mouse TGs were processed similarly 

except for the initial homogenization step. Human TGs were initially pulverized on dry 

ice and approximately 0.5–1cm3 of powder was placed into homogenization buffer (non-

gradient method = 73 mM NaCl, 0.5 mM CaCl2, 10 mM MgCl2,5 mM Tris-HCl pH 7.5, 

1% BSA, and 0.1 U/ul RNase inhibitor (Promega); gradient method = 0.25 M sucrose, 25 

mM KCl, 5 mM MgCl2, 20 mM tricine-KOH, pH 7.8, 1 mM DTT, 5 μg/mL actinomycin, 
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0.04% BSA, and 0.1 U/ul RNase inhibitor) for ~15 seconds on ice. Frozen mouse TGs 

were placed directly into cold homogenization buffer, incubated for 15 seconds on ice, and 

briefly homogenized (~5 seconds) using a Tissue-Tearor. After the brief incubation on ice 

(human TG) or the Tissue-Tearor homogenization (mouse TG), samples were transferred 

to a Dounce homogenizer for an additional 10 strokes with a tight pestle in a total volume 

of 5 mL homogenization buffer. After 10 strokes with a tight pestle, the non-gradient 

method involves adding IGPAL (Sigma) to a final concentration of 0.2% followed by five 

additional strokes with the tight pestle. The gradient method involves adding IGEPAL 

to a final concentration of 0.32% and five additional strokes with the tight pestle. The 

tissue homogenate was then passed through a 40 μm filter, and diluted 1:1 with either 

homogenization buffer (non-gradient method) or working solution (Gradient method, 50% 

iodixanol, 25 mM KCl, 5 mM MgCl2, and 20 mM tricine-KOH, 0.04% BSA, and 0.1 U/ul 

RNase inhibitor). Nuclei extracted with the non-gradient method were then centrifugated 

at 500g for 10 minutes at 4C and resuspended in 1X PBS, 0.04% BSA, and 0.1 U/ul 

RNase inhibitor. Nuclei extracted using the gradient method were layered onto an iodixanol 

gradient after homogenization and ultracentrifuged as described previously (Yang et al., 

2021). After ultracentrifugation, nuclei were collected between the 30 and 40% iodixanol 

layers and diluted for microfluidic encapsulation of individual nuclei in barcoded droplets 

(see below). TG nuclei were prepared using the gradient method followed by inDrops unless 

otherwise specified.

Fluorescence activated cell/nucleus sorting (FACS)—For samples prepared using 

the non-gradient method or gradient method followed by 10X Gene Expression Assay 

and ATAC-seq Assay (Table S1), FACS was carried out to remove cellular debris. Nuclei 

were counterstained with Hoechst 33258 and sorted using a 70 μm nozzle and a flow 

rate of 3 on a BD FACSARIA II into a 1.5 ml microcentrifuge tube containing 15 ul of 

1X PBS,0.04% BSA, and 0.1 U/ul RNase inhibitor. Size gates need to be customized for 

the non-gradient and Gradient buffers and can significantly affect the fraction of neurons 

obtained after FACS. The mouse snATAC-seq nuclei samples were prepared from Vglut2-

Cre Sun1-GFP mouse TG using the non-gradient method, FACS was performed to enrich 

the GFP+ population. Nuclei were sorted based on size and native GFP fluorescence. GFP+ 

nuclei (FACS gate determined using TG nuclei from wild-type mice as a negative control) 

were collected using a 70 μm nozzle and a flow rate of 3 on a BD FACSARIA II into a 

1.5 ml microcentrifuge tube containing 50 ul of 1X PBS,0.04% BSA, and 0.1 U/ul RNase 

inhibitor.

Single-nucleus RNA and ATAC sequencing—Nuclei suspensions that were 

sequenced using 10X Genomics assays (Table S1) were resuspended and loaded onto 

the 10X Genomics Chromium device for either snRNA-seq (10X Genomics, V3.1 

Gene Expression Assay) or snATAC-seq (10X Genomics, V1.1 ATAC-seq Assay) 

according to the manufacturer’s protocol aiming to encapsulate 10,000 nuclei per library. 

Library preparations for snRNA-seq and snATAC-seq were performed according to the 

manufacturer’s protocol. Nuclei prepared for snATAC-seq were derived from sorted Vglut2-
cre;Sun1-GFP mice and were thus enriched for neurons and depleted for non-neuronal 

subtypes. Libraries were sequenced on an Illumina Nextseq 500 (human and mouse TG) 
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or Novaseq 6000 (human TG) [see Table S1 for sequencing depth per sample]. Sequencing 

data was processed and mapped to the mouse (GRCm38) or human (GRCh38) genome 

using 10X Genomics cellranger V6.0.0 and cellranger-ATAC V1.1.0. To identify reads that 

map to alphaherpes virus genomes, we re-mapped the human snRNA-seq data to a modified 

human reference genome that included HSV-1 (GenBank: X14112.1), HSV-2 (NCBI 

Reference Sequence: NC_001798.2), and VZV (NCBI Reference Sequence: NC_001348.1). 

HSV-1 was the only alphaherpesvirus to which reads from human snRNA-seq mapped. 

Nuclei suspensions that were sequenced using inDrops (see Table S1), were encapsulated 

into droplets along with unique oligonucleotide barcodes as described previously (Klein et 

al., 2015). Libraries were sequenced on an Illumina Nextseq 500 to a depth of 500 million 

reads per ~30,000 droplets collected. Sequencing data was processed and mapped to the 

mouse genome GRCm38 using the pipeline described in https://github.com/indrops/indrops 

(Klein et al., 2015). The web resource used to present our data at tg.painseq.com was built 

using R shiny apps and ShinyCell (Ouyang et al., 2021).

Pre-processing, clustering, visualization, and annotation of snRNA-seq data—
As we used the gradient method to perform snRNA-seq (inDrops) for most of the mouse TG 

samples in our study (Table S1), we used these nuclei to generate a reference against which 

we could compare other datasets (e.g., non-gradient method, human TG). Nuclei from all 

mice that were extracted using the gradient method were analyzed together. Nuclei with > 

400 unique genes, < 15,000 total UMIs, and < 5% of the counts deriving from mitochondrial 

genes were included for analysis. Seurat package (version 3.2.0) in R (version 4.0.1, R Core 

Team, 2018) was used to perform clustering of these nuclei as previously described (Butler 

et al., 2018; Stuart et al., 2019). Briefly, raw counts were scaled to 10,000 transcripts per 

nucleus to control the sequencing depth between nuclei. Counts were centered and scaled for 

each gene. The effects of total UMI and percent of mitochondrial genes in each nucleus were 

regressed out using the ScaleData() function. Highly variable genes were identified using the 

FindVariableFeatures(). The top 20 principal components were retrieved with the RunPCA() 

function. Nuclei clustering was performed using FindClusters() based on the top 20 principal 

components, with resolution at 1.5. For dimension reduction and visualization, Uniform 

Manifold Approximation and Projection (UMAP) coordinates were calculated based on the 

top 20 principal components by using the implemented function runUMAP() in Seurat.

After clustering all nuclei that passed initial quality control, clusters enriched for the 

expression of the neuronal marker gene Rbfox3 were classified as neuronal clusters, and 

clusters enriched for the expression of the non-neuronal marker gene Sparc were classified 

as non-neuronal clusters. Neuronal and non-neuronal nuclei were clustered separately as 

described above. Differential expression analysis was run using FindAllMarkers() in Seurat 

comparing nuclei in one cluster to all other nuclei. Doublet or low-quality clusters were 

identified as clusters which were significantly enriched for at least two mitochondrial genes 

(Log2FC > 0.5, FDR < 0.05), have no significantly enriched cluster marker genes (FDR < 

0.05, log2FC > 1) other than Rgs11. Nuclei in those clusters were excluded from the dataset. 

The remaining neuronal and non-neuronal nuclei were clustered again separately, and 

differential expression analysis was run as described above. Significant enrichment (FDR 

< 0.05, log2FC > 0.5) of known neuronal subtype marker genes (peptidergic nociceptors 
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(PEP) = Tac1, non-peptidergic nociceptors (NP) = Cd55, pruriceptors (SST) = Sst, cLTMR 

= Fam19a4, A-LTMR (NF) = Nefh) within a cluster of nuclei compared to all other 

neuronal nuclei was used to assign the neuronal subtype to each neuronal cluster. Significant 

enrichment (FDR < 0.05, log2FC > 0.5) of known non-neuronal subtype marker genes 

(Satglia = Apoe, Schwann cells = Mpz, fibroblasts = Dcn or Mgp, immune cells = Cd74, 

and vascular = Igfbp7) was used to assign the non-neuronal subtype to each cluster in the 

non-neuronal clusters. Nuclei with subtype annotations were then combined into a single 

counts table to visualize neuronal and non-neuronal nuclei on the same UMAP. Variable 

genes were identified from the merged dataset, and PCA and UMAP were run to generate 

new UMAP coordinates. All functions were used with default parameters except where 

otherwise specified. In the text, expression is defined as the raw counts that were scaled to 

10,000 transcripts per nucleus, log2 expression is log2 transformed expression.

To annotate the mouse TG nuclei sequenced using 10X Genomics Gene Expression Assay, 

we used Seurat to anchor these nuclei (query data) to the mouse snRNA-seq (inDrops) 

samples (reference data). FindTransferAnchors(reduction = “cca”) in Seurat was used to 

identify anchors between the two datasets. TransferData() was used to transfer subtype 

labels to each nucleus in the query data. Query nuclei with anchoring prediction score < 

0.5 were excluded from the dataset. Two datasets were then combined, and variable genes 

were identified from the merged dataset. PCA and UMAP were run to generate new UMAP 

coordinates for all mouse TG nuclei. A cluster of mouse TG nuclei representing the injured 

states were identified and were excluded from the UMAP.

Human nuclei extracted using the gradient method that have > 1000 unique genes, < 15,000 

total UMIs, and < 5% of the counts deriving from mitochondrial genes were included for 

analysis. Clustering, visualization, doublet removal, and annotation of human data were 

carried out in Seurat as described above. The same subtype marker genes that were used 

to assign mouse subtypes were also used to assign subtypes to each cluster in the human 

snRNA-seq data.

Anchoring of human snRNA-seq data to mouse snRNA-seq data—To directly 

compare the mouse and human TG, we used Seurat to anchor the human snRNA-seq data 

to the mouse snRNA-seq data (mouse naive male replicates 1 – 4). First, mouse genes were 

converted to human orthologs and genes that existed in both human and mouse data were 

retained for the analysis. FindTransferAnchors(reduction = “cca”) in Seurat was then used 

to identify anchors between human and mouse data. TransferData() was used to transfer 

mouse subtype labels to each nucleus in the human data. Human TG nuclei with anchoring 

prediction score < 0.5 were excluded from the dataset. Variable genes were identified from 

the merged dataset, and PCA and UMAP were run to generate new UMAP coordinates.

Analysis and annotation of TG snRNA-seq samples prepared using the non-gradient method 

To compare the non-gradient and Gradient nuclei extraction methods, nuclei prepared using 

the non-gradient methods that have > 400 unique genes for mouse (or > 1,000 unique genes 

for human), < 15,000 total UMIs, and < 5% of the counts deriving from mitochondrial 

genes were included for analysis. To annotate classes of either neurons or non-neurons, we 

anchored the nuclei from the non-gradient sample to the nuclei from the gradient samples 

Yang et al. Page 17

Neuron. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of the same species in Seurat as described above. Specifically, mouse non-gradient sample 

was anchored to naive male mouse replicates 1 – 4, and human non-gradient sample was 

anchored to all human TG nuclei (Figure 1B). It is important to note that several factors can 

affect the fraction of neurons obtained after snRNA-seq analysis from sample preparation to 

analysis. As discussed in the text, the nuclear isolation protocol clearly improves the fraction 

of neurons collected during FACS (see Figure S1A). The fraction of neurons sequenced 

can also be affected by the FACS size gates. These gates are important to customize to 

the buffer being used. Failure to do this can be observed in our IS samples that were 

sequenced by 10X (Table S1), which had comparatively poorer neuronal enrichment than 

other samples we sequenced. We have also consistently observed that the gradient method 

yields a higher fraction of neurons if sequenced directly without FACS than if they were 

first cleaned with FACS, which may be related to the encapsulation and sequencing of 

axonal/neuronal fragments with sufficiently high RNA content to be included in the analysis. 

We generally recommend removing debris by FACS, however, to reduce the fraction of 

doublets observed. Finally, nUMI/nGene analysis threshold selected for snRNA-seq analysis 

can also dramatically affect the fraction of neuronal nuclei obtained as we have observed 

that neuronal nuclei tend to have more genes per cell than non-neuronal nuclei. Thus, raising 

the nUMI/nGene threshold will increase the apparent neuron to non-neuron ratio.

Integration of TG data with other published TG and DRG data—Nyguen et al. 

mouse TG snRNA-seq data is downloaded from GEO (GSE131272), and Sharma et al. 

mouse TG scRNA-seq data is acquired by personal communication. These datasets were 

analyzed and annotated as described above. To compare these datasets and our mouse TG 

snRNA-seq data in the same UMAP space, we integrated the two datasets with male naive 

mouse replicates 1 – 4 using FindIntegrationAnchors() and IntegrateData() in Seurat with 

default settings.

Nyguen et al. human DRG snRNA-seq data was downloaded from GEO (GSE168243), 

and this dataset was analyzed and annotated as described above. Renthal et al. mouse 

DRG snRNA-seq data was annotated as described previously by us. To compare the gene 

expression profile of TG and DRG, we anchored our TG snRNA-seq data to the DRG data 

of the same species. Specifically, TG nuclei from naive mice in our study were anchored to 

the DRG nuclei from C57 naive mice from Renthal et al., and human TG nuclei in our study 

were anchored to the human DRG nuclei from Nyguen et al. After anchoring, DRG cell type 

labels were transferred to the TG nuclei and PCA and UMAP were run as described above 

for each dataset.

Differential gene expression analysis—To identify genes that are enriched in distinct 

mouse TG cell types, differential expression analysis was performed using findAllMarkers() 

in Seurat, comparing nuclei from one cell type to all other nuclei (Log2FC > 1, FDR < 

0.05). The same process was conducted on the human TG snRNA-seq data to identify the 

genes that are enriched in distinct in human TG cell types compared to all other TG cell 

types.

To identify genes that are differentially expressed in HSV1_LAT+ human TG nuclei 

compared to HSV1_LAT- human TG nuclei, HSV1_LAT+ population was first identified 
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as nuclei with HSV1_LAT counts > 0. The HSV_LAT- population used for differential 

expression analysis was selected by randomly sampling the same number of HSV_LAT- 

nuclei of the same cell type distribution as HSV1_LAT+ nuclei. Gene counts of the group 

with higher sequencing depth were downsampled to match the average number of UMIs 

in the group of lower sequencing depth. Differential expression analysis was performed 

using edgeR (version 3.24.3) as described previously (Renthal et al., 2020). Selection of 

HSV_LAT- population and differential expression analysis was repeated ten times and 

median Log2FC and FDR for each gene is reported.

To identify genes that are differentially expressed in female and male mice, naive samples 

sequenced using 10X Genomics Gene Expression Assay were used. Differential expression 

analysis was performed using edgeR (version 3.24.3) as described above to compare nuclei 

from female mice to male mice for each cell type.

Ligand receptor pair analysis—Ligand receptor pair analysis was performed using the 

R package SingleCellSignalR (version: 0.0.1.8) (Cabello-Aguilar et al., 2020). We filtered 

the ligand receptor database provided by SingleCellSignalR for ligand receptor pairs that 

are annotated in the database to have literature support in PubMed. We also filtered the 

mouse to human orthology table from the package to exclude mouse genes without human 

orthologues. We used the scaled counts table as input to predict cell-cell interaction. The 

function cell_signaling() in the package was used to predict potential interactions by setting 

parameter ‘tol’ to be 1, ‘s.score’ to be 0 and ‘int.type’ to be paracrine. The sankeyplots were 

generated using R package networkD3(version: 0.4), which represented the putative cell-cell 

interactions. Ligand receptor pairs are shown in Figure 2F if ligand receptor scores are > 

0.5, average ligand expression in each cell type > 0.5, and average receptor expression in 

each cell type > 0.2. Ligand receptor dot plots were generated using R package ggplot2. For 

each ligand and receptor, the cell-cell interactions from the top 10 highest ligand receptor 

scores are plotted. Single-cell RNA-seq data of mouse Meningeal dura mater (Brioschi et al., 

2021) was merged with human and mouse snRNA seq data separately using merge() from 

Seurat. The genes in human snRNA-seq were converted into mouse homolog using biomaRt 

(version: 2.44.1). Ligand receptor pairs are shown in Fig. S2F if the ligands belong to 250 

marker genes ranked by Log2FC in each cell type.

Gene ontology (GO) analysis—GO analysis was performed using topGO (version: 

2.40.0) in R (https://bioconductor.org/packages/topGO/). Marker genes (adjusted p value < 

0.01 with log2FC > 0.5 from Seurat differentially expression analysis) were used as the 

input gene list. For comparison, the background gene list included all genes with average 

expression > 0.5 in the respective nuclei being analyzed. R package org.Mm.eg.db (version 

3.11.4) was used as the genome wide annotation database for Mus musculus. R package 

org.Hs.eg.db (version3.11.4) was used as the genome wide annotation database for Homo 
sapiens. Genes were annotated for their biological process and associated gene ontology 

terms. Enrichment is defined as the number of annotated genes observed in the input list 

divided by the number of annotated genes expected from the background list. GO terms 

with > 5 annotated genes and enrichment P-value < 0.05 were returned except otherwise 

specified.
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snATAC-seq analysis—Three mouse TG snATAC-seq libraries were aggregated by 

running cellranger-ATAC aggr function using default settings. Accessible peaks were 

identified using cellranger-ATAC by analyzing the combined fragment signal across all cells 

in the dataset. The peak-cell matrix was generated by counting the fragments overlapping 

each peak in each nucleus. Mouse nuclei with > 600 fragments overlapping with peaks were 

included for downstream analysis. To annotate the mouse snATAC-seq data, a pseudo gene 

expression matrix was generated from snATAC-seq data by counting fragments overlapping 

within the 2kb region upstream of TSS of each gene using CreateGeneActivityMatrix() in 

Seurat. Using the pseudo gene expression matrix, mouse nuclei profiled by snATAC-seq 

data were anchored to snRNA-seq data (mouse naive male replicates 1 – 4, including 

doublets and low-quality nuclei in those samples that were excluded from final dataset) 

using FindTransferAnchors(reduction = “cca”) in Seurat. TransferData() was used to 

transfer mouse snRNA-seq subtype labels to each nucleus in the mouse snATAC-seq data. 

Nuclei profiled by snATAC-seq with anchoring prediction score < 0.5 were excluded from 

downstream analyses. snATAC-seq nuclei that were anchored to the doublet and low-quality 

nuclei in snRNA-seq were also excluded. Visualization of snATAC-seq data by UMAP was 

generated using the pseudo gene expression matrix. Nuclei from human TG snATAC-seq 

data were analyzed in a similar fashion; briefly, three human TG snATAC-seq libraries were 

aggregated and accessible peaks were called using cellranger-ATAC aggr. Nuclei with > 

600 fragments overlapping with peaks were included. Anchoring was performed in Seurat 

to human TG snRNA-seq data and cell type labels were transferred. snATAC-seq nuclei 

with anchoring prediction score < 0.5 or snATAC-seq nuclei anchored to the doublet and 

low-quality nuclei in snRNA-seq nuclei were excluded from downstream analyses. Due to 

the low cell number, human snATAC-seq nuclei that were labeled as individual neuronal cell 

types were combined and labeled as ‘neuron’.

Differential chromatin accessibility analysis—To identify cell-type-specific peaks of 

transposase-sensitive chromatin, the raw peak-cell matrix from the mouse snATAC-seq data 

was first scaled to 10,000 fragments per nucleus to control the sequencing depth between 

nuclei. Counts were centered and scaled for each peak. Differential chromatin accessibility 

analysis was performed using findAllMarkers() in Seurat, comparing nuclei from one cell 

type to all other TG nuclei. Cell-type-specific snATAC-seq peaks are reported for each 

subtype if Log2FC > 0.5 and FDR < 0.05.

Sex-specific peak identification—Sex labels were assigned to each nucleus in mouse 

TG snATAC-seq data based on their chromatin accessibility around sex-specific genomic 

regions. FractionCountsInRegion() in Signac was used to calculate the fraction of counts 

in each nucleus that map to either the Xist locus or to the chromosome Y. Based on the 

distribution of fractions of counts at the Xist locus or across chromosome Y in all nuclei, 

nuclei with fraction of counts mapping to the Xist locus > 3e-05 was labeled female nuclei, 

and nuclei with fraction of counts mapping to chromosome Y > 2e-04 was labeled male. In 

total, 185 nuclei were labeled female only and 702 were labeled male only, with a double 

positive rate of 3.2%. To identify sex-specific peaks, differential chromatin accessibility 

analysis was performed using findAllMarkers() comparing female nuclei to male nuclei. 

Sex-specific snATAC-seq peaks are reported Log2FC > 0.25 and FDR < 0.05.
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Transcription factor motif enrichment analysis—To identify enriched motifs in 

each mouse subtype, we used FindMotifs() in Signac (Stuart et al., 2020) to test for 

overrepresentation of each DNA motif in the JASPAR database. This analysis compares 

the motifs present in cell-type-specific snATAC-seq peaks to those in a background set of 

the same number of GC-content-matched and width-matched snATAC-seq peaks present in 

the same subtype. The background set was randomly sampled, and the motif enrichment 

analysis was repeated ten times. The median enrichment and median FDR for each motif 

in each subtype were used to identify enriched motifs (enrichment > 1, FDR < 0.05). 

Fibroblast_Mgp and Vascular cells were excluded from these analyses because they have < 

500 cell-type-specific accessible peaks. To identify transcription factors whose motifs are 

enriched in the mouse TG snRNA-seq data and their regulons (e.g., target genes), SCENIC 

(version 1.1.1) in R was used as described previously (Aibar et al., 2017; Renthal et al., 

2020).

Putative gene regulatory element identification—To identify snATAC-seq peaks 

that are correlated with gene expression in cis and may act as gene regulatory elements, 

we computed the Pearson correlation coefficient r between the snATAC-seq peaks (e.g., 

counts of transposase-sensitive chromatin) and the expression of each gene on the same 

chromosome. Distance between each snATAC-seq peak and gene was calculated between 

the center of the peak and the transcription start site of each gene. To identify putative gene 

regulatory elements that may direct cell-type-specific gene expression, we identified pairs of 

cell-type-specific snATAC-seq peaks (Log2FC > 0.5, FDR < 0.05, comparing accessibility 

in one TG cell type to all others) and cell-type-specific genes (Log2FC > 0.5 FDR < 0.05, 

comparing gene expression in one TG cell type to all others) in the same cell type. We 

further required the gene-peak pairs to have a distance < 200 kb and r > 0.5. To identify 

snATAC-seq peaks that are likely to act as gene regulatory elements and their most likely 

target genes genome-wide, we calculated the ABC scores for each snATAC-seq peak. To 

do this, we re-called snATACseq peaks using MACS2 (version: 2.1.1.20160309) (Zhang 

et al., 2008). We returned all peaks with p-value < 0.1 based on MACS2 peak calling. 

After peak calling, we resized the peaks to 500 bp centered on the peak summit. The 

MACS2 called peaks and promoter regions 500 bp centered on the transcription start site 

were defined as the candidate elements for Activity-By-Contact (ABC) analysis (Fulco et 

al., 2019). ABC scores were calculated separately in each cell type using snATAC-seq 

reads in each candidate element and powerlaw estimated Hi-C data (https://github.com/

broadinstitute/ABC-Enhancer-Gene-Prediction). ABC scores ≤ 0.015 were excluded from 

downstream analysis.

Analysis of chromatin accessibility at migraine-associated gene variants—123 

independent risk loci that are significantly associated with migraine were obtained from the 

most recent migraine GWAS (Hautakangas et al., 2022). To assess chromatin accessibility 

at each migraine SNP in our human TG snATAC-seq data, we calculated the fraction 

of snATACseq counts within each nucleus that overlap with a region 500 bp up and 

downstream of each migraine SNP. As our mouse snATAC-seq data had greater cell type 

resolution, we also analyzed chromatin accessibility at migraine-associated SNPs present 

in the mouse gene. To estimate the coordinates of migraine-associated SNPs in the mouse 
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genome, we used the UCSC web-based tool (https://genome.ucsc.edu/cgi-bin/hgLiftOver) to 

liftover all human SNP genomic regions (40 bp up and downstream) from genome assembly 

GRCh37 to genome assembly mm 10m with minimum ratio of bases set to 0.05. The center 

of each liftover genomic region was assigned as the coordinate of the migraine-associated 

SNP in the mouse genome. The chromatin accessibility at migraine-associated SNPs in 

mouse snATAC-seq data was calculated as above.

Activity sequencing of TG after inflammatory soup (IS)—To identify nuclei that 

are activated after IS and CSD, a set of 139 immediate early genes (IEG) was retrieved 

from (Wu et al., 2017). AddModuleScore() in Seurat was run to generate a IEG score 

representing the aggregated expression of those 139 IEGs for each nucleus. A nucleus was 

considered transcriptionally “activated” if its IEG score is 2 standard deviations higher than 

the average IEG scores across all nuclei of the same cell type. To identify genes that are 

differentially expressed in activated nuclei, differential expression analysis was performed 

between activated nuclei for IS and CSD to a control population of nuclei. The control 

population of nuclei was randomly selected from the uninduced nuclei from naive animals 

(the same number of nuclei and cell type distribution as the activated cell population). Gene 

expression counts of the group with higher sequencing depth were downsampled to match 

the average number of UMIs in the group of lower sequencing depth. Differential expression 

analysis was performed using edgeR (version 3.24.3) as described previously (Renthal et al., 

2020). Selection of the control population and differential expression analysis was repeated 

ten times and median Log2FC and FDR for each gene were reported.

RNAScope in situ hybridization—RNAscope fluorescence in situ hybridization (FISH) 

experiments were performed according to the manufacturer’s instructions, using the 

RNAscope Fluorescent Multiplex kit (Advanced Cell Diagnostics (ACD)) for fresh frozen 

tissue, as previously described (Zeisel et al., 2018). Briefly, human TG was frozen in OCT 

and sectioned into 15 μm sections using a cryostat. RNAscope probes against the following 

genes were ordered from ACD and multiplexed as described in the text. Human: CD55 

(Cat# 426551), TAC1 (Cat# 310711-C2), SST (Cat# 310591-C3), GFRA2 (Cat# 463011), 

KCNS1 (Cat# 487141), and CALCA (Cat# 605551-C2); mouse: Sst (Cat# 404631-C3) and 

Calca (Cat# 404631-C3). Following FISH, sections were imaged using a 40x oil immersion 

objective on a Zeiss LSM710 confocal microscope.

FISH quantification—Three non-consecutive sections per probe set were stained and used 

for quantification. Regions of interest (ROI) that showed puncta in any of the probe channels 

and had an area > 200 um2 were manually segmented using ImageJ. Four background 

regions per section were selected and background intensity was calculated for each channel 

by averaging the fluorescence intensity across all pixels in the background regions. An ROI 

was identified as positive for a given probe if the average intensity per pixel in that ROI 

was > twice the background intensity for any probes visualized in the green channel, five 

times of that in the red channel, and 10 times of that in the far-red channel. Lipofuscin 

autofluorescence was identified if, in ROI, large globular structures were observed in the 

same pattern across all three channels; lipofuscin was excluded from the analysis.
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Data visualization—Plots were generated using R version 4.0.1 with ggplot2 package 

(version 3.2.0) (https://ggplot2.tidyverse.org). Heatmaps were generated using gplots 

package (version 3.0.1.1) (https://github.com/talgalili/gplots). Figures were made using 

Adobe Illustrator (Adobe Systems; RRID: SCR_010279).

Quantification and Statistical Analysis—Statistical analyses including the number 

of animals or cells (n) and P values for each experiment are noted in the figure legends. 

Statistics were performed using R version 4.0.1. Hypergeometric tests were used to test the 

significance of overlap between two gene sets. It was conducted by calling phyper() function 

in R version 4.0.1.

ADDITIONAL RESOURCES

http://tg.painseq.com

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• A human and mouse trigeminal ganglion (TG) cell atlas

• Conservation of cell-type-specific gene expression between human and mouse 

TG

• Epigenomic maps of TG offer insight into migraine-associated genetic 

variants

• Neuronal and non-neuronal cell types are engaged in two mouse headache 

models
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Figure 1. snRNA-seq of human and mouse trigeminal ganglion
A. UMAP plot of snRNA-seq data from 59,921 mouse TG nuclei from 14 biological 

replicates, downsampled to display 28,000 nuclei, 2,000 per replicate (14,984 neuronal, 

13,016 non-neuronal). UMAP of neuronal nuclei clustered independently is shown in the 

figure inset. Colors represent cell types.

B. UMAP plot of snRNA-seq data from 38,028 human TG nuclei from three donors, 

downsampled to display 15,000 nuclei, 5,000 per donor (1,487 neuronal, 13,513 non-

neuronal). UMAP of neuronal nuclei clustered independently is shown in the figure inset. 

Colors represent cell types.

C. Dot plot displaying the expression of select cell-type-specific marker genes (columns) in 

male mice, female mice, or human TG cell types (rows). Dot size denotes the fraction of 

nuclei expressing a marker gene (>0 counts), and color denotes relative expression of a gene 

in each cell type (calculated as the mean expression of a gene relative to the highest mean 

expression of that gene across all cell types in the respective species and sex). Cell types 

with < 30 cells are not displayed.

cLTMR = c-fiber low threshold mechanoreceptor (LTMR); PEP = peptidergic nociceptor; 

TRPM8 = TRPM8+ cold sensitive neuron; NP = non-peptidergic nociceptor; NF1 = 

neurofilament+ A-LTMR enriched for A-beta-Field; NF2 = neurofilament+ A-LTMR 

Yang et al. Page 29

Neuron. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



enriched for A-beta-RA and A-beta-Field; NF3 = neurofilament+ LTMR enriched for 

A-delta; SST = somatostatin-positive pruriceptors; Satglia = satellite glia; Schwann_M = 

myelinating Schwann cells; Schwann_N = non-myelinating Schwann cells; Fibroblast_Dcn 

= Dcn+ meningeal fibroblasts; Fibroblast_Mgp = Mgp+ meningeal fibroblast; Immune = 

leukocytes; Vascular = endothelial cells.
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Figure 2. Evolutionary conservation of mouse and human TG cell types
A-B. UMAP plots of human TG snRNA-seq data anchored to the mouse TG snRNA-seq 

data (see methods). Each species is downsampled to display 5,000 nuclei. (A) Colors 

represent cell type classifications determined from clustering each species separately prior to 

anchoring (as in Figures 1A–B). (B) Colors represent species.

C. Overlap of human TG cell types between the initial classifications (as in Figure 1B) 

and the classifications assigned by anchoring human TG to the male mouse TG reference 
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(see methods). Plot displays fraction of nuclei within the initial cell type assignment that is 

assigned to each TG cell type after anchoring to the mouse TG reference.

D. Heatmap of evolutionarily conserved cell-type-specific gene expression (columns) in 

mouse and human TG cell types (rows, m = mouse, h = human). Cell-type-specific genes 

in each species are included in the heatmap if they are significantly enriched in a cell type 

compared to all other cell types (FDR < 0.01, top 50 genes by log2FC per cell type, Table 

S2).

E. Heatmap of select gene expression patterns (columns) in mouse and human TG cell types 

(rows, m = mouse, h = human). Genes are included in the heatmap if they are significantly 

enriched in a cell type compared to all other cell types (FDR < 0.05, log2FC > 0.5, Table 

S2).

F. Ligand-receptor interactions in mouse and human TG. Left) Putative interactions between 

ligands and receptors within mouse (top row) and human (bottom row) TG cell types. 

Vertical bars are colored by cell type and the height of bars depict the number of ligands (left 

column) and receptors (right column) in the given cell type. The thickness of connecting 

lines is proportional to the number of total ligand-receptor interactions between the two 

connecting cell types. Right) Dot size denotes relative expression of a gene in each cell 

type, and colors indicate cell type. Arrows between cell types denote the 10 highest ligand-

receptor scores (The full set of ligand-receptor pairs can be found in Table S3).
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Figure 3. Species-specific features of TG cell types
A. Heatmap of human and mouse TG cell-type-specific genes. Genes (columns) are included 

in the heatmap if they are both significantly enriched in a cell type (rows, m = mouse, h 

= human) compared to all other cell types (FDR < 0.01, log2FC > 1, see Table S3) and 

expressed significantly more in either human or in mouse (FDR < 0.01, top 5 genes by 

log2FC between human and mouse).

B-C. UMAP plots of snRNA-seq data of 3,000 nuclei downsampled from 15,303 TG 

neurons (top) or 3,000 nuclei downsampled from 3,873 human (bottom) TG neurons. B). 

Nuclei are colored by cell type (same colors as in Figure 3A). C). Nuclei are colored by log2 

expression of Calca/CALCA. Peptidergic nociceptors (PEP) and Sst-expressing pruriceptors 

(SST) are circled.

D. Ligand-receptor interactions in mouse (top) and human (bottom) TG cell types. The dot 

size denotes relative expression of a gene in each cell type, and the color indicates cell 
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type. Arrows between cell types denote the 10 highest ligand-receptor scores (The full set of 

ligand-receptor pairs can be found in Table S3).

E. Florescent in situ hybridization images of mouse TG (top) and human TG (donor 3, 

bottom) stained with probes against Sst/SST (magenta) and Calca/CALCA (green). Magenta 

arrows point to examples of human SST neurons that co-express CALCA (bottom) or mouse 

SST neurons that do not co-express Calca (top). Lipofuscin is circled by grey dotted lines in 

human slides. Scale bars = 25μm.
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Figure 4. Latent alphaherpes virus expression in human TG neurons
A. Percentage of HSV1_LAT+ neurons or non-neuronal cells in each donor. Dots show 

percentage of HSV1_LAT+ nuclei in each library and bars indicate the average across 

libraries.

B. Percentage of each neuronal subtype that are HSV1_LAT+ across all donors.

C. Volcano plot displaying differential gene expression between HSV1_LAT+ and 

HSV1_LAT- nuclei. HSV1-LAT (n = 115) and the same number of randomly selected cells 

of the same cell type distribution without detectable expression of HSV1_LAT. Significance 

is displayed on the Y-axis as -log10 False Discovery Rate (FDR); magnitude of differences is 

displayed on X-axis as log2 Fold Change (FC).

D. Gene ontology analysis of differentially expressed genes (Log2FC > 1, FDR < 0.05) 

between HSV1_LAT+ and HSV1_LAT- nuclei. Enrichment is the number of times an 

ontology term is observed in the differentially expressed gene set over a random gene set of 

expressed genes.

Bar shows enrichment and color shows P-value.
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Figure 5. Single-nucleus epigenomic analysis of mouse trigeminal ganglion
A. Fraction of peaks in snATAC-seq data that map to promoter regions (−1,000bp to +100bp 

of transcription start site [TSS]), intragenic regions (within gene body excluding promoter 

region), distal regions (<200 kb upstream or downstream of TSS excluding promoter and 

intragenic regions), and intergenic regions (>200kb upstream or downstream of TSS) across 

3 biological replicates of Vglut2-cre;Sun1-GFP+ TG nuclei.

B-C. UMAP plots of 3,519 mouse TG nuclei profiled by snATAC-seq anchored to 5,584 

male naive mouse TG nuclei profiled by snRNA-seq. Nuclei are colored by B) single-
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nucleus profiling technique or C) cell type classification. Cell types that are present in 

snRNA-seq data but not in snATAC-seq data are not shown.

D. For each TG cell type (rows), chromatin accessibility is displayed at cell-type-specific 

genes (columns). snATAC-seq data is displayed as the average frequency of sequenced DNA 

fragments per cell for each cell type, grouped by 50 bins per displayed genomic region; 

Y-axis is scaled for each gene (column).

E. Differential chromatin accessibility analysis of 90,996 cell-type-specific peaks in each 

TG cell type compared to all other TG cell types (Log2FC > 0.5, FDR < 0.05, Table S8). 

Heatmap displays log2FC for each peak (rows) in the respective TG cell type (columns). 

Transcription factor (TF) DNA binding motifs that are most significantly enriched within 

each cell type’s differentially accessible peaks (Log2FC > 0, FDR < 0.05) compared to 

randomly selected peaks (Table S9) are shown. The most enriched motif and its TF family 

are displayed for each cell type. Cell types with ≤ 500 differentially accessible peaks are not 

shown.

F. Heatmap of TFs whose DNA binding motifs are significantly enriched (Log2FC > 0, 

FDR < 0.05) within each cell type’s differentially accessible peaks compared to randomly 

selected peaks (see methods). Top 5 TFs by motif enrichment per cell type are included in 

the heatmap. Heatmap shows the Z-score (column-scaled) of motif fold enrichment.

G. Scatter plots of average normalized expression of cell-type-specific TF mRNA and its TF 

motif fold enrichment (Z-score as in Figure 5F) in each mouse TG cell type. Pearson’s r 

between gene expression and motif enrichment in each cell type is displayed.

H. UMAP plots of 59,921 naive mouse TG nuclei profiled by snRNA-seq downsampled to 

display 28,000 nuclei (as in Figure 1A). Nuclei are colored by cell type (left) or by AUCell 

regulon scores of ESRRA (middle) and ZFX (right) using SCENIC (see methods).
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Figure 6: Gene regulatory mechanisms in distinct trigeminal ganglion cell types
A. Chromatin accessibility is displayed at the genomic loci of Calca, Scn11a, or Ngfr. 
At each genomic locus, chromatin accessibility is displayed as the average fraction of 

transposase-sensitive fragments per nucleus at that region (grouped by 50 bins per displayed 

genomic region). Accessibility at each locus (Y-axis) is scaled to the max value across all 

cell types (column). Peaks are annotated as grey bars and differentially accessible peaks are 

colored red. Scatter plot shows the correlation of their chromatin accessibility of a given 
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snATAC-seq peak and expression of a nearby gene in each cell type (chromatin accessibility 

and gene expression are normalized to their max values). Colors indicate cell types.

B. Heatmap displays Log2FC of 1,080 cell-type-specific snATAC-seq peaks (rows, Log2FC 

> 0.5, FDR < 0.05) whose chromatin accessibility is highly correlated (Pearson’s r > 0.5, 

values are displayed as horizontal bars) with the expression of cell-type-specific genes 

(Log2FC > 1, FDR < 0.05, comparing gene expression in one TG cell type to all other cell 

types) in the respective cell type. These peaks are positioned within 200 kb upstream of 

the respective cell-type-specific gene’s TSS and are associated with its regulation by ABC 

score.

C. Migraine-associated genomic variants exhibit preferential chromatin accessibility within 

distinct TG cell types. Heatmap displays the Z-score (row scaled) of the fraction per nucleus 

of transposase-sensitive fragments that overlap with a 1 kb window around the genomic 

locus that corresponds to migraine-associated genomic variants (rows).

D. Dot plot displays the expression of migraine-associated genes (rows) in human TG 

cell types (columns) as measured by snRNA-seq. Dot size denotes the fraction of nuclei 

expressing a marker gene (>0 counts), and color denotes relative expression of a gene in 

each cell type.
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Figure 7. Activation of multiple TG cell types in mouse models of headache
A. UMAP plots of snRNA-seq data from 96,933 mouse TG nuclei from both naive and 

headache models (downsampled to display 3,000 naive, 3,000 IS, and 3,000 CSD). Nuclei 

are colored by condition (left) or by cell type (right).

B. Fraction of nuclei in each headache model that display a transcriptionally activated state 

after IS or CSD as defined by the expression of a panel of immediate early genes (IEG) 

(see Act-seq methods). There are significantly more transcriptionally activated nuclei after 

IS than in naive (*P < 0.05, two-tailed Student’s t-test, error bars are SEM).

C. Heatmap showing change in percentage of transcriptionally activated nuclei in each 

TG cell type after IS or CSD compared naive. Significant effects of IS were observed in 

NP, satellite glia and fibroblasts (*P < 0.05 1-way ANOVA, see Figure S6C for ANOVA 

statistics); strong trends were observed in PEP and vascular cells. Significant effects of CSD 

were observed in satellite glia and fibroblasts (*P < 0.05, 1-way ANOVA, see Figure S6D 

for ANOVA statistics).

D. Volcano plot of differentially expressed genes between transcriptionally activated nuclei 

in Left) IS or Right) CSD and the same number of randomly selected control cells of the 

same cell type distribution. Significance is displayed on the Y-axis as -log10 False Discovery 

Rate (FDR); magnitude of gene expression differences is displayed on X-axis as log2 Fold 

Change (FC). Top five genes by log2FC in each gene class are labeled. Immediate early 

genes (IEGs) are orange, genes that are activated by axonal injury (see methods) are green, 

and migraine-associated genes are purple.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Bacterial and virus strains

Biological samples

Chemicals, peptides, and recombinant proteins

RNase inhibitor Promega Cat#N2611

60% Iodixanol solution Sigma Cat#D1556

IGEPAL CA-630 Sigma Cat#I8896

35% Bovine Serum Albumin solution Sigma Cat#A7979

Sucrose Millipore Cat#573113

KCl Thermo Fisher Scientific Cat#AM9640G

MgCl2 Thermo Fisher Scientific Cat#AM9530G

PBS Thermo Fisher Scientific Cat#10010023

Tris-HCl Thermo Fisher Scientific Cat#AM9850G,
Cat#AM9855G

Tricine Sigma Cat#T0377

DTT Sigma Cat#646563

Actinomycin Sigma Aldrich Cat#A9415

Hoechst 33258 Invitrogen Cat#H3569

Capsaicin Tocris Cat#0462

Prostaglandin E2 Tocris Cat#2296

Bradykinin Tocris Cat#3004

Histamine Sigma Cat#H7125

KOH Sigma Cat#221465

ProLong Gold Antifade Mountant with DAPI Thermo Fisher Cat#P36931

RNAscope® Probe-Hs-CD55 ACD Bio Cat#426551

RNAscope® Probe-Hs-TAC1 ACD Bio Cat#310711-C2

RNAscope® Probe-Hs-SST ACD Bio Cat#310591-C3

RNAscope® Probe-Hs-GFRA2 ACD Bio Cat#463011

RNAscope® Probe-Hs-KCNS1 ACD Bio Cat#487141

RNAscope® Probe-Hs-CALCA ACD Bio Cat#605551-C2

RNAscope® Probe-Mm-Sst ACD Bio Cat#404631-C3

RNAscope® Probe-Mm-Calca ACD Bio Cat#404631-C3

Critical commercial assays

RNAscope Fluorescent Multiplex Assay ACD Bio Cat#320850

Chromium Next GEM Chip G Single Cell Kit 10X Genomics Cat#1000127

Chromium Next GEM Single Cell 3' GEM, Library & 
Gel Bead Kit v3.1

10X Genomics Cat#1000128
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REAGENT or RESOURCE SOURCE IDENTIFIER

Single Index Kit T Set A 10X Genomics Cat#1000213

Chromium Next GEM Chip H Single Cell Kit 10X Genomics Cat#1000162

Chromium Next GEM Single Cell ATAC Library & Gel 
Bead Kit v1.1

10X Genomics Cat#1000176

1000212 10X Genomics Cat#1000212

Deposited data

Raw and analyzed data This paper GEO: GSE197289

Experimental models: Cell lines

Experimental models: Organisms/strains f

Mouse: C57BL/6 The Jackson Laboratory Cat#000664

Mouse: Sun1-GFP The Jackson Laboratory Cat#021039

Mouse: Vglut2-Cre The Jackson Laboratory Cat#016963

Oligonucleotides

Recombinant DNA

Software and algorithms

custom R scripts This paper https://github.com/Renthal-Lab/

Fiji ImageJ RRID:SCR_002285

Adobe Illustrator CC Adobe Systems RRID: SCR_010279

Indrops mapping Klein et al., 2015 https://github.com/indrops/indrops

Cellranger 10X Genomics https://support.10xgenomics.com/single-cell-gene-
expression/software/pipelines/latest/what-is-cell-
ranger

Cellranger-atac 10X Genomics https://support.10xgenomics.com/single-cell-atac/
software/pipelines/latest/what-is-cell-ranger-atac

R for statistical computing- 4.0.1 R Core Team, 2018 https://www.r-proiect.org/

Seurat – 3.2.0 Satija et al., 2015 https://satiialab.org/seurat/

Signac – 1.1.0 Stuart et al., 2020 https://satiialab.org/signac/

SingleCellSignalR – 0.0.1.8 Cabello-Aguilar et al., 2020 https://www.bioconductor.org/packages/release/
bioc/html/SingleCellSignalR.html

SCENIC – 1.2.2 Aibar et al., 2017 https://aertslab.org/#scenic

edgeR – 3.30.3 Robinson et al., 2009 http://bioinf.wehi.edu.au/edgeR/

ggplot2 – 3.3.2 Wickham, 2016 https://ggplot2.tidyverse.org/

gplots – 3.0.4 Warnes et al., 2009 https://github.com/talgalili/gplots

topGO – 2.40.0 Alexa, 2018 https://bioconductor.org/packages/release/bioc/html/
topGO.html

Other

Resource website for this publication This paper https://tg.painseq.com
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