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Abstract  

G protein-coupled receptor 37-like 1 (GPR37L1) is an orphan GPCR with largely unknown functions. 

Here we report that Gpr37l1/GRP37L1 ranks among the most highly expressed GPCR transcripts in 

mouse and human dorsal root ganglia (DRGs), selectively expressed in satellite glial cells (SGCs). 

Peripheral neuropathy induced by streptozotoxin (STZ) and paclitaxel (PTX) led to reduced GPR37L1 

expression on the plasma membrane expression in mouse and human DRGs. Transgenic mice with 

Gpr37l1 deficiency exhibited impaired resolution of neuropathic pain symptoms following PTX and 

STZ-induced pain, whereas overexpression of Gpr37l1 in mouse DRGs reversed pain. GPR37L1 is co-

expressed with potassium channels, including KCNJ10 (Kir4.1) in mouse SGCs and both KCNJ3 (Kir3.1) 

and KCNJ10 in human SGCs. GPR37L1 regulates the surface expression and function of the potassium 

channels. Notably, the pro-resolving lipid mediator maresin 1 (MaR1) serves as a ligand of GPR37L1 

and enhances KCNJ10 or KCNJ3-mediated potassium influx in SGCs through GPR37L1. Chemotherapy 

suppressed KCNJ10 expression and function in SGCs, which MaR1 rescued through GPR37L1. Finally, 

genetic analysis revealed that the GPR37L1-E296K variant increased chronic pain risk by destabilizing 

the protein and impairing the protein’s function. Thus, GPR37L1 in SGCs offers a new therapeutic target 

for the protection of neuropathy and chronic pain. 
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Introduction  

 

Satellite glial cells (SGCs) reside in the peripheral nervous system (PNS), where they wrap around 

neuronal cell bodies and form a complete envelope, allowing for close neuron-SGC interactions in the 

dorsal root ganglia (DRGs) and trigeminal ganglia (1, 2). SGCs express high levels of the inwardly 

rectifying K+ channel KCNJ10 (also known as Kir4.1) in mouse sensory ganglia, enabling them to control 

perineural potassium homeostasis and neuronal excitability (2, 3). Increasing evidence indicates that 

SGCs participate in the generation and maintenance of chronic pain (4-6). Especially, KCNJ10 is 

downregulated under pathological pain conditions (7), and the knockdown of KCNJ10 expression in 

SGCs is sufficient to induce pain hypersensitivity (3). However, it is unclear how KCNJ10 expression is 

regulated in SGCs and disease conditions. It is generally believed that SGCs promote pain by ATP 

signaling or releasing pro-inflammatory cytokines, such as TNF-and IL-1which can drive 

hyperexcitability of surrounding sensory neurons (2, 8, 9).  

G-protein coupled receptor 37-like 1 (GPR37L1) is an orphan GPCR. Prosaposin and prosaposin-

derived peptides such as TX-14 were proposed as ligands of GPR37 and GPR37L1 and have exhibited 

neuroprotective and glioprotective effects, but their binding sites on GPR37L1 are elusive (10, 11). 

GPR37L1 was shown to have constitutive activities modulated by protease cleavage (12) and remains 

unliganded (13). GPR37L1 mutations have been implicated in neurological diseases, such as seizure 

susceptibility (14-16). Single-cell analysis revealed that the Gpr37l1 transcript is highly enriched in 

astrocytes and SGCs (17-22). However, the role of GPR37L1 in SGCs is unclear.   

Specialized pro-resolving mediators (SPMs), such as resolvins, protectins, and maresins, are 

biosynthesized from omega-3 unsaturated fatty acids (e.g., DHA) and exhibit potent pro-resolution, anti-

inflammation, and analgesic actions in various animal models via GPCR activation (23-27). We 

previously identified neuroprotectin D1 (NPD1) as a ligand for GPR37 (28). In this study, we identified 

the pro-resolution lipid mediator maresin 1 (MaR1) as a ligand of GPR37L1. We found that MaR1 

interacts with and binds GPR37L1. MaR1 potently attenuated neuropathic pain and further increased 

KCNJ10-mediated K+ currents in SGCs, in a GPR37L1-dependent manner. We also revealed a distinct 

expression of KCNJ3 (Kir3.1/GIRK1) in humans but not in mouse SGCs and demonstrated that MaR1 

increased the KCNJ3 activity in human SGCs. Finally, we identified previously unrecognized GPR37L1 

variants that are associated with chronic pain in humans.  
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Results 

 

Gpr37l1 and GPR37L1 are highly expressed in SGCs of mouse and human DRG  

We conducted RNA sequencing from DRGs of non-injured naive mice and detected a total of 321 GPCRs 

and 92 orphan GPCRs with a cutoff value of >1 (Supplemental Table 1A). Figure 1A and B are lists of 

the top ten expressed GPCR transcripts in both categories. We found that Gpr37l1 is among the ten most 

highly expressed GPCR mRNAs (Figure 1A; n = 3). Gpr37l1 is also the most expressed orphan GPCR 

mRNA in mouse DRGs (Figure 1B; Supplemental Table 1B, n = 3). We next examined GPCR mRNA 

expression levels in human DRGs using a microarray database with a total of 332 GPCR and 73 orphan 

GPCR transcripts (Supplemental Table 2A; n = 214). Figure 1C and 1D show the ten most highly 

expressed GPCR transcripts in both categories. We found that GPR37L1 is among the top ten GPCR 

mRNAs (Figure 1C, Supplemental Table 2A) and the top five orphan GPCR mRNAs in human DRGs 

(Figure 1D, Supplemental Table 2B). Therefore, Gpr37l1 and GPR37L1 mRNAs are highly expressed 

by both mouse and human DRGs. See accession number of GSE260669 and GSE78150 for mouse and 

human DRG sequencing data, respectively.   

Single-cell RNA sequencing (RNAseq) has revealed selective expression of Gpr37l1 mRNA in 

mouse satellite glial cells (SGCs) of mouse DRG (17, 19-21, 29, 30) (Supplemental Figure 1A). Next, 

we investigated Gpr37l1 mRNA and GPR37L1 protein expression in mouse DRGs using RNAscope in 

situ hybridization (ISH), immunohistochemistry (IHC), western blotting, and flow cytometry in both 

wildtype (WT) and Gpr37l1mutant mice (Supplemental Figure 2, A-D). ISH analysis revealed Gpr37l1 

expression in SGCs but not neurons of mouse DRG (Figure 2A). Additionally, SGCs of trigeminal 

ganglia and nodose ganglia expressed Gpr37l1 (Supplemental Figure 1, B-C). Gpr37l1 expression was 

absent in Gpr37l1 (KO) mice, validating the specificity of the RNAscope probe (Supplemental Figure 

1D). Notably, Gpr37, a close family member of Gpr37l1, is expressed by neurons but not by SGCs 

(Supplemental Figure 1E) in mouse DRGs. Double staining via IHC showed co-localization of GPR37L1 

with FABP7, a cellular marker for SGCs (19). Notably, GPR37L1 staining forms a ring surrounding 

DRG neurons (Figure 2B). Western blot analysis detected several forms of GPR37L1 in mouse DRGs, 

a full-length GPR37L1 at ~65 kDa (glycosylated form), and a ~50 kDa band (non-glycosylated form), 

as well as truncated/cleaved forms of GPR37L1 at 37 and 18 kDa (Figure 2C). These bands were 

substantially reduced in the heterozygote (Gpr37L1) mice and completely abolished in homozygote 

(Gpr37l1) mice (Figure 2C). Flow cytometry analysis showed co-localization of GPR37L1 with ~80% 

of GLAST+ cells in WT DRGs (Supplemental Figure 2A and 2B). GPR37L1 expression was abolished 
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in Gpr37l1 mice (P< 0.0001, Supplemental Figure 2B) and also significantly decreased in mice treated 

with intraganglionic (IG) injection of Gpr37l1 siRNA (P< 0.001, Supplemental Figure 2C).   

We also conducted ISH, IHC, and western blotting to examine GPR37L1 expression in human 

DRG tissues. Double staining of ISH and IHC revealed that the GPR37L1 transcript is specifically 

expressed in human SGCs that co-express SGC marker glutamine synthetase (GS) (2) (Figure 2D). 

Furthermore, double IHC staining showed heavy co-localization of GPR37L1 with FABP7. Intriguingly, 

GPR37L1 expression on SGCs appears to be polarized: it is highly visible on the inner side of the SGC 

that is in close contact with neurons (Figure 2E). This unique subcellular expression provided an 

anatomical substrate for GPR37L1 to mediate neuron-glial interaction.  

To further the translational relevance of this study, we analyzed human DRG samples from 

patients with diabetic peripheral neuropathy (DPN). Western blot analysis revealed a down-regulation of 

plasma membrane GPR37L1 (GPR37L1-PM) but an upregulation of intracellular cytosol GPR37L1 

(GPR37L1-IC), leading to a significant change in PM/IC ratio (P<0.05, Figure 2F). This result suggests 

that GPR37L1 is regulated in painful disease conditions such as diabetic neuropathy.  

 

GPR37L1 is protective against PTX and STZ-induced pain model 

To evaluate the contribution of GPR37L1 to neuropathic pain, we generated two animal models by 

systemic injection of streptozotocin (STZ), a diabetes-inducing toxin, and paclitaxel (PTX), a 

chemotherapy drug. We tested the time course of STZ and PTX-induced mechanical allodynia, a cardinal 

feature of neuropathic pain in these mouse models in three genotypes: Gpr37l1, Gpr37l1, and 

Gpr37l1. Notably, the baseline pain sensitivity, including mechanical, heat, and cold sensitivity, did 

not differ among the three genotypes (Supplemental Figure 3A-3C). A low dose of STZ (75 mg/kg) 

evoked rapid mechanical allodynia in 7 days, and this mechanical pain resolved on Day 35 (Figure 3A). 

Interestingly, Gpr37l1 mice failed to resolve on Day 35 and Day 42, compared to Gpr37l1 mice 

(P<0.05 on Day 35 and Day 42, Figure 3A). A single injection of PTX (6 mg/kg) also elicited profound 

mechanical allodynia in 7 days, and this allodynia resolved on Day 35 (Figure 3B). Notably, Gpr37l1 

mice showed no sign of resolution on Day 35 and Day 42, compared to Gpr37l1 mice (P<0.01 on Day 

35, P<0.0001 on Day 42, Figure 3B). Collectively, the results indicate a protective role of GPR37L1 

against STZ and PTX-induced pain. Consistent with this notion, the STZ-induced pain model was 

associated with a significant reduction of surface expression of GPR37L1 in the plasma membrane (PM) 

of mouse DRGs collected 28 days after the STZ injection (P<0.05, Figure 3C, D).  
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To examine whether down-regulation of GPR37L1 is sufficient to produce pain, we conducted 

intra-ganglionic microinjection of Gpr37l1-targeting siRNA (siRNA) or control scramble RNA (scRNA) 

to the L4 and L5 DRGs (4 g in 2 l per injection, Figure 3E). We found that this siRNA treatment was 

sufficient to induce mechanical allodynia within 2 days (Figure 3F, Supplemental Figure 3D), with mild 

effects on thermal sensitivity (Supplemental Figure 3, E and F). Compared to scRNA, siRNA-treated 

mice had a ~ 60% reduction in Gpr37l1 mRNA levels in the L4-L5 DRGs two days after the injection 

(P<0.001, vs. scRNA, Figure 3G). A similar reduction in GPR37L1 expression was validated by flow 

cytometry (Supplemental Figure 2C). This finding suggests that a partial loss of GPR37L1 in L4-L5 

DRGs is sufficient to drive pain.  

Next, we tested whether an up-regulation of GPR37L1 in DRG SGCs is sufficient to rescue 

neuropathic pain. To this end, we conducted intra-ganglionic microinjection of SGC-targeting Gpr37l1-

AAV9 virus (with Fabp7 promoter) and control AAV9 virus (1 x 1012 CFU in 2 l) to the L4 and L5 

DRGs, given one week after PTX injection (Figure 3H). The Gpr37l1-AAV9 treatment resulted in a 

delayed reversal of mechanical allodynia 4 weeks after the PTX injection  

The Gpr37l1-AAV9 treatment reversed mechanical allodynia caused by PTX application at 4 

weeks. (P<0.0001, vs. control AAV9, Figure 3I). As expected, Gpr37l1-AAV9 treatment also resulted 

in a substantial increase in Gpr37l1 mRNA levels in L4 DRGs at 4 weeks post-PTX injection (P<0.05, 

Figure 3J). Together, both loss-of-function and gain-of-function experiments support the beneficial role 

of GPR37L1 in pain protection.    

 

MaR1 serves as a GPR37L1 ligand  

Specialized pro-resolving mediators (SPMs), such as resolvins, protectins, and maresins, are 

biosynthesized from omega-3 unsaturated fatty acids, such as docosahexaenoic acid (DHA) and 

demonstrate potent analgesic actions in various animal models via activation of specific GPCRs (23-27). 

We previously identified neuroprotectin D1 (NPD1) as a ligand for GPR37 (28). Since GPR37L1 is a 

close family member of GPR37, we speculated that SPMs may also activate GPR37L1. We tested 

different families of SPMs, including D-series resolvins (RvD1, RvD2, and RvD5), E-series resolvin 

(RvE1), NPD1, and maresin 1 (MaR1), as well as the SPM precursors DHA and EPA (eicosapentaenoic 

acid). This was accomplished by using a lipid overlay assay to detect binding partners of GPR37L1, 

which we established by transfecting HEK cells with GPR37L1 containing a FLAG tag (Figure 4A). 

Among all the lipid mediators we tested, only MaR1 showed a specific binding signal to GPR37L1; no 

signal was detected following MOCK transfection (Figure 4B). To confirm whether native GPR37L1 



7 

 

expressed by mouse DRGs would also interact with MaR1, we performed a lipid overlay assay using 

DRG lysates from WT or Gpr37l1 mice (Figure 4C). We coated PVDF membranes with MaR1 (0.01, 

0.1, 1, and 10 nM) and observed specific binding of 10 nM MaR1 in DRG samples from WT but not 

from Gpr37l1 mice (P<0.05, WT vs. KO, Figure 4C). Furthermore, we performed a lipid-coated bead 

pull-down assay to test whether MaR1 would interact with the GPR37L1 protein. We coated beads with 

MaR1, RvD1, RvD2, NPD1, and DHA and found strong GPR37L1 binding to MaR1 (Supplemental 

Figure 4, A-C). These results suggested a direct binding of MaR1 to GPR37L1.  

Using GPR37L1 homology modeling, we generated computational predictions to examine the 

potential interaction between MaR1 and GPR37L1. The molecular structures for GPR37L1 and GPR37 

have not been solved, but these two GPCRs have high homologies with human endothelial receptor Type 

B (human EDNRB, Supplemental Figure 5A) (31). Thus, we conducted EDNRB transmembrane helix 

sequence alignment with human GPR37L1 and utilized the crystal structure of Human EDNRB (PDB: 

6IGK) as a template for GPR37L1 structural modeling (Figure 4D). We investigated possible interactions 

of MaR1 and NPD1 (control) with GPR37L1 by assessing the strength of hydrogen bonds between them 

using molecular docking and molecular dynamic simulation (MDS, Figure 4E, Supplemental Figure 5, 

B, and C). In the MDS of the GPR37L1-MaR1 complex cluster 1, the RMSD value of the protein 

backbone was stabilized at 4Å and the RMSD of MaR1 was between 4 to 6Å (Supplemental figure 5C). 

Further 100 ns simulation of the GPR37L1-MaR1 cluster-1 ensemble structure also demonstrated stable 

interactions, with RMSD values between 4 to 6Å (Figure 4D). In contrast, NPD1 does not show stable 

MDS activity for GPR37L1 (Supplemental Figure 5, B and D), even though NPD1 can bind GPR37 (31).   

 

MaR1 inhibits STZ and PTX-induced pain via SGC and GPR37L1 signaling 

MaR1 was shown to inhibit inflammatory pain in acute and chronic pain models (24, 26). We also tested 

the analgesic actions of MaR1 on STZ and PTX-induced neuropathic pain in Gpr37l1, Gpr37l1, and 

Gpr37l1 mice. First, we administrated MaR1 via an intrathecal route that can target cells in DRGs and 

the spinal cord. We observed that, in Gpr37l1 (WT) mice, MaR1 significantly reversed STZ-induced 

mechanical allodynia in all the mice (Figure 5A left, P<0.001). MaR1 also significantly reversed the 

mechanical allodynia in Gpr37l1 mice (Figure 5A middle, P<0.05). However, MaR1 had no significant 

analgesic effects in Gpr37l1 mice (Figure 5A right). Furthermore, we observed similar analgesic 

effects of MaR1 in the chemotherapy model (Figure 5B). MaR1 significantly reversed paclitaxel-induced 
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mechanical allodynia in WT mice (Figure 5B left, P<0.0001). MaR1 also significantly reversed the 

mechanical allodynia in Gpr37l1 mice (Figure 5B middle, P <0.01), but had no significant analgesic 

effects in Gpr37l1 mice (Figure 5B right).  

Intrathecal injection of MaR1 could reduce pain at both DRG and spinal cord levels. To determine 

a direct effect of MaR1 on DRG cells, we conducted Intra-ganglionic (I.G) injection of MaR1 and 

Gpr37l1 siRNA (Figure 5C). As expected, I.G. treatment of Gpr37l1 siRNA resulted in a significant 

reduction of Gpr37l1 mRNA expression (P<0.05, vs. scRNA, Figure 5C). Notably, I.G. injection of 

MaR1 significantly reduced mechanical pain in chemotherapy mice treated with control siRNA (scRNA, 

P<0.01), but this analgesic effect was compromised in mice treated with Gpr37l1-siRNA (P<0.05, Figure 

5D). Collectively, these results indicate that MaR1 may relieve pain through GPR37L1 signaling in DRG.  

SGCs have been shown to promote pain by releasing pro-inflammatory cytokines, such as IL-1 

(8, 32). To examine the SGC-mediated neuro-glial interactions in a pathological condition, we prepared 

neuron-glia mixed cultures from the DRGs both WT and Gpr37l1 mice and stimulated these co-

cultures with 1 µM paclitaxel for 24 h. ELISA showed that PTX induced a marked increase in IL-1 

levels in the culture medium and that this increase was blocked by 100 nM MaR1 in cultures from WT 

but not Gpr37l1 mice (Figure 5E). Thus, MaR1 may partially alleviate neuropathic pain by suppressing 

IL-1release via GPR37L1-mediated intracellular signaling in SGCs.   

 

MaR1 regulates KCNJ10 expression and K+ channel function in SGCs  

KCNJ10 is the predominant potassium channel in mouse SGCs (3) (Supplemental Figure 1A) and is 

responsible for the generation of K+ currents in SGCs (33). Dysregulation of KCNJ10 in SGC has been 

implicated in the pathogenesis of pain (2). To define the direct effect of chemotherapy on the DRG, we 

employed an ex vivo whole-mount DRG preparation for both biochemical and electrophysiological 

analyses (Figure 6A) (34). We found that PTX treatment (1 M) caused a rapid change in PM expression 

of expression (Figure 6B, Supplemental Figure 6, A and B) with significant down-regulation at 2 h 

(P<0.05, Figure 6, B and C, Supplemental Figure 6, A and B). Notably, 100 ng/ml MaR1 treatment was 

able to dramatically reverse this downregulation (P<0.05, Figure 6, B and C).  

To investigate K+ signaling in SGCs, we conducted whole-cell patch-clamp recordings of K+ 

currents in SGCs (Figure 6, D-J). We visualized SGCs with DIC contrast microscopy (Figure 6D). Under 

normal conditions, SGCs exhibited large K+ currents (>2 nA) at the holding potential of -160 mV (Ik-160, 
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Figure 6E, Supplemental Figure 7, A and B). PTX treatment also caused a significant down-regulation 

of the surface expression of KCNJ10 at 2 h (P<0.001, Supplemental Figure 6, A and B). Also, PTX (100 

ng, I.G. injection) induced acute pain response prevented by 100 ng MaR1 application (Supplemental 

Figure 6, C-F).  

Strikingly, PTX (1 M) induced a rapid reduction in K+ currents within 20 min (Figure 6, E-G; 

Supplemental Figure 7, B-D). PTX evoked a dose-dependent effect: a significant reduction of Ik-160 was 

observed at concentrations as low as 0.1 M PTX (P<0.05, Supplemental Figure 7E). As previously 

reported (35), the total K+ currents were almost completely blocked by the Kir channel blocker Barium 

(100 μM); the amplitude of the Kir-mediated Ik-160 current was comparable with that of the total K+ 

currents (Supplemental Figure 7, F and G). Co-application of MaR1 (100 ng/ml) with PTX significantly 

reversed the K+ current deficit (P<0.01, Figure. 6, H and I). Importantly, MaR1’s enhancement of K+ 

currents was abolished in SGCs of Gpr37l1 mutant mice (Figure. 6, H and J; Supplemental Figure 7H). 

To investigate how GPR37L1 regulates KCNJ10 mediated K+ channel function, we performed: 

1) IHC to confirm GPR37L1/KCNJ10 co-expression in mouse DRG sections (Figure 6K), 2) GPR37L1/ 

KCNJ10 Co-IP in mouse DRG tissues (Figure 6, L and M), and 3) Ti+ influx assay for assessing 

intracellular K+ levels in HEK293 cells transiently expressing GPR37L1 and KCNJ10 (Figure 6N, 

Supplemental Figure 7I). Triple IHC staining revealed that KCNJ10 is highly co-expressed with 

GPR37L1 in GS+ SGCs (Figure 6K). Co-IP analysis revealed that GRP37L1 or KCNJ10 antibodies could 

pull down KCNJ10 or GPR37L1 respectively in mouse DRG lysates (Figure 6, L and M). Ti+ influx 

assay showed a dose-dependent increase in Ti+ influx in HEK293 cells incubated with 0.1-1 µM (1 h) of 

MaR1, with an EC50 = 7.2 nM (Figure 6N). MaR1-induced Ti+ influx peaked in 10 min (Supplemental 

Figure 7J). The acute paclitaxel evoked mechanical allodia also can block the 100 ng Mar1 application 

(Supplemental Figure 7K).  Collectively, these results demonstrate that MaR1 regulates KCNJ10-

mediated K+ influx through GPR37L1 signaling.   
 

 

MaR1 regulates KCNJ3 expression and K+ channel function in human SGCs  

We used a published database of scRNA seq of mouse and human TG (36, 37) to compare the species 

differences in expression levels and cell types of the genes encoding KCNJ family of K+ channels in 

SGCs of mouse TGs (Figure 7A) and human TGs (Figure 7B). In mouse TGs, Kcnj10 is predominantly 

expressed by SGCs, although Schwann cells and immune cells show moderate levels of Kcnj10 

expression (Figure 7A). Compared to the mouse gene, the human KCNJ10 expression is lower, but still 

specific for SGCs (Figure 7B). We found a striking species difference in KCNJ3 expression in mouse 
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and human TGs. Kcnj3 is expressed by sensory neurons but not by SGCs in mouse TGs (Figure 7A). In 

sharp contrast, KCNJ3 is highly expressed by SGCs, with some low expression in sensory neurons and 

Schwann cells in human TGs (Figure 7B). Cluster analysis (36) showed that Gpr37l1 is associated with 

Kcnj10 in mouse TGs and GPR37L1 is associated with both KCNJ3 and KCNJ10 in human TGs (Figure 

7, A and B). Additional analysis of mRNA expression of human DRGs of DPN and control patients from 

a published database (29) revealed significant downregulations in the mRNA expression levels of 

GPR37L1 (P<0.01) and KCNJ3 (P<0.05), but not KCNJ10, in the DPN group (Figure 8C). ISH analysis 

showed that both KCNJ3 and KCNJ10 are expressed by SGCs, surrounding TUBB3+ neurons, in human 

DRG sections (Figure 8D). Further analysis of human RNA-seq data (36) revealed a higher percentage 

of colocalization for GPR37L1/KCNJ3 (~75%) than GPR37L1/KCNJ10 (~30%) (Supplemental Figure 

8A). Western blot analysis showed a significant decrease of KCNJ3 in the plasma membrane of DRG 

samples from neuropathic pain patients (P<0.01, vs. Control, Figure 7, E and F). 

KCNJ3 K+ channel is known to be modulated by GPCRs, and the Ti+ influx assay has been used 

for G protein (βγ subunit-mediated) drug screening (38). To investigate whether GPR37L1 regulates K+ 

influx via KCNJ3, we conducted a Ti+ influx assay in both human SGCs (Figure 7, G and H) and HEK293 

cells expressing GPR37L1 or GPR37L1 together with KCNJ3 (Figure 7I). Human DRG culture imaging 

revealed an increased dye signal in SGCs surrounding neurons following 0.5 mM Ti+ incubation. 

However, MaR1 treatment (100 nM, 0.5 h) caused significant increases in K+ signaling in human SGCs 

(P<0.05, vs. Control, Figure 7, G and H; Supplemental Figure 8B). In GPR37L1/KCNJ3-expressing 

HEK293 cells, MaR1 treatment was sufficient to increase K+ levels (Figure 7I). As expected, KCNJ3 

over-expression was also able to increase K+ levels in GPR37L1-expressed cells. However, MaR1 caused 

a further increase in K+  levels in KCNJ3/GPR37L1-expressing cells (Figure 7, I and J). Finally, MaR1-

induced K+ increase in KCNJ3/GPR37L1-expressing cells was blocked by either 1 µM of KCNJ3 

antagonist SCH 23390 (39) or 1 µM of Gβγ inhibitor (Gallein) (40) (Supplemental Figure 8, C and D). 

MaR1 has no effect on KCNJ3-only expressing cells (Supplementary Figure 8, E and F) 

 

GPR37L1 mutations are associated with chronic pain in humans   

We examined the genetic correlation of GPR37L1 variants with chronic pain. We assessed the UK 

Biobank cohort to inquire about the potential roles of rare GPR37L1 variants in chronic pain, as it offered 

accurate allele assignments via whole-exome sequencing (41). SAIGE was used to perform association 

tests between rare coding variants and a report of chronic pain at eight body sites (Figure 8A and 
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Supplemental Table 3A). The rare coding variants were chosen for analyses because they are most likely 

to have a significant and interpretable effect and they usually result in a reduction of the function of the 

corresponding protein rather than an increase. Furthermore, they provide a precise target for follow-up 

functional analysis (42). A total of 380 variant-site associations with at least five minor allele counts 

were considered in a primary analysis (Figure 8B). Of these, three were found significant at the false 

discovery rate level of 20%: rs148475636 (V459M) was associated with hip pain and headache (OR=56.1, 

P = 5.0x10-5, and OR=30.5, P = 3.95x10-4) and rs767987863 (E296K) was associated with widespread 

pain (OR=1816, P = 3.9x10-4) (Supplemental Table 3A). We then performed secondary analyses to 

estimate the risk for chronic pain at all eight sites for two identified variants (Figure 8, A-D). The variant 

of SNP rs148475636 was associated with significantly increased risk at many body sites, suggesting a 

pleiotropic effect, including an overall significant and large risk in a meta-analysis (meta OR=16, 

P=1.0x10-10), while a meta-analysis on SNP rs767987863 was not significant (Figure 8, A and D, 

Supplemental Table 3B). Importantly, both significant SNPs are non-synonymous and display high 

CADD scores (43), suggesting that the variants alleles are deleterious and have a loss of function (8.0 

for rs148475636 and 27.3 for rs767987863; Supplemental Table 3A). More broadly, the majority of the 

tested coding variants had substantial pathogenicity CADD scores (Supplemental Table 3A) and were 

risk factors for chronic pain (Figure 8D), suggesting that GPR37L1 is protective against pain. Further, 

in-slico prediction of protein stability revealed that among the six mutations of GPR37L1 variants, the 

allele E296K showed a significant loss of protein stability (n = 9 simulations, Supplemental Figure 9A).  

Finally, we investigated the impact of E296K mutation on GPR37L1 expression and function. 

Over-expression of both WT and E296K mutant GPR37L1 in human SGCs resulted in significant 

increases of GPR37L1 mRNA levels compared with mock-transfected cells (P<0.01), without altering 

KCNJ3 mRNA expression (Supplemental Figure 9B). However, no significant difference in plasma 

membrane expression of GPR37L1 was observed between WT and mutant groups in HEK293 cells 

(P=0.10, Supplemental Figure 9C-E). We also conducted functional assays in human SGCs expressing 

WT and mutant GPR37L1.  We found significant increase in IL-1β production in mutant-expressing 

SGCs with PTX treatment (P<0.01, Supplemental Figure 9F). Moreover, MaR1 increased Ti+ influx 

activity in WT not E296K mutant expressing cells (Supplemental Figure 9G). Collectively, these findings 

suggest that the E296K mutation may impair the function of GPR37L1.    
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Discussion  

 

In this study, we have offered several new insights into GPR37L1 and satellite glial signaling in pain 

control. First, we demonstrated a protective role of GPR37L1 against chronic pain, as neuropathic pain 

caused by chemotherapy or STZ-induced pain is enhanced and prolonged in transgenic mice with 

Gpr37l1 deficiency (Gpr37l1 and Gpr37l1). We also showed that partial knockdown of GPR37L1 

in DRGs of naïve wild-type animals was sufficient to induce mechanical allodynia. Furthermore, we 

found GPR37L1 downregulations not only in DRGs of mice with chemotherapy and diabetes but also in 

DRGs of patients with painful diabetic neuropathy. Importantly, we have identified new SNPs of human 

GPR37L1 and potential variant alleles that are deleterious with loss of function, supporting our functional 

studies in mice that GPR37L1 is protective against the development of chronic pain.  

Another important finding is that we identified MaR1 as a ligand of GPR37L1. Prosaposin, a 

highly conserved glycoprotein and secretory protein, was initially implicated as a ligand for GPR37 and 

GPR37L1 (10). Single-cell based pathway analysis in mouse DRGs also revealed an association of 

prosaposin and Gpr37l1 (44). However, it is unclear how prosaposin interacts with GPR37L1. Our data 

showed that Gpr37l1 and GPR37L1 transcripts are among the top 10 expressed GPCR transcripts in 

mouse and human DRGs. Given its high expression under the physiological conditions, constitute 

activity of GPR37L1 was proposed, and metalloprotease cleavage of the N terminal of GPR37L1 may 

reduce its constitutive activity (12). It was also suggested that this orphan receptor remains unliganded 

(13). MaR1 is a DHA-derived SPM that has exhibited potent analgesic actions in animal models of 

inflammatory pain (24), arthritic pain (26), and postoperative pain (45). So far, all the known SPM 

receptors are GPCRs and each SPM may have multiple receptors (23). It was found that the GPCR LRG6 

acts as a specific receptor for MaR1, and activation of LRG6 by MaR1 promoted phagocyte immune 

resolvent functions (46). Notably, LRG6 was identified by -arrestin assay, and GPR37L1 showed no 

such activity (46). Our data showed a specific signaling of MaR1 through GPR37L1. The lipid overlay 

and protein pulldown experiments demonstrated MaR1 binding to GPR37L1. Furthermore, the computer 

simulations revealed that MaR1 forms hydrogen bonding with ASN190, ARG196, and GLU375 residues 

in the GPR37L1 binding pocket, whereas NPD1 only showed weak binding to this receptor. Importantly, 

our functional evaluations demonstrated that GPR37L1 is required for MaR1’s analgesic actions in 

mouse models of neuropathic pain.  
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Our results demonstrated that GPR37L1 controls neuropathic pain in mice by regulating the 

surface expression and function of KCNJ10 (Kir4.1) in SGCs. We have provided a previously 

underappreciated mechanism by which chemotherapy and diabetes induce pain via SGC signaling. 

Chemotherapy caused a rapid suppression of KCNJ10-mediated K currents in SGCs. Remarkably, 

MaR1 conferred protection against CIPN by inducing GPR37L1-dependent upregulations of surface 

KCNJ10 expression and KCNJ10-mediated K currents in SGCs. We postulate that dysregulation of 

GPR37L1/KCNJ10 signaling in SGCs in neuropathy conditions (CIPN and DPN) will impair the SGC’s 

function of K+ buffering, leading to sequential increases in extracellular levels of K, nociceptor 

excitability, and pain sensitivity. Importantly, this dysregulation can be prevented and treated by 

GPR37L1 agonists such as MaR1 (Supplemental Figure 10). Additionally, MaR1 also blocked 

paclitaxel-induced IL-1 release in SGC-neuron co-cultures. Control of neuroinflammation in DRG by 

the MaR1/GPR37L1 axis will further reduce neuropathic pain.  

Development of pain medicine has been hampered by the translational gap between rodents and 

humans, as many genes are differentially expressed and functioned in mouse and human tissues including 

DRGs (47-50). We validated critical role of the MaR1/GPR37L1 axis in both mouse (SGC) and human 

cells (SGC and HEK cells). Both Gpr37l1 and GPR37L1 mRNAs are highly expressed in mouse and 

human DRGs. We also found striking species differences in KCNJ3 and KCNJ10 expression in mouse 

and human TGs. In mouse sensory ganglia, Kcnj3 is expressed by neurons but not by SGCs (Figure 7A) 

(17, 51). However, in human sensory ganglia, KCNJ3 mRNA is highly enriched in SGCs (Figure 7B). 

This distinction highlighted different mechanisms of KCNJ3 in pain modulation in mice and humans.  

As an inwardly-rectifying potassium channel (GIRK), KCNJ3 (GIRK1) regulates the G-protein mediated 

outward K+ currents in neurons induced by analgesics, such as opioids (52). Importantly, KCNJ3 is 

coupled to GPR37L1 in human SGCs and its activity is positively regulated by MaR1. Although KCNJ10 

(Kir4.1) is expressed by SGCs of both mouse and human sensory ganglia, its contribution to K+ buffering 

could be greater in mouse than human. In mouse sensory ganglia GPR37L1 is only associated with 

KCNJ10. However, in human sensory ganglia, GPR37L1 is associated with both KCNJ10 and KCNJ3, 

with much higher co-localization with KCNJ3 than KCNJ10 (Supplemental Figure 8A). Despite these 

species’ differences, the MaR1/GPR37L1 pathways are critical for SGC K+ signaling in both mice and 

humans.     

Neuropathic pain after DPN and CIPN is a major health problem (53-55). Current treatments for 

neuropathic pain are insufficient and cause significant side effects (56, 57). Our findings suggest that 
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targeting GPR37L1 in SGCs will lead to new therapeutics for treating neuropathic pain after CIPN and 

DPN. MaR1 is a highly potent GPR37L1 activator and has a wide safety profile, but its pharmacokinetics 

and in vivo stability (e.g., short half-life as a lipid mediator) remain to be improved. An alternative is to 

identify a small-molecule agonists of GPR37L1 for pain management. Although we have shown specific 

and high expression of GPR37L1 in mouse and human SGCs, astrocytes in the central nervous system 

also express GPR37L1, which plays a protective role in astrocytes (10). The study of GPR37L1’s 

function and its activation by MaR1 in astrocytes is of great interest. Notably, SGCs and astrocytes reside 

in the PNS and CNS, respectively, and play similar and distinct roles in pain regulation (6). Given the 

well-known side effects of CNS-targeting drugs, targeting SGC-GPR37L1 in the PNS may offer a safer 

analgesic drug for pain relief and disease modification.  Notably, DRG sensory neuron has a single 

process (the stem axon) that bifurcates into a peripheral and a central axonal branch. Thus, action 

potential firing may be affected by the T-junction in DRG neurons (58).  Since GPR37L1 is also 

expressed by Schwann cells in the peripheral nerve, future studies are needed to investigate how 

GPR37L1 in SGCs or Schwann cells directly or indirectly regulates action potential firing in cell bodies 

and axons. 
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Materials and Methods  

 

Sex as a biological variable 

Both male and female animals were used in this study. The numbers of male and female animals used in 

different experiments are described in Supplemental Table 4. Human DRG donors of both sexes were 

used as described in Supplemental Table 5. 

 

Animals  

B6;129S5-Gpr37l1tm1Lex/Mmucd strain was obtained from UC Davis (MMRRC, stock Cat No. 011709-

UCD). Gpr37l1 and littermate mice with C57BL/6 background were maintained at Duke University 

Medical Center. CD1 mice were also used for some behavioral, histochemical, and electrophysiological 

studies. Adult mice (males and females, 8–10 weeks) were used for behavioral tests and biochemical 

assays. Both sexes were included in behavioral testing and no sex differences were noticed in behavioral 

and cellular tests conducted in this study. Two to five mice were housed in each cage under a 12-hour 

alternating light-dark cycle with ad libitum access to food and water. Sample sizes were estimated based 

on our previous studies for similar types of behavioral and biochemical analyses (28). Animal 

experiments were conducted according to the National Institutes of Health Guide for the Care and Use 

of Laboratory Animals and approved by the Institutional Animal Care and Use Committee (IACUC).  

 

Pain models and drug injection  

Mouse models of chemotherapy-induced peripheral neuropathy (CIPN) were induced by paclitaxel, 

given via intraperitoneal route either by a single injection or by 4 injections. A mouse model of diabetic 

peripheral neuropathy (DPN) was induced by streptozotocin (STZ) via an intraperitoneal injection. For 

intrathecal (i.t.) injection of MaR1 or PTX, a spinal cord puncture was made by a Hamilton micro-syringe 

between the L5 and L6 levels. Please see more details in Supplemental methods.   

 

Intraganglionic injection  

Mice were placed in a prone position under isoflurane anesthesia and microinjection of 1-2 µl of the 

solution of siRNA, PTX, MaR1, and AAV-virus was administrated to L4 and L5 DRG using a Hamilton 

syringe connected to a glass micropipette. Please see Supplemental methods for additional details.   

 

Reagents  
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Maresin 1 (MaR1, Cat No. 10878) and other lipid mediators were purchased from Cayman Chemical. 

Please see Supplemental methods for all the reagents.   

 

Lipids overlay assay 

Lipids membrane coating and protein overlay assay were performed as previously described (59). Lipid 

mediators including SPMs (RvD1, RvD2, RvD3, NPD1, MaR1), DHA, and vehicle EtOH, were directly 

loaded on hydrophobic PVDF membrane walls (96 well plates; Bio-Rad). Compound-coated membranes 

were dried and blocked with 1% BSA. The coated membranes were incubated with lysates obtained from 

hGPR37L1-transfected HEK293 cells or with DRG lysates from WT or Gpr37l1 KO mice for 2 h, 

followed by detection using an anti-GRP37L1 antibody (Bioss, Rabbit, 1:1000, Cat No. bs-15390R) or 

anti-flag antibody (Cell signaling, Rabbit, 1:1000, Cat No.14793). Blots were further incubated with an 

HRP-conjugated secondary antibody (Anti-rabbit, Jackson ImmunoResearch, raised in donkey, 1:5000), 

developed in ECL solution (Pierce), and protein signal was visualized from ChemiDoc MP (BioRad). 

The signal intensity was quantified by Image J software (NIH).  

 

Co-immunoprecipitation  

Mouse DRGs were harvested, washed once in ice-cold PBS, and then scraped in harvest buffer (10 mM 

HEPES, 100 mM NaCl, 5 mM EDTA, 1 mM benzamidine, protease inhibitor tablet, 1% Triton X-100, 

pH 7.4). Cell lysates were then solubilized, and immunoprecipitated with anti-GPR37L1 antibody (Bioss, 

Rabbit, 1:100, Cat No. bs-15390R), anti-Kir4.1/KCNJ10 antibody (Thermo Scientific, Rabbit, 1:100, 

Cat No. 12503-1-AP), or normal rabbit IgG (Santacruz,1:100, Cat No. sc-2027). The antibody-binding 

proteins were pulled down using protein A conjugated magnetic beads (Thermo Scientific, Cat No.88845) 

and washed by repeated centrifugation and homogenization. Samples were heated, then probed by 

Western blotting using anti-GPR37L1 (Alomone Labs, Rabbit, 1:1000, Cat No.AGR-050) or anti-Kir4.1 

(Thermo scientific, Guinea pig, 1:1000, Cat No. PA5-111798).   

 

Human DRG samples 

Non-diseased human DRGs were obtained from donors through the National Disease Research 

Interchange (NDRI) with permission of exemption from the Duke University Institutional Review Board 

(IRB). Human DRGs from neuropathic pain patients and healthy controls were obtained from a cohort 

collected at the University of Pittsburg (60). They consist of a snap-frozen bilateral lumbar L4 and L5, 

collected from brain-dead subjects following asystole with the consent of first-tier family members. All 
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procedures were approved by the University of Pittsburgh Committee for Oversight of Research and 

Clinical Training Involving Decedents and the Center for Organ Recovery and Education, Pittsburgh, 

PA (http://www.core.org).  

 

Human DRG SGC-neuron co-cultures  

Human DRG cultures were prepared as previously reported. DRGs were digested at 37°C in a humidified 

CO2 incubator for 120 min with collagenase Type II (Worthington, 290 units/mg, 12 mg/ml final 

concentration) and Dispase II (Roche, 1 unit/mg, 20 mg/mL) in PBS with 10 mM HEPES, pH adjusted 

to 7.4 with NaOH. DRGs were mechanically dissociated using fire-polished pipettes, filtered through a 

100-m nylon mesh, and centrifuged (500 g for 5 min). The pellet was resuspended, plated on 0.5 mg/mL 

poly-D-lysine–coated glass coverslips, and grown in Neurobasal medium supplemented with 10% FBS, 

2% B-27 supplement, and 1% penicillin/streptomycin. K influx assay was performed after 7 days in 

culture.  

 

Western blot  

Protein samples were prepared from transfected cells, lipid pull-down beads, and DRGs. Tissue and cells 

were placed on ice and lysed with ice-cold RIPA. See more details in Supplemental methods.  

 

In situ hybridization using RNAscope probes 

Mice were transcranial perfused with PBS followed by 4% PFA under deep anesthesia with isoflurane. 

Lumbar DRGs, trigeminal ganglia, and nodose ganglia were isolated and post-fixed in the same fixative. 

Tissues were cryopreserved in a sucrose gradient, then embedded in OCT medium (Tissue-Tek), and 

cryosectioned at 14 μm. The RNAscope probes against mouse Gpr37l1 (Cat No. 319301), mouse Gpr37 

(Cat No. 319291), human GPR37L1 (Cat No. 513641), human KCNJ3 (Cat No.1154801-C3), human 

KCNJ10 (Cat No.461091), and human TUBB3 (Cat No.481251) were designed by Advanced Cell 

Diagnostics (Newark, CA, US) and the RNAscope multiplex fluorescent assays we conducted according 

to the manufacturer’s instructions. Pre-hybridization and hybridization were performed according to 

standard methods (34).  

 

Immunohistochemistry 

Mice were deeply anesthetized with isoflurane and perfused through the ascending aorta with PBS, 

followed by 4% PFA. After the perfusion, L4-L5 DRGs were removed from the mice and post-fixed in 
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the same fixative overnight. Human DRGs were obtained from the National Disease Research Interphase 

(NDRI) and fixed in 4% PFA overnight. See more details in Supplemental methods.  

 

Patch-clamp recordings in mouse SGCs in whole-mount DRG preparation  

Under urethane anesthesia, mice were rapidly euthanized, lumbar DRGs were dissected and briefly 

digested. SGCs in whole mouse DRG could be visualized using a 40x water-immersion objective on an 

Olympus BX51WI microscope. A Whole-cell patch-clamp configuration was made on SGCs as reported 

(61). The Kir4.1 currents were obtained by digitally subtracting those currents in the absence and 

presence of barium (35, 62). See more details in Supplemental methods. 

 

Ti influx assay 

Ti flux assay was conducted using the manufacture’s and standard protocol (63). For examining Ti flux 

in GPR37L1, KCNJ3, KCNJ3/KCNJ10-expressing Hek293 cells, and WT/E296K-GPR37L1-expressing 

human SGCs, cells were dislodged from tissue culture flasks. After overnight incubation, the cell culture 

medium was replaced with thallium influx dye-loading solution. Following a 60 min incubation at room 

temperature, the data were collected from a plate reader. See more details in Supplemental methods.  

 

Nociceptive behavior tests  

Gpr37l1+/+, Gpr37l1, or Gpr37l1 mice were habituated to the testing environment for at least two 

days before baseline testing. All animal behaviors were tested blindly. Thermal and mechanical 

sensitivity was tested before and after the injection of paclitaxel (PTX, 1 x 6 mg/kg, or 4 x 2 mg/kg, IP) 

or streptozotocin (STZ, 75 mg/kg, IP). MaR1 was intrathecally injected 3 days after the STZ or PTX 

injection. For testing mechanical sensitivity, mice were confined in boxes (14 × 18 × 12 cm) placed on 

an elevated metal mesh floor, and their hind paws were stimulated with a series of von Frey hairs with 

logarithmically increasing stiffness (0.16-2.00 g, Stoelting), presented perpendicularly to the central 

plantar surface. The 50% paw withdrawal threshold was measured by Dixon’s up-down method (64). 

Thermal sensitivity was measured using a Hargreaves radiant heat apparatus (65) (IITC Life Science). 

The basal paw withdrawal latency was adjusted to 10-15 s, with a cutoff of 25 s to prevent tissue damage. 

Acetone (50 μl) was applied through wire mesh flooring onto the plantar surface of the infected hindpaw 

to produce evaporative cooling (66). Mechanical and thermal sensitivity was also tested after intra-DRG 

injection of siRNA and MaR1.  
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Genome-wide association 

Genome-wide association tests were performed in the large UK Biobank project cohort comprised of 

half a million participants (41, 67). Information about chronic pain reports collected at the visit was 

available at eight body sites: head (headaches), face, neck/shoulder, stomach/abdominal, back, hip, knee, 

and widespread. Variants were annotated to GRCh38 reference provided by UK Biobank 

(http://biobank.ndph.ox.ac.uk/ukb/refer.cgi?id=3803) with Ensembl Variant Effect Predictor (VEP, 

release 99) (68). Rare coding variants were tested, and we required a minor allelic frequency of less than 

0.01 and a minor allele count greater than 5. We used SAIGE (version 0.44.2) (69) to perform the tests, 

as it considers cryptic relatedness and guards against false-positive associations in the face of case-to-

control imbalance (due to the cross-sectional nature of the cohort) by means of the saddle point 

approximation method (70). The meta-analysis at a given variant position across all eight chronic pain 

sites was performed using the inverse variance-based weighting scheme (71). A combined Annotation 

Dependent Depletion score (CADD v1.6) (43) was used to estimate the deleteriousness of the variants.  

See more details in Supplemental methods.  

 

Additional Methods and Materials are presented in Supplemental Information file for: 

Reagents; Genotyping; Pain models and drug injection; RNA purification, sequencing, and analysis; 

HEK293 cell culture and cDNA transfection; Lipid pull-down assay; Immortal human SGCs cell line 

generation and transfection; Mouse SGC cultures and SGC-neuron co-cultures; Computer simulations; 

Intraganglionic injection; ELISA assay; Flow cytometry; Prediction of protein stability; Real-time 

quantitative PCR; and Preparation of plasma membrane (PM) fraction, Western blot; 

Immunohistochemistry; Patch-clamp recordings in mouse SGCs; Ti influx assay; and Genome-wide 

association.  

 

Statistics  

All data were expressed as the mean ± SEM. The sample size for each experiment was indicated in figure 

legends. GraphPad Prism 8.0 software was used to perform statistical analysis. The data were analyzed 

by two-way ANOVA, followed by Bonferroni’s post-hoc test or Tukey’s post-hoc test for multi-group 

comparison, or by Student t-test for two-group comparison. P<0.05 was considered statistically 

significant. Statistical significance was indicated as * P<0.05, ** P <0.01, *** P <0.001, **** P <0.0001.  

 

Study Approval 

http://biobank.ndph.ox.ac.uk/ukb/refer.cgi?id=3803
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All the animal procedures were approved by the Institutional Animal Care & Use Committee of Duke 

University. Animal experiments were conducted in accordance with the National Institutes of Health 

Guide for the Care and Use of Laboratory Animals.   
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Data and Software Availability 

No custom software was used in this study. The data and code are available upon reasonable request.  

Next-generation sequencing data have been deposited in a MINSEQE-compliant public database with 

the accession number of GSE260669 and GSE78150 for mouse and human DRG sequencing data, 

respectively. 

Supporting data values were included in the source file for the original data.  

 

Supplemental Information 

Supplemental information includes 10 supplemental figures and 5 supplemental tables. 
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Figure legends 

Figure 1. Gpr37l1 and GPR37L1 transcripts are highly expressed in mouse and human DRGs. (A, 

B) Highly expressed GPCR transcripts in mouse DRGs. RNAseq shows mRNA expression levels 

(FPKM) of the top 10 GPCR transcripts (A, n = 3) and the top 10 orphan GPCR transcripts (B, n = 3). 

Gpr37l1 expression is highlighted in red bars. Note that the Gpr37 expression is much lower than 

Gpr37l1. (C, D) Highly expressed GPCR transcripts in human DRGs. Normalized microarray shows 

mRNA expression levels (intensity) of the top 10 GPCR transcripts (C, n = 214) and the top 10 orphan 

GPCR transcripts (D, n = 214). GRP37L1 expression is highlighted in red bars. GPR37 expression is 

included for comparison. Data are expressed as mean ± SEM. 
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Figure 2. Mouse and Human SGCs express Gpr37l1/GPR37L1 mRNA and GPR37L1 protein. (A) 

Double staining of RNAscope in situ hybridization (ISH for Gpr37l1) and immunohistochemistry (IHC 

for Tuj1) show non-overlapping expression of Gpr37l1 mRNA (red) and Tuj1 (white) in mouse DRGs. 

Right, enlarged image from the box in the left panel. Yellow arrows indicate Gpr37l1+ cells surrounding 

DRG neurons. Scale = 25 µm. (B) Double IHC staining shows co-localization of GPR37L1 (red) with 

FABP7 (white). Scale bars, 25 µm. (C) Western blot showing GPR37L1 expression in mouse DRGs of 
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Gpr37l1 , Gpr37l1 , and Gpr37l1 mice. GAPDH was included as a loading control from the same 

gel. (D) Double staining of ISH (GPR37L1, red) and IHC (glutamine synthetase, GS, green) shows co-

localization of GPR37L1 mRNA and GS in human SGCs. (E) Double staining of IHC for GPR37L1 (red) 

and FABP7 (green) shows heavy co-localization of GPR37L1 and FABP7 in human SGCs. Note that 

GPR37L1 is enriched on the inner side of SGCs in close contact with neurons. * indicates a neuron and 

arrows indicate SGCs surrounding the neurons. Scale bars, 25 µm. (F) Top, western blots showing 

plasma membrane (PM) and cytosol fractions of GPR37L1 and GAPDH loading control (from the same 

gel) in human DRGs of neuropathic pain patients and controls (Con, n = 3). Bottom, the ratio of 

PM/cytosol GPR37L1 expression in human DRGs of control and neuropathic pain patients. Data are 

expressed as mean ± SEM and analyzed by t-test. **P<0.05, n = 3, unpaired student’s t-test.  
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Figure 3. GPR37L1 is dysregulated in pain and protects against neuropathic pain. (A, B) 

Neuropathic pain (mechanical allodynia) induced by streptozotocin (75 mg/kg STZ, A) and paclitaxel (6 

mg/kg, PTX, B) in wild-type and Gpr37l1 mutant mice. (A) Time course of STZ-induced mechanical 
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allodynia in Gpr37l1 mice (n = 5), Gpr37l1  mice (n = 7), and Gpr37l1 mice (n = 6). (B) Time 

course of PTX-induced mechanical allodynia in Gpr37l1 mice (n = 7), Gpr37l1  mice (n = 10), and 

Gpr37l1 mice (n = 8). (C, D) GPR37L1 expression in the plasma membrane (PM) fraction of DRG 

tissues of control animals (n = 3) and animals 4 weeks after STZ treatment (n = 3). Transferrin (TfR) was 

used as a loading control for surface proteins from a parallel gel. (D) Quantification of GPR37L1 as fold 

change from control. (E-G) Unilateral intraganglionic (I.G.) microinjection of Gpr37l1-targeting siRNA 

reduces Gpr37l1 expression and induces persistent mechanical allodynia in naïve animals. (E) Schematic 

of unilateral I.G. microinjection (2 l) of Gpr37l1-targeting siRNA (siRNA) and scrambled control RNA 

(scRNA) in the L4 and L5 DRGs, followed by von Frey testing on day 1 and day 2 and subsequent tissue 

collection for quantitative RT-PCR (qPCR) analysis. (F) Mechanical allodynia is induced by siRNA (n = 

10 mice) but not scRNA (n = 10 mice). (G) qPCR analyses showing expression of Gpr37l1 in L4-L5 

DRGs from the ipsilateral (Ipsi) and contralateral (Contra) sides 2 days after unilateral injection of siRNA 

(n = 10 mice) and scRNA (n = 10 mice). (H-J) Unilateral I.G. microinjection of Fabp7-Gpr37l1 or Fabp7-

mock AAV virus rescued Gpr37l1 expression and reduced persistent mechanical allodynia in CIPN mice 

(6 mg/kg PTX). (H) Schematic of intraganglionic unilateral microinjection (2 l) of Fabp7 promoter 

Gpr37l1 expression AAV9 virus (AAV-L1) and Mock control virus (AAV-Con) in the L4 and L5 DRGs, 

given one week after PTX, followed by von Frey testing and subsequent tissue collection for quantitative 

RT-PCR (qPCR) analysis. (I) PTX-mediated mechanical allodynia is reduced by AAV-L1 application 

(n = 8 mice) but not AAV-Con (n = 8 mice). Note that AAV-L1 injection in control mice without PTX 

treatment has no effects on mechanical pain. (J) qPCR analyses showing expression of Gpr37l1 in 

ipsilateral L4 DRGs (Ipsi, n = 4 mice) 4 weeks after unilateral virus injection in naïve and PTX mice. 

Data are expressed as mean ± SEM and statistically analyzed by Two-Way ANOVA with Tukey’s post-

hoc test (A, B, and I) or Bonferroni’s posthoc test (F), One-Way ANOVA with Tukey’s post-hoc test (G 

and J), and two-tailed t-test (D). *P<0.05, ** P<0.01, ****P<0.0001.  
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Figure. 4. MaR1 binds GPR37L1. (A, B) Lipid overlay assay shows GPR37L1 binding to MaR1. (A) 

Schematic for detecting GPR37L1-binding lipid mediators. hGPR37L1 is FLAG-tagged and expressed 

in HEK293 cells after hGPR37L1 cDNA transfection. (B) Specific binding of hGPR37L1 to MaR1. The 

plate was coated with 10 different lipid mediators (1 g/ml, #2-11), as well as vehicle control (0.1% 

ethanol, #1) and no coating control (NC, #12), and then incubated with cell lysates of hGPR37L1 or 

MOCK transfected cells. A yellow star indicates a positive response. (C) Up, a representative blot of 

MaR1-coated PVDF membrane. Down, quantification of dot intensity in DRG lysates from WT and 

Gpr37l1  mice. n = 3 repeats. (D, E) The overall structure of hGPR37L1 (Green) in complex with 

MaR1 (Magenta). (E) 100 ns RMSD graph was obtained with a 1000 ns simulation of the GPR37L1-

MaR1 complex (red) or GPR37L1(blue). Data are expressed as mean ± s.e.m. and analyzed by unpaired 

t-test (C) *P<0.05.   
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Figure 5. Intrathecal or intra-ganglionic injection of MaR1 reduces neuropathic pain via GPR37L1 

expressed on SGCs.  (A, B) Intrathecal MaR1 (100 ng) reduces mechanical allodynia in Gpr37l1 and 

Gpr37l1 mice, induced by 75 mg/kg of STZ and 6 mg/kg of PTX. (A) Paw withdrawal thresholds were 

assessed in Gpr37l1 mice (left, n = 7), Gpr37l1 mice (middle, n = 10), and Gpr37l1 mice (n = 8) 

after intrathecal MaR1 injection in the STZ model. (B) Paw withdrawal thresholds in Gpr37l1 mice 

(left, n = 5), Gpr37l1 mice (middle, n = 7), and Gpr37l1 mice (n = 6) after intrathecal MaR1 

injection in the PTX model. Behavior was assessed 1 h after MaR1 injection on Post-PTX and Post-STZ 

day 3. Abbreviations: PTX, paclitaxel; STZ, streptozotocin. (C) Top, schematic of intra-ganglionic (I.G.) 

injection. Bottom, knockdown of Gpr37l1 expression in the L4 DRGs after siRNA treatment compared 

to scRNA treatment (n=8). (D) I.G. injection of MaR1 (10 ng, 2 l) reduces PTX-induced mechanical 

allodynia in control animals treated with scRNA but not in animals treated with Gpr37l1-siRNA (n=10). 

(E) MaR1 inhibits paclitaxel-induced IL-1 release in SGC-neuron co-cultures via GPR37L1. IL-1 

release in co-cultures from DRG of WT mice (n=6) and Gpr37l1 mice (n=6) was analyzed by ELISA. 

The cultures were stimulated with 1 µM paclitaxel for 24 h in the absence or presence of MaR1 (100 

nM). Data are expressed as mean ± SEM and statistically analyzed by paired t-test (A, B), Two-Way 
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ANOVA with Bonferroni’s post-hoc test (D, E), Tukey’s post-hoc test (D, E) or unpaired t-test (C). 

*P<0.05, **P<0.01, ***P<0.001, **** P< 0.0001, n.s., not significant.  
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Figure 6. MaR1 increases the surface expression of GPR37L1 and KCNJ10/Kir4.1 and regulates 

K currents in SGCs via GPR37L1. (A-C) Western blot analysis of surface GPR37L1 expression in 
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whole-mount DRG preparations. (A) Schematic of whole-mount DRG treatment with PTX or MaR1, 

followed by plasma membrane (PM) preparation and western blot. (B) Western blot showing the effects 

of PTX (1 M) and MaR1 (100 ng/ml, 2 h) on PM and total fraction of GPR37L1. (C) Quantification of 

GRP37L1 expression (n = 6 preps). (D-J) Patch-clamp recordings of K currents in SGCs in whole-

mount DRG preparations.  (D) Micrograph showing patch-clamp recording in a SGC, indicated by a red 

arrow. (E) Representative trace for total K currents in SGCs of WT-DRG treated with vehicle or PTX 

(1 M, 1 h). (F) Average I/V curves in SGCs treated with vehicle (n = 5 cells) and PTX (1 µM, n = 18 

cells). (G) Quantification of the amplitude of K currents (Ik-160) for F, with the holding potential of -160 

mV.  (H) Representative traces for total K currents in SGCs of Gpr37l1 DRG treated with PTX (1 

M, 1 h) or PTX + MaR1 (100 ng/ml, 1 h), or in Gpr37l1 DRG treated with PTX (1 M, 1 h) or PTX 

+ MaR1 (100 ng/ml). (I) Average I/V curves in WT SGCs after treatment of PTX (n = 18 cells) or PTX 

+ MaR1 (n = 15 cells). (J) The amplitude of  currents (Ik-160) for H-I, with the holding potential of -

160 mV. In Gpr37l1 DRG preps, n = 17 for PTX; n = 14 for PTX + MaR1. Note that the  currents 

are suppressed by PTX and MaR1 can increase the suppressed currents in WT mice but not in mutant 

mice. (K) Triple IHC staining showing heavy co-localization of GPR37L1 (green), GS (White), and 

KCNJ10 (red) in mouse DRG SGCs encircling a neuron. Scale bars, 25 µm. (L) Protein pull-down and 

co-immunoprecipitation (Co-IP) show GPR37L1 and KCNJ10 interaction in mouse DRGs from parallel 

gels. Upper labels, pull-down antibodies; left labels, detection antibodies. (M) Quantification of the pull-

down results in L for GPR37L1 (left) and KCNJ10 (right). n = 5 mice. (N) Dose-response curve of Ti+ 

influx after subtraction of background, as indicated by AUC (10 min, n = 6). Data are expressed as 

mean ± SEM and analyzed by Two-Way ANOVA with Bonferroni’s post-hoc test (F, I, and J) and One-

Way ANOVA with Tukey’s post-hoc test (C, M), or two-tailed t-test (G). *P<0.05, **P<0.01, ***, 

P<0.001. The EC50 was calculated by Richard’s five-parameter dose-response curve (N). 
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Figure 7. GPR37L1 regulates KCNJ3/GIRK1 signaling in human SGCs.  (A, B) Single-cell RNAseq 

meta-analysis of KCNJ transcripts expression in mouse (A) and human (B) trigeminal ganglia (TGs) 
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from a published database (36). (A) Mouse SGCs predominantly express  Gpr37l1 and Kcnj10, which 

are clustered together. (B) Human SGCs express GPR37L1, KCNJ3, and KCNJ10, which are clustered 

together. Note greater expression KCNJ3 than KCNJ10. (C) Transcriptomic meta-analysis of human 

DRGs, from a published database (29), reveals downregulations of GPR37L1 and KCNJ3, but not 

KCNJ10, in patients with painful DPN. (D) Triple RNAscope in situ hybridization (ISH) showing the 

expression of KCNJ10 (red), KCNJ3 mRNA (white), and TUBB3 (Green) in non-diseased human DRG. 

Note co-localization of KCNJ10 and KCNJ3 in SGCs surrounding the TUBB3+ neurons. Scale bar, 50 

µm. (E) Western blots showing PM fractions of KCNJ3 levels in human DRGs of neuropathic pain 

patients and controls from parallel gels. (F) Quantification of the western blot results in E (n = 4). (G, H) 

MaR1 increases K+ levels in human SGCs. (G) Images of Ti+ influx in human DRG co-cultures for SGCs 

and neurons treated with vehicle and MaR1. SGCs are indicated with white arrows. (H) Quantification 

of fluorescence intensity for G at 10 min after 500 µM Ti+ simulation in human SGCs. n = 5 cultures 

from 2 donors. (I) Time course of Ti+ influx in HEK293 cells expressing GPR37L1 with vehicle (n = 16) 

or MaR1 (100 nM, 30 min n = 16) and GPR37L1/KCNJ3 in the presence of vehicle (n = 13) and MaR1 

(100 nM, 30 min, n = 12). (J) Quantification of Ti+ influx in I after 10 min of 500 µM Ti+ stimulation (n 

= 6 culture). Data are expressed as mean ± SEM and analyzed by two-tailed t-test (C, F, H) or One-Way 

ANOVA with Tukey’s post-hoc test (J). *P<0.05, **P<0.01, ***P<0.001. 
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Figure 8. GPR37L1 rare variants effects in chronic pain. (A) The eight chronic pain sites found in the 

UK Biobank project. (B) Volcano plot showing rare variants' significance as a function of effect size. 

Each dot is a variant. The vertical bar indicates the null effect, while the dotted horizontal bar indicates 

the threshold for a false discovery rate of 20%. Two significant variants were identified: rs148475636 

(blue) and rs767987863 (pink). (C) Forest plot for variant rs148475636. (D) Forest plot for variant 

rs767987863. The forest plots show variants’ effects at the eight chronic pain sites. Segments track a 95% 

confidence interval for point estimates of odds ratios. Missing estimates when allele counts less than five. 

Meta estimate from a meta-analysis of all available pain sites. Segments are colored (blue/pink) when P 

<0.05 

  



35 

 

References 

 

1. Huang LY, Gu Y, and Chen Y. Communication between neuronal somata and satellite glial cells in sensory 
ganglia. Glia. 2013;61(10):1571-81. 

2. Hanani M, and Spray DC. Emerging importance of satellite glia in nervous system function and 
dysfunction. Nat Rev Neurosci. 2020;21(9):485-98. 

3. Vit JP, Ohara PT, Bhargava A, Kelley K, and Jasmin L. Silencing the Kir4.1 potassium channel subunit in 
satellite glial cells of the rat trigeminal ganglion results in pain-like behavior in the absence of nerve injury. 
The Journal of neuroscience : the official journal of the Society for Neuroscience. 2008;28(16):4161-71. 

4. Warwick RA, and Hanani M. The contribution of satellite glial cells to chemotherapy-induced neuropathic 
pain. Eur J Pain. 2013;17(4):571-80. 

5. Jasmin L, Vit JP, Bhargava A, and Ohara PT. Can satellite glial cells be therapeutic targets for pain control? 
Neuron Glia Biol. 2010;6(1):63-71. 

6. McGinnis A, and Ji RR. The Similar and Distinct Roles of Satellite Glial Cells and Spinal Astrocytes in 
Neuropathic Pain. Cells. 2023;12(6). 

7. Takeda M, Takahashi M, Nasu M, and Matsumoto S. Peripheral inflammation suppresses inward 
rectifying potassium currents of satellite glial cells in the trigeminal ganglia. Pain. 2011;152(9):2147-56. 

8. Kawasaki Y, Xu ZZ, Wang X, Park JY, Zhuang ZY, Tan PH, et al. Distinct roles of matrix metalloproteases in 
the early- and late-phase development of neuropathic pain. NatMed. 2008;14(3):331-6. 

9. Zhang X, Chen Y, Wang C, and Huang LY. Neuronal somatic ATP release triggers neuron-satellite glial cell 
communication in dorsal root ganglia. ProcNatlAcadSciUSA. 2007;104(23):9864-9. 

10. Meyer RC, Giddens MM, Schaefer SA, and Hall RA. GPR37 and GPR37L1 are receptors for the 
neuroprotective and glioprotective factors prosaptide and prosaposin. Proc Natl Acad Sci U S A. 
2013;110(23):9529-34. 

11. Meyer RC, Giddens MM, Coleman BM, and Hall RA. The protective role of prosaposin and its receptors 
in the nervous system. Brain Res. 2014;1585:1-12. 

12. Coleman JL, Ngo T, Schmidt J, Mrad N, Liew CK, Jones NM, et al. Metalloprotease cleavage of the N 
terminus of the orphan G protein-coupled receptor GPR37L1 reduces its constitutive activity. Sci Signal. 
2016;9(423):ra36. 

13. Ngo T, Wilkins BP, So SS, Keov P, Chahal KK, Finch AM, et al. Orphan receptor GPR37L1 remains 
unliganded. Nat Chem Biol. 2021;17(4):383-6. 

14. Marazziti D, Di Pietro C, Golini E, Mandillo S, La Sala G, Matteoni R, and Tocchini-Valentini GP. Precocious 
cerebellum development and improved motor functions in mice lacking the astrocyte cilium-, patched 
1-associated Gpr37l1 receptor. Proc Natl Acad Sci U S A. 2013;110(41):16486-91. 

15. Smith NJ. Drug Discovery Opportunities at the Endothelin B Receptor-Related Orphan G Protein-Coupled 
Receptors, GPR37 and GPR37L1. Front Pharmacol. 2015;6:275. 

16. Giddens MM, Wong JC, Schroeder JP, Farrow EG, Smith BM, Owino S, et al. GPR37L1 modulates seizure 
susceptibility: Evidence from mouse studies and analyses of a human GPR37L1 variant. Neurobiol Dis. 
2017;106:181-90. 

17. Renthal W, Tochitsky I, Yang L, Cheng YC, Li E, Kawaguchi R, et al. Transcriptional Reprogramming of 
Distinct Peripheral Sensory Neuron Subtypes after Axonal Injury. Neuron. 2020;108(1):128-44 e9. 

18. Avraham O, Chamessian A, Feng R, Halevi AE, Moore AM, Gereau RW, and Cavalli V. Profiling the 
molecular signature of Satellite Glial Cells at the single cell level reveals high similarities between rodent 
and human. bioRxiv. 2021:2021.04.17.440274. 

19. Avraham O, Deng PY, Jones S, Kuruvilla R, Semenkovich CF, Klyachko VA, and Cavalli V. Satellite glial cells 
promote regenerative growth in sensory neurons. Nat Commun. 2020;11(1):4891. 

20. van Weperen VY-SH, Contreras J, Littman R, and Ajijola OA. Single-cell RNA Sequencing reveals molecular 
heterogeneity of glia within mouse sympathetic ganglia. The FASEB Journal. 2020;34(S1):1-. 



36 

 

21. Jager SB, Pallesen LT, and Vaegter CB. Isolation of satellite glial cells for high-quality RNA purification. J 
Neurosci Methods. 2018;297:1-8. 

22. Nguyen TT, Camp CR, Doan JK, Traynelis SF, Sloan SA, and Hall RA. GPR37L1 controls maturation and 
organization of cortical astrocytes during development. Glia. 2023. 

23. Serhan CN. Pro-resolving lipid mediators are leads for resolution physiology. Nature. 2014;510(7503):92-
101. 

24. Serhan CN, Dalli J, Karamnov S, Choi A, Park CK, Xu ZZ, et al. Macrophage proresolving mediator maresin 
1 stimulates tissue regeneration and controls pain. FASEB J. 2012;26(4):1755-65. 

25. Xu ZZ, Liu XJ, Berta T, Park CK, Lu N, Serhan CN, and Ji RR. Neuroprotectin/protectin D1 protects against 
neuropathic pain in mice after nerve trauma. Ann Neurol. 2013;74(3):490-5. 

26. Allen BL, Montague-Cardoso K, Simeoli R, Colas RA, Oggero S, Vilar B, et al. Imbalance of pro-resolving 
lipid mediators in persistent allodynia dissociated from signs of clinical arthritis. Pain. 2020. 

27. Xu ZZ, Zhang L, Liu T, Park JY, Berta T, Yang R, et al. Resolvins RvE1 and RvD1 attenuate inflammatory 
pain via central and peripheral actions. NatMed. 2010;16(5):592-7, 1p. 

28. Bang S, Xie YK, Zhang ZJ, Wang Z, Xu ZZ, and Ji RR. GPR37 regulates macrophage phagocytosis and 
resolution of inflammatory pain. J Clin Invest. 2018;128(8):3568-82. 

29. Hall BE, Macdonald E, Cassidy M, Yun S, Sapio MR, Ray P, et al. Transcriptomic analysis of human sensory 
neurons in painful diabetic neuropathy reveals inflammation and neuronal loss. Sci Rep. 2022;12(1):4729. 

30. Avraham O, Chamessian A, Feng R, Yang L, Halevi AE, Moore AM, et al. Profiling the molecular signature 
of satellite glial cells at the single cell level reveals high similarities between rodents and humans. Pain. 
2022;163(12):2348-64. 

31. Bang S, Donnelly CR, Luo X, Toro-Moreno M, Tao X, Wang Z, et al. Activation of GPR37 in macrophages 
confers protection against infection-induced sepsis and pain-like behaviour in mice. Nat Commun. 
2021;12(1):1704. 

32. Binshtok AM, Wang H, Zimmermann K, Amaya F, Vardeh D, Shi L, et al. Nociceptors are interleukin-1beta 
sensors. JNeurosci. 2008;28(52):14062-73. 

33. Tang X, Schmidt TM, Perez-Leighton CE, and Kofuji P. Inwardly rectifying potassium channel Kir4.1 is 
responsible for the native inward potassium conductance of satellite glial cells in sensory ganglia. 
Neuroscience. 2010;166(2):397-407. 

34. Donnelly CR, Jiang C, Andriessen AS, Wang K, Wang Z, Ding H, et al. STING controls nociception via type 
I interferon signalling in sensory neurons. Nature. 2021. 

35. Tong X, Ao Y, Faas GC, Nwaobi SE, Xu J, Haustein MD, et al. Astrocyte Kir4.1 ion channel deficits 
contribute to neuronal dysfunction in Huntington's disease model mice. Nature neuroscience. 
2014;17(5):694-703. 

36. Yang L, Xu M, Bhuiyan SA, Li J, Zhao J, Cohrs RJ, et al. Human and mouse trigeminal ganglia cell atlas 
implicates multiple cell types in migraine. Neuron. 2022;110(11):1806-21 e8. 

37. Bhuiyan SA, Xu M, Yang L, Semizoglou E, Bhatia P, Pantaleo KI, et al. Harmonized cross-species cell atlases 
of trigeminal and dorsal root ganglia. bioRxiv. 2023. 

38. Styer AM, Mirshahi UL, Wang C, Girard L, Jin T, Logothetis DE, and Mirshahi T. G protein betagamma 
gating confers volatile anesthetic inhibition to Kir3 channels. J Biol Chem. 2010;285(53):41290-9. 

39. Kuzhikandathil EV, and Oxford GS. Classic D1 dopamine receptor antagonist R-(+)-7-chloro-8-hydroxy-3-
methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine hydrochloride (SCH23390) directly inhibits G 
protein-coupled inwardly rectifying potassium channels. Mol Pharmacol. 2002;62(1):119-26. 

40. Blattermann S, Peters L, Ottersbach PA, Bock A, Konya V, Weaver CD, et al. A biased ligand for OXE-R 
uncouples Galpha and Gbetagamma signaling within a heterotrimer. Nat Chem Biol. 2012;8(7):631-8. 

41. Allen NE, Sudlow C, Peakman T, Collins R, and Biobank UK. UK biobank data: come and get it. Sci Transl 
Med. 2014;6(224):224ed4. 

42. Momozawa Y, and Mizukami K. Unique roles of rare variants in the genetics of complex diseases in 
humans. J Hum Genet. 2021;66(1):11-23. 



37 

 

43. Rentzsch P, Schubach M, Shendure J, and Kircher M. CADD-Splice-improving genome-wide variant effect 
prediction using deep learning-derived splice scores. Genome Med. 2021;13(1):31. 

44. Feng R, Muraleedharan Saraswathy V, Mokalled MH, and Cavalli V. Self-renewing macrophages in dorsal 
root ganglia contribute to promote nerve regeneration. Proc Natl Acad Sci U S A. 
2023;120(7):e2215906120. 

45. Zhang L, Terrando N, Xu ZZ, Bang S, Jordt SE, Maixner W, et al. Distinct Analgesic Actions of DHA and 
DHA-Derived Specialized Pro-Resolving Mediators on Post-operative Pain After Bone Fracture in Mice. 
Front Pharmacol. 2018;9:412. 

46. Chiang N, Libreros S, Norris PC, de la Rosa X, and Serhan CN. Maresin 1 activates LGR6 receptor 
promoting phagocyte immunoresolvent functions. J Clin Invest. 2019;129(12):5294-311. 

47. Tavares-Ferreira D, Shiers S, Ray PR, Wangzhou A, Jeevakumar V, Sankaranarayanan I, et al. Spatial 
transcriptomics of dorsal root ganglia identifies molecular signatures of human nociceptors. Science 
Translational Medicine. 2022;14(632). 

48. Chang W, Berta T, Kim YH, Lee S, Lee SY, and Ji RR. Expression and Role of Voltage-Gated Sodium 
Channels in Human Dorsal Root Ganglion Neurons with Special Focus on Nav1.7, Species Differences, 
and Regulation by Paclitaxel. Neurosci Bull. 2018;34(1):4-12. 

49. Yang L, Xu M, Bhuiyan SA, Li J, Zhao J, Cohrs RJ, et al. Human and mouse trigeminal ganglia cell atlas 
implicates multiple cell types in migraine. Neuron. 2022. 

50. Woolf CJ. Overcoming obstacles to developing new analgesics. NatMed. 2010;16(11):1241-7. 
51. Usoskin D, Furlan A, Islam S, Abdo H, Lonnerberg P, Lou D, et al. Unbiased classification of sensory neuron 

types by large-scale single-cell RNA sequencing. NatNeurosci. 2015;18(1):145-53. 
52. Corder G, Castro DC, Bruchas MR, and Scherrer G. Endogenous and Exogenous Opioids in Pain. Annu Rev 

Neurosci. 2018. 
53. Pachman DR, Barton DL, Watson JC, and Loprinzi CL. Chemotherapy-induced peripheral neuropathy: 

prevention and treatment. Clin Pharmacol Ther. 2011;90(3):377-87. 
54. Sisignano M, Baron R, Scholich K, and Geisslinger G. Mechanism-based treatment for chemotherapy-

induced peripheral neuropathic pain. Nat Rev Neurol. 2014;10(12):694-707. 
55. Callaghan BC, Cheng HT, Stables CL, Smith AL, and Feldman EL. Diabetic neuropathy: clinical 

manifestations and current treatments. Lancet Neurol. 2012;11(6):521-34. 
56. Baron R, Binder A, and Wasner G. Neuropathic pain: diagnosis, pathophysiological mechanisms, and 

treatment. Lancet Neurol. 2010;9(8):807-19. 
57. Finnerup NB, Sindrup SH, and Jensen TS. The evidence for pharmacological treatment of neuropathic 

pain. Pain. 2010;150(3):573-81. 
58. Du X, Hao H, Yang Y, Huang S, Wang C, Gigout S, et al. Local GABAergic signaling within sensory ganglia 

controls peripheral nociceptive transmission. J Clin Invest. 2017;127(5):1741-56. 
59. Dowler S, Kular G, and Alessi DR. Protein lipid overlay assay. Sci STKE. 2002;2002(129):pl6. 
60. Parisien M, Khoury S, Chabot-Dore AJ, Sotocinal SG, Slade GD, Smith SB, et al. Effect of human genetic 

variability on gene expression in dorsal root ganglia and association with pain phenotypes. Cell Rep. 
2017;19(9):1940-52. 

61. Zhang H, Mei X, Zhang P, Ma C, White FA, Donnelly DF, and Lamotte RH. Altered functional properties of 
satellite glial cells in compressed spinal ganglia. Glia. 2009;57(15):1588-99. 

62. Doupnik CA, Davidson N, and Lester HA. The inward rectifier potassium channel family. Curr Opin 
Neurobiol. 1995;5(3):268-77. 

63. Weaver CD. Thallium Flux Assay for Measuring the Activity of Monovalent Cation Channels and 
Transporters. Methods Mol Biol. 2018;1684:105-14. 

64. Dixon WJ. Efficient analysis of experimental observations. Annu Rev Pharmacol Toxicol. 1980;20:441-62. 
65. Hargreaves K, Dubner R, Brown F, Flores C, and Joris J. A new and sensitive method for measuring thermal 

nociception in cutaneous hyperalgesia. Pain. 1988;32(1):77-88. 
66. Luo X, Huh Y, Bang S, He Q, Zhang L, Matsuda M, and Ji RR. Macrophage Toll-like Receptor 9 Contributes 

to Chemotherapy-Induced Neuropathic Pain in Male Mice. J Neurosci. 2019;39(35):6848-64. 



38 

 

67. Sudlow C, Gallacher J, Allen N, Beral V, Burton P, Danesh J, et al. UK biobank: an open access resource 
for identifying the causes of a wide range of complex diseases of middle and old age. PLoS Med. 
2015;12(3):e1001779. 

68. McLaren W, Gil L, Hunt SE, Riat HS, Ritchie GR, Thormann A, et al. The Ensembl Variant Effect Predictor. 
Genome Biol. 2016;17(1):122. 

69. Zhou W, Zhao Z, Nielsen JB, Fritsche LG, LeFaive J, Gagliano Taliun SA, et al. Scalable generalized linear 
mixed model for region-based association tests in large biobanks and cohorts. Nat Genet. 
2020;52(6):634-9. 

70. Zhou W, Nielsen JB, Fritsche LG, Dey R, Gabrielsen ME, Wolford BN, et al. Efficiently controlling for case-
control imbalance and sample relatedness in large-scale genetic association studies. Nat Genet. 
2018;50(9):1335-41. 

71. Willer CJ, Li Y, and Abecasis GR. METAL: fast and efficient meta-analysis of genomewide association scans. 
Bioinformatics. 2010;26(17):2190-1. 

 


	Graphical abstract

