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Background: The sympathetic nervous system (SNS) is suggested to be involved in some forms of pain, but the mechanisms of 
which are incompletely known. Moreover, there is a lack of information on the regulatory role of the SNS on macrophages in sensory 
ganglion, which plays an important role in pain development. The present study aims to investigate the effects of the SNS on orofacial 
inflammatory pain and examine, if any, how the SNS influences trigeminal ganglion (TG) macrophage responses.
Methods: Sympathectomy was performed on male C57BL/6 mice before receiving a local injection of Complete Freund’s adjuvant 
(CFA) to induce inflammatory pain. Effects of sympathectomy on orofacial pain were examined by Von Frey test and c-Fos 
expression. Polarization of TG macrophage was evaluated by immunohistochemistry and the level of norepinephrine (NE) in the 
TG were determined by liquid chromatography. Sympathetic signaling to TG macrophages were predicted based on single-cell 
analysis.
Results: CFA injection induced a significant increase in mechanical allodynia, the number of c-Fos-positive neuron, and the level of 
NE in TG, which were largely reduced by sympathectomy. The number of M1 macrophages was markedly increased by CFA and was 
largely reduced by sympathectomy from 1 to 14 days post-injection. Single-cell RNA sequencing analysis and immunofluorescence 
staining showed that TG macrophages mainly express β2 adrenergic receptors for NE. Cell–cell communication analysis predicted 
sympathetic signaling that may modulate macrophage phenotypes, including Colony-stimulating factor-1, Migration inhibitory factor, 
Pleiotrophin and Nicotinamide phosphoribosyl transferase.
Conclusion: The SNS may involve in CFA-induced mechanical allodynia via modulating macrophage phenotypes in the TG. 
Targeting sympathetic activation might be useful in treating some painful conditions in the orofacial region.
Keywords: trigeminal ganglion, orofacial pain, sympathectomy, macrophages phenotype, neuroinflammation

Introduction
Pain is a hallmark of inflammation that can be either protective or detrimental during the acute or chronic stage.1 The cell 
bodies of nociceptors are located in the dorsal root ganglion (DRG) and the trigeminal ganglion (TG) for the body and 
orofacial region, respectively. They are responsible for transmission of nociceptive information from their target organ to 
the central nervous system.2 Interactions between neurons and non-neuronal cells in the primary sensory ganglion is 
believed to be involved in pain mechanisms.3 Recent works have emphasized the importance of macrophage of two 
different phenotypes infiltrated in the DRG in the development and resolution of chronic pain.4,5 As macrophages are highly 
heterogeneous, the activated macrophage may exhibit a pro-inflammatory (M1 phenotype) or an anti-inflammatory (M2 
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phenotype) profile depending on the micro-environment.6 However, few studies have explored the mechanisms that 
regulate the polarization of ganglionic macrophages in a chronic pain models of inflammatory pain.

The sympathetic nervous system (SNS) is part of the autonomic nervous system, playing an important role in 
maintaining many painful conditions.7 For example, chemical or surgical sympathectomy can effectively reduce neuro-
pathic pain,8,9 postoperative pain,10 visceral pain,11 cancer-related pain,12 limb ischemic pain, complex regional pain 
syndrome (CRPS), pain related to postherpetic neuralgia13,14 and peripheral inflammation.15 Previous studies suggested 
that the SNS might involve in the pathophysiology of pain via regulating the nociceptors and the immune cells in the 
peripheral.16 In vitro studies have indicated that norepinephrine (NE), the primary neurotransmitter mediating sympa-
thetic firing, can maintain macrophages in either an anti-inflammatory or a pro-inflammatory state depending on the 
concentration17,18 and the activation of its receptors.19–23 However, whether the SNS mediates the phenotype of TG 
macrophage through noradrenergic signaling, in a painful condition has not been determined.

Therefore, the present study aims to investigate the effects of the SNS on chronic pain and examine the role, if any, of 
the SNS in regulating the phenotype of macrophage in the sensory ganglion. We demonstrated the effects of sym-
pathectomy on Complete Freund’s adjuvant (CFA)-induced pain-like behaviors and neuronal activation in the central 
nervous system. We also described changes of macrophage phenotype in the TG in the context of orofacial pain and the 
potential role and mechanisms of sympathetic nerves in this regulation.

Methods
Animals
A total of 98 adult male C5BL/6 mice (aged 6–8 weeks, weighed 20–30 g) were used in our experiments and were 
randomly assigned to each group (control, CFA and sympathectomy or SYM group, Supplemental Table S1). The 
animals were housed in cages in a 12:12 light/dark cycle with food and water provided ad libitum. All experimental 
procedures were approved by the Institutional Animal Care and Use Committee of Sun Yat-sen University and carried 
out in accordance with approved guidelines (No. 2020000245).

Sympathectomy and Inflammatory Pain Models
To perform superior ganglion sympathectomy, mice assigned to the SYM group were anesthetized with 1% pentobarbital 
sodium (50 mg/kg). A vertical incision was made on the ventral surface of the neck adjacent to the midline. The right 
superior cervical ganglion (SCG) was exposed and carefully removed. Mice from the other two groups received sham 
surgery involving anesthesia and SCG exposure but not dissection. The incision site was thereafter sutured. Analgesics 
and antibiotics were administered for 3 days post-operatively. After post-operative recovery for 7 days, mice from the 
control group received a subcutaneous injection of 20 μL of 0.9% NaCl solution while the CFA and SYM groups were 
injected with 20 μL of CFA (Sigma Aldrich, USA) into the right whisker pad (Figure 1A).

Behavioral Testing
For evaluating mechanical allodynia, 8 mice were chosen randomly at each time point per group. Mechanical allodynia was 
assessed using the von Frey hairs stimulation before CFA or saline injection as a baseline and at 1-, 3-, 7- and 14-days post- 
injection (dpi). After a period of acclimation, a series of von Frey hairs (North Coast, USA) was applied to the right whisker 
pad for a maximum of 5 seconds. A positive response was defined as an acute head withdrawal or shaking. Testing began with 
the application of the 0.6 g hair and progressed according to an up-down method.24

Sample Preparation
Mice were deeply anesthetized with 1% pentobarbital sodium (50 mg/kg) and transcardially perfused with 30 mL ice-cold 
phosphate-buffered saline (PBS) followed by 30 mL of fixative (4% paraformaldehyde) at 0, 1, 3, 7 and 14 dpi. The right 
TG and the spinal trigeminal nucleus caudalis (SpVc, 7.5–8.5 mm posterior to the bregma)25 were collected and post-fixed 
in the same fixative for 12 hours. The post-fixed TGs were dehydrated in graded ethanol, embedded in paraffin, and stored at 
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4°C. TG and SpVc were cryoprotected in 30% sucrose for 48 hours before embedded in Tissue-Tek® OCT compound 
(Sakura, USA).

Immunohistochemistry
To investigate macrophage polarization in the TG, immunohistochemistry was done to detect CD163- and CD86-positive 
cells using the Streptavidin-HRP kit (Cwbio, China) according to the manufacturer’s instructions. In brief, paraffin- 
embedded TG sections (4.5 μm thick) were deparaffinized, heat retrieved, blocked, and thereafter incubated with primary 
antibody (Table 1) at 4°C overnight. Then, the sections were incubated with HRP-conjugated secondary antibodies. 
Signals were visualized using diaminobenzidine. The distribution of c-Fos positive neurons in the SpVc was detected by 

Figure 1 Effects of sympathectomy on CFA-induced mechanical allodynia and hypersensitivity of central neuron. Schematic graph showing the experimental outline, SYM, 
superior cervical sympathectomy; IHC, immunohistochemistry; LC, liquid chromatography (A). Quantification of mechanical thresholds of head withdrawal responses in von 
Frey tests, n = 8 per group (B). Immunofluorescence of c-Fos protein in SpVc at 7 days post injection. C-Fos expression levels (red) were monitored and DAPI (blue) was 
shown in Merge image. The dotted line shows the area of SpVc scale bar represents 200 μm (C). Quantification for c-Fos protein of SpVc; n = 4 per group (D). ns, no 
significant; P < 0.05 (*), 0.01 (**) compared with CFA group; P < 0.01 (##), 0.001 (###) compared with control group using one-way ANOVA with Dunnett t’s post hoc test.

Table 1 Antibodies for Immunochemical Staining

Antibody Supplier//Cat./RRID Type Dilution

c-Fos Cell Signaling; Cat. #2250; RRID: AB_2247211 Rabbit 1:500

CD163 Abcam; Cat. #ab182422; RRID: AB_2753196 Rabbit 1:250
CD86 Affinity Cat. #DF6332; RRID: AB_2838296 Rabbit 1:200

CD68 Abcam Cat. #ab53444; RRID: AB_869007 Rat 1:500

ADRB2 Abcam; Cat. #ab182136; RRID: AB_2747383 Rabbit 1:100
Alex Fluor 594 goat anti-rabbit IgG Earthox Cat. #E032420 Goat 1:600

FITC goat anti-rat IgG Earthox Cat. #E031240 Goat 1:600
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immunofluorescence. To validate the distribution of β2-AR (adrenoceptor) expressed on TG macrophage, double-staining 
was performed for CD68 and ADRB2 in the control group. The frozen samples were prepared into 40-μm (for SpVc) or 
12-μm (for TG) thick, blocked with 10% goat serum for 1 hour at room temperature. Slices were incubated with primary 
antibody for 24 hours at 4°C followed by incubation with the secondary antibody for 1 hour. Z series stacks were 
captured using a confocal laser scanning microscope (FV3000, Olympus, Japan). Images were analyzed by using NIH 
ImageJ software (version 1.60).

The region of interest was located in the superficial layer (laminae I/II) of SpVc and the maxillary division of the TG 
ipsilateral to the injection side. The area of immunoreactive cells was counted manually from five fields of view at ×40 
magnification in 4 sections for each animal (n = 4).

Norepinephrine Measurements
NE concentration in TG was measured using liquid chromatography (Agilent, USA) as previously described.26 Briefly, mice 
(n = 6 per group) were anesthetized and transcardially perfused with 30 mL ice-cold PBS at 7 dpi. The TGs were isolated, 
weighed, and homogenized at 4°C by a Vibra-Cell ultrasonic processor supplemented with 500 μL 0.14% sodium heptane 
sulfonate solution (pH 3.0 ± 0.1) five times for 10s with intervals of 10s at 60 Hz. The mixture was centrifuged at 4°C, 
12,000 rpm for 15 minutes. The supernatant was collected and sonicated before being injected onto the liquid chromato-
graphy system employing the fluorescence method. Quantification was achieved by a series of standard solutions.

Transcriptomic Analysis of TG Macrophages and SCG Neurons
Online single-cell RNA-sequencing (scRNA-seq) data (No. GSE175421 and GSE186421) processing was processed by 
the Seurat R package (version 4.0.2). Low-quality cells were filtered before normalization by performing Seurat’s 
“NormalizeData” function. The top 3000 highly variable genes were identified and used for principal component (PC) 
analysis. The top 15 PCs were selected for nonlinear dimensionality reduction using Uniform Manifold Approximation 
and Projection (UMAP), which generated unsupervised identification of clusters based on shared nearest neighbor 
clustering algorithm.

Cluster-specific marker genes was obtained using “FindAllMarkers” function with parameters average log2 fold 
change (avg_log2FC) > 2, expressed ratio > 0.6 and P < 0.001 (Wilcoxon Rank Sum test). Cell types were manually 
annotated based on marker genes of each cluster and the automatic cell annotation tool SingleR (version 1.4.1) and 
Celldex R package (version 1.0.0).

Cell-Cell Communication Analysis
Signaling from SCG neurons to TG macrophages was inferred from scRNA-seq data using CellChat R package (version 
1.1.3). In brief, the average expression levels of ligand-receptor pairs between two cell types were analyzed based on the 
CellChat database that takes into account known composition of the ligand-receptor complexes. Genes expressed in less 
than 10% of cells in one cell type were excluded, and only P value less than 0.01 are considered significant.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 8.0. Data are presented as mean ± standard deviation. Two- 
group differences were determined using Student’s t-test. Multigroup comparisons were analyzed using one-way 
ANOVA with Dunnett t’s post hoc test. Ratios were compared using the Chi squared test. P values of less than 0.05 
were of statistical significance.

Results
Sympathectomy Improves CFA-Induced Orofacial Pain Hypersensitivity in Male Mice
Successful removal of SCG was confirmed by Horner’s syndrome ipsilateral to the operation side in mice. To assess the 
involvement of sympathectomy in the pathogenesis of orofacial pain, a pain model was induced by subcutaneous 
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injection of CFA 7 days after sympathectomy. Behavioral assays were performed at 0, 1, 3, 7 and 14 dpi to assess 
withdrawal responses in mice (one-way ANOVA, n = 8 per group).

Before implementing the CFA-induced animal model, no statistically significant difference was observed in baseline 
mechanical withdrawal threshold between sham surgery and the sympathectomy group. Sham control animals injected 
with CFA showed a significant reduction in the withdrawal threshold to mechanical stimuli as early as 1 dpi, which 
persisted for at least 14 days (P < 0.001). In comparison, mice receiving sympathectomy followed by CFA injection 
showed marked reduction of mechanical allodynia at 1, 3 and 7 dpi (P < 0.05 at 1 and 7 dpi, P < 0.01 at 3 dpi), but no 
obvious difference was observed at 14 dpi (P = 0.65, Figure 1B).

The nociceptive information released from the TG was relayed to the second station of the pain pathway located in 
SpVc, whose activation is associated with central sensitization. Thus, we examined the number of c-Fos positive neurons 
in SpVc by immunostaining (one-way ANOVA, n = 4 per group). The results showed a higher abundance of c-Fos 
neurons after CFA injection compared to the saline-injected group (56.6 ± 6.4 versus 27.2 ± 4.3, P < 0.01). In contrast, 
sympathectomy resulted in a significant reduction in the number of c-Fos positive neuron (30.4 ±3.1), compared to the 
sham control (P < 0.05, Figure 1C and D).

Polarization Patterns of Ganglionic Macrophages in Response to Orofacial 
Inflammation and Sympathectomy Over Time
To assess the effects of the SNS on macrophage activation in a chronic pain condition, we detected changes in 
macrophage immunoreactive for CD68 in TG at 7 dpi (one-way ANOVA, n = 4). CD68 has been indicated as 
a marker of all the activated macrophages in the sensory ganglion.27 The results showed that CFA administration 
significantly increase the number of macrophages (compared to the saline control, P < 0.0001). Sympathectomy 
markedly reduced the number of macrophages infiltrated in the TG after the induction of orofacial inflammation 
(105.7 ± 7.4 in SYM group versus 138.1 ± 5.7 in CFA group, P < 0.01, Figure 2A and B).

To further investigate the change of the macrophage phenotype in the TG driven by sympathetic activity in an 
inflammatory pain condition, immunohistochemistry was performed to detect M1 or M2 macrophage using antibodies against 
CD86 and CD163, respectively (one-way ANOVA, n = 4 per time point). As reported previously, polarized macrophages in 
the sensory ganglion can be detected by CD86 (marks M1 phenotype) and CD163 (marks M2 phenotype).28,29

Sham surgery or surgical sympathectomy had no effect on macrophage phenotype since no statistically significant 
difference was observed before CFA or saline injection (P > 0.05). The number of M1 macrophage increased from day 1, 
peaked at day 3, and did not recover to baseline within 2 weeks (P < 0.0001, compared to the saline-injected control). 
Macrophage M1 polarization resulting from CFA injection was markedly inhibited by sympathectomy from 1 to 14 dpi 
(P < 0.01, Figure 2C and E).

The number of M2 macrophage showed a steady increase trend from 1 to 14 dpi after the induction of inflammatory 
pain, as a noticeable increase of CD163 was observed in TG followed by CFA injection from 1 dpi (P < 0.01, compared 
to the saline-injected control).

The sympathectomy group showed a much higher accumulation of M2 macrophages compared to the CFA group at 7 
dpi (14.7 ± 1.8 versus 23.7 ± 1.6, P < 0.05), but no statistically significant between sympathectomy and CFA group at 14 
dpi (19.4 ± 1.0 versus 16.2 ± 1.7, P > 0.05, Figure 2D and F).

The ratio of M1/M2 in TG was evaluated from 1dpi to 14 dpi (Chi squared test). We observed a trend toward an 
increased M1 proportion in TG at the early stage of peripheral inflammation. The ratio of M1/M2 was markedly 
increased by CFA, and this was partly mitigated by prior sympathectomy from day 3 to day 14 post-injection (P < 
0.05). Importantly, the CFA group showed a much higher ratio than the sympathectomy group at 7 dpi (P < 0.0001, 
Figure 2G). The longitudinal data gave us an overview of the changes of macrophage phenotypes in the TG in response 
to CFA subcutaneous injection in the orofacial region, and how macrophages respond to the inflammatory stimuli in 
a sympathetic-dependent manner over time.
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Sympathetic-Mediated Mechanism of TG Macrophage Polarization During Peripheral 
Inflammation
Sympathetic hyperactivity is usually accompanied by increased NE concentration.7 Therefore, to determine whether 
sympathetic activity acts on sensory ganglion either in a normal or an inflammatory condition, we obtained TG at 0 dpi 

Figure 2 Change of macrophages in sympathetic-deprived trigeminal ganglia after CFA inflammation over time. Immunofluorescence staining of CD68 shows the distribution of all 
activated macrophages in the maxillary nerve region of the TG at 7 dpi, Cells stained with CD68 are indicated by arrowheads. Scale bar represents 100 μm. (A) The number of 
CD68-positive cells in the TG from the control, CFA and SYM group, n = 4 per group (B). Immunostaining for CD86-positive cells (C) and CD163-positive cells in the TG at day 7 
after the induction of inflammation. Cells stained with CD86 or CD163 are indicated by arrowheads. Scale bar represents 40 μm (D). The time course of changes in the number of 
CD86-positive cells (E) and CD163-positive cells among 3 groups; n = 4 per time point. (F) The ratios of M1 (CD86) to M2 (CD163) in the TG during CFA-induced orofacial pain in 
mice at different time points (G). P < 0.05 (*), 0.01 (**), 0.001 (***), 0.0001 (****) compared with CFA group; P < 0.05 (#), 0.01 (##), 0.001 (###), 0.0001 (####) compared with control 
group using one-way ANOVA with Dunnett t’s post hoc test. Ratios were compared using the Chi squared test.
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before injection and at 7 dpi for NE measurements (n = 6 per time point). The level of NE was greatly reduced by 
surgical sympathectomy before CFA treatment (P < 0.0001), from a baseline mean of 10.54 ± 0.25 to 8.82 ± 0.14 ng/g. 
CFA administration led to a significant increase in NE level compared to the control group, reaching to a maximal mean 
level of 16.90 ± 0.28 ng/g while the sympathectomy group revealed a marked decrease in the NE level at 7 dpi, declined 
to a mean level of 14.91 ± 0.06 ng/g, compared to the CFA group (P < 0.01, Figure 3A).

We next performed transcriptional analysis to gain better insight into genes expression on SCG neurons and TG 
macrophages based on scRNA-seq datasets. All SCG cells were unbiasedly grouped into nine clusters, among which 
cluster with high expression of Dbh (encodes dopamine β-hydroxylase), Slc6a2 (encodes sodium-dependent 

Figure 3 The distribution of receptors for sympathetic-released neurotransmitters in TG macrophage and the predicted sympathetic signaling to TG macrophage. 
Norepinephrine levels of TG were determined among control, CFA-injected and sympathetic-deprived CFA group before and 7 days after CFA injection, n = 6 per group 
(A). Receptors of norepinephrine, dopamine and neuropeptide Y expressed on TG macrophages based on the single cell sequencing dataset (GSE186421). Color intensity 
represents the average expression level of receptors (B). Double immunostaining revealed the co-localization of ADRB2 (red) and CD68 (green) in the TG, the nuclei were 
stained with DAPI (blue), merge shows the overlap of the signals (yellow); scale bar represents 20 μm (C). The communication possibility of a ligand and its receptor 
between SCG neuron and TG macrophage revealed by cell-cell communication analysis (D). P < 0.01 (**) compared with CFA group; P < 0.01 (##), 0.0001 (####) compared 
with control group using one-way ANOVA with Dunnett t’s post hoc test.
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noradrenaline transporter), Th (encodes tyrosine 3-monooxygenase), Slc18a2 (encodes Synaptic vesicular amine trans-
porte), Npy (encodes pro-neuropeptide Y) was defined as SCG neurons (GSE175421). These highly expressed genes 
associated with the synthesis of NE, Epinephrine, Dopamine and Neuropeptide Y (Supplemental Table S2). We then 
explored the gene expression of TG macrophages. After excluding low-quality cells, we performed cluster analysis of TG 
cells and identified eighteen clusters (GSE186421). Cluster was labeled macrophage for the high expression of H2-Aa 
that encodes H-2 class II histocompatibility antigen and Ctss that encodes cathepsin (Supplemental Table S3). Receptors 
for neurotransmitters released from SCG neurons expressed on TG macrophages are listed in Figure 3B. Our results 
showed that macrophages highly and exclusively expressed Adrb2 (encodes β2-AR), with less expression of Adrb1, 
Npy1r and Drd1. The other receptors indicated no expression. The distribution of β2-AR on ganglionic macrophages was 
validated by double immunostaining for ADRB2 and CD68 (Figure 3C).

To infer signaling from SCG neurons to TG macrophages, we analyzed all the ligand-receptor pairs between two cell 
types based on the single-cell datasets. There are ten ligand-receptor pairs showing a statistically significant (P < 0.01) 
(Figure 3D, Supplemental Table S4). These unique sympathetic neuron-macrophage interactions included signaling 
related to Tgfb3, Ptn, Nampt, Mif, Lgals9, Gas6, Csf1, Ccl27a, Angptl2 and Angptl4. Highlighting the utility of scRNA- 
seq data, our analysis provided sympathetic signaling mechanisms that can be hypothesized to mediate ganglionic 
macrophage during orofacial inflammation.

Discussion
In the present study, we used inflammatory pain models induced by CFA and demonstrated that the SNS contributed to 
orofacial inflammatory pain at the sensory ganglion level. The peripheral mechanisms involved in orofacial pain might be 
attributed to the changes of macrophage phenotype in the TG where sympathetic outflow mediated.

Clinically, there are two main types of chronic pain, including inflammatory pain and neuropathic pain, which are 
initiated by tissue inflammation and nerve injury, respectively.30 As sensory ganglion are a target of the SNS neuron that has 
intra-ganglionic distribution,31 some orofacial pain conditions could be exacerbated by sympathetic activities, such as 
neuropathic pain,32 cancer pain,33 post-operative pain,10 atypical facial pain,34 CRPS,35 neurovascular pain,36 postherpetic 
neuralgia,37 etc. However, Bongenhielm et al found that sympathetic blocks had no effect on neuronal activation after 
peripheral nerve injury.38 Indeed, studies on the role of sympathetic activity regarding orofacial inflammatory pain are 
sporadic, and the mechanism whereby the SNS may drive the development of chronic pain has not been fully established.

In our experiments, male mice were used considering sex-related differences in nociceptor translatomes39 and infiltration of 
macrophage.40 Superior cervical sympathectomy was performed on mice to block sympathetic activity in the orofacial region,41 

which is evidenced by Horner’s sign.42,43 The inflammatory agent CFA was capable of inducing a long-lasting inflammation 
locally, as previously reported.44 We observed that CFA injection caused a mechanical allodynia in mice and remained 
unresolved by 14 dpi. We also observed that sympathectomy markedly reduced mechanical pain-related hypersensitivity in CFA- 
injected mouse at 1, 3 and 7 dpi, which corresponds to pain from an acute phase to a chronic stage.45 In a rat model of local DRG 
inflammation, the effect of sympathectomy was evident as early as 1 dpi, and lasted throughout the experiment.15 However, the 
analgesic effect of sympathectomy was mitigated at 14 dpi. This may due to anti-inflammatory responses to noxious stimuli 
within the body. C-Fos is one of reliable molecular markers for neuronal activation in the SpVc during orofacial 
inflammation.46,47 Our immunofluorescence staining studies showed an increased number of c-Fos-positive neurons in the 
SpVc after CFA treatment, which was significantly reduced by prior sympathectomy. This result provides additional evidence of 
the role of sympathetic activity on pain modulation. In this study, we focused on mechanical allodynia with von Frey hairs, which 
is mostly used in all the pain-associated measurements,48,49 but other measures such as mechanical and thermal hyperalgesia 
cannot be ignored. Further studies are needed to elucidate the effect of SNS in other pain-related behaviors.

Prior evidence suggests a pivotal role of sensory ganglion, especially the activation of immune cells and the 
production of pro-inflammatory cytokines within the ganglion, in many painful states and nociception.3 Expansion of 
macrophages in the DRG has been implicated in pain development.4,50 It has been reported that sympathetic denervation 
by chemical or surgical sympathectomy alleviates inflammatory pain, which potentially interfere with macrophage 
accumulation in the DRG.15 However, the mechanisms by which sympathectomy alleviates inflammatory pain involving 
macrophages in the ganglion is not entirely clear.
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To fill this gap in knowledge, we first measured macrophage infiltration by immunohistochemical staining for CD68, 
and found that CFA-induced change in the infiltration of CD68-labeled macrophages was markedly reduced by prior 
sympathectomy. As previously studies have found that macrophage with distinct functional infiltrated in the sensory 
ganglion is important for the maintenance and resolution of pain,51–53 we thereafter detected two genes, CD86 and 
CD163—two annotated markers that represent distinct functional outcomes in the course of inflammatory pain.54 We 
found that orofacial inflammation caused a significant increase in both M1 and M2 infiltration in the TG at early days, but 
the proportion of M2 was significantly lower than that of M1 for 2 weeks in the CFA model. We observed the ratio of 
M1/M2 was relatively high during the early phases, whereas macrophage transit from a M1-like phenotype to M2 at later 
time points. This result is consistent with those observed in previous studies.5,55,56 Minimal changes were observed 
between sympathectomy and sham surgery group before CFA treatment, suggesting sympathectomy has no significant 
effect on macrophage phenotypic transition. Prior sympathectomy significantly reduced M1 macrophage infiltrated in TG 
from 1 to 14 dpi, suggesting that the SNS may promote M1 polarization in the TG during orofacial inflammation. 
Notably, the ratio of M1/M2 in sympathectomized group was much lower than that in CFA group at 7 dpi, suggesting that 
sympathetic regulation on the phenotypic change of TG macrophage was evident at this time. Meanwhile, during the 
chronic phase of inflammation, we observed an increased proportion of M2 macrophage at 14 dpi, which may reduce the 
anti-inflammatory effect of sympathectomy.

As one of the main neurotransmitters released by the SNS, NE is involved in autonomic regulation of body that keeps 
physically active.7 Catecholamine receptors mediating the effects of NE and epinephrine are classically divided into two 
main categories, α- and β-ARs. α-Adrenoceptors are classified into subtypes α1A, α1B, α1D, α2A, α2B, and α2C, and β- 
ARs into subtypes β1, β2, and β3.57 It was recently reported that NE was a key neurotransmitter necessary for DRG 
cluster firing and spontaneous pain following peripheral nerve injury.58 In our study, we observed that sympathectomy 
resulted in a significant reduction in the NE level in TG, which was upregulated after CFA injection. This observation can 
be a result of an enhanced sympathetic activity in TG after the induction of orofacial inflammatory pain. However, CFA 
injection also upregulated the NE concentration in TG of sympathectomized mice. We speculated that CFA injection may 
increase excitability of the SNS systemically, which stimulates the secretion of NE from adrenal medulla into blood 
flow,59 resulting in local retention of NE in TG.

To further expand our knowledge about the mechanisms of sympathetic modulation on the phenotype of TG macrophage, 
we first performed clustering analysis on TG and SCG based on single-cell RNA sequencing datasets. Cluster analysis of SCG 
identified the subpopulation that highly expressed marker gene for sympathetic neuron (Th) and genes related to the synthesis 
of sympathetic neurotransmitters, including catecholamines and neuropeptides.60 Macrophages were identified from the TG 
cells for the high expression of H2-Aa, Ctss and Cd74 related to antigen presentation.61 We found Adrb2 (encoded β2-AR) was 
highly expressed on Cluster 8, consistent with those reported previously that most myeloid cells mainly express β-AR.62 

Double immunofluorescence provided further evidence for the single-cell analysis at the protein level. Our findings indicated 
that NE/β2-AR signaling may involve in regulating TG macrophage in response to orofacial inflammation, considering that 
macrophage phenotype and cytokine expression can be modified by NE concentration.18 The activation of β2-AR signaling 
could help to mitigate immune suppression63 and promote M2 polarization.64

As mentioned above, many studies focus on NE/ARs signal, ignoring other sympathetic cotransmitters that may be 
released from postganglionic sympathetic terminals into the TG and can potentially modulate phenotype of macrophages. 
The present study found that ten ligand-receptor pairs in SCG neurons and TG macrophages, among which Pleiotrophin 
or PTN expression has been implicated in promoting immune responses by inducing leukocyte migration and inflam-
matory cytokines expression, but not in macrophages.65 The binding of migration inhibitory factor (MIF)-CD74 leads to 
an increase in the expression of pro-inflammatory cytokines from macrophages.66 Colony-stimulating factor-1 (CSF1) 
signaling has been indicated in neuropathic pain, whose activation is involved in macrophage proliferation and pro- 
inflammatory responses.67 Increased expression of nicotinamide phosphoribosyl transferase (NAMPT) promotes M1 
polarization after inflammatory activation.68,69 Transforming growth factor β3 (Tgfb3)70 and angiopoietin-related protein 
4 (Angptl4)71 both play an inhibitory role in the polarization and proinflammatory effects of macrophage. Our study has 
provided further evidence that the sympathetic signaling such as CSF1, MIF, PTN and NAMPT may act on receptors on 
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the TG macrophages and modulate their phenotypes, in addition to NE. Future studies will be required to better 
understand the pain mechanism contributed by sympathetic firing.

Conclusions
The present study suggests that the SNS may involve in orofacial inflammatory pain and the regulation of TG 
macrophage. Our study also indicates that the phenotypic transition of TG macrophages during the initiation and 
development of pain, is, at least partly, driven by sympathetic nerves. The data merit new attention to the role of the 
SNS in the pathogenesis of inflammatory pain conditions.
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