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The chronification mechanism of orofacial inflammatory pain: Facilitation by GPER1 and microglia in the rostral ventral medulla
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Background: Chronic orofacial pain is a common and incompletely defined clinical condition. The role of G protein-coupled estrogen receptor 1 (GPER1) as a new estrogen receptor in trunk and visceral pain regulation is well known. Here, we researched the role of GPER1 in the rostral ventral medulla (RVM) during chronic orofacial pain.

Methods and Results: A pain model was established where rats were injected in the temporomandibular joint with complete Freund’s adjuvant (CFA) to simulate chronic orofacial pain. Following this a behavioral test was performed to establish pain threshold and results showed that the rats injected with CFA had abnormal pain in the orofacial regions. Additional Immunostaining and blot analysis indicated that microglia were activated in the RVM and GPER1 and c-Fos were significantly upregulated in the rats. Conversely, when the rats were injected with G15 (a GPER1 inhibitor) the abnormal pain the CFA rats were experiencing was alleviated and microglia activation was prevented. In addition, we found that G15 downregulated the expression of phospholipase C (PLC) and protein kinase C (PKC), inhibited the expression of GluA1, restores aberrant synaptic plasticity and reduces the overexpression of the synapse-associated proteins PSD-95 and syb-2 in the RVM of CFA rats.

Conclusion: The findings indicate that GPER1 mediates chronic orofacial pain through modulation of the PLC-PKC signal pathway, sensitization of the RVM region and enhancement of neural plasticity. These results of this study therefore suggest that GPER1 may serve as a potential therapeutic target for chronic orofacial pain.
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1. Introduction

Chronic pain has become a major cause of economic burden around the world (Jackson et al., 2015). About 7%–11% of people suffer from chronic orofacial pain. Correct diagnosis and management of the condition can be difficult due to the complexity of the orofacial anatomy, limited knowledge of its pathophysiology, and limited treatment options (Handa et al., 2021). This is further complicated by the lack of clarity on the disease’s comorbid features and its pathogenesis (Slade et al., 2020). The orofacial regions are vital to sustaining life with multiple functions (Iwata and Sessle, 2019) and the orofacial sensorimotor system is unique and distinct from the spinal sensorimotor system (Avivi-Arber and Sessle, 2018). Therefore, in order to solve the problems caused by chronic orofacial pain, it is necessary to study its possible central mechanism and find new therapeutic targets.

The rostral ventral medulla (RVM), consisting of the large nucleus of the middle suture, the giant reticular nucleus, and the giant cell nucleus, is considered a key nucleus involved in both down-regulation inhibition and down-regulation facilitation pathways. It does so by projecting directly to the spinal cord dorsal horn (SCDH) and medullary dorsal horn (MDH; Ossipov et al., 2000; Burgess et al., 2002). Early neuroanatomical studies have shown that RVM could modulate injurious inputs because its downward projection could form synaptic connections with primary afferent terminals, projection neurons, and interneurons (Chen and Heinricher, 2019; Bagley and Ingram, 2020).

The G protein-coupled estrogen receptor 1 (GPER1) contains seven transmembrane structural domains, and is rapidly activated by an extracellular signal-regulated kinase (ERK) that increases aberrant pain. It is a plasma membrane protein widely distributed in different organs (Brailoiu et al., 2007; Olde and Leeb-Lundberg, 2009; Akama et al., 2013), and can induce rapid non-genomic estrogenic signaling (Revankar et al., 2005). At present, estrogen and this receptor play an important role in chronic pathological pain, and are thought to attribute to the higher prevalence of poorly controlled chronic pain observed in females. Nevertheless GPER1 is widely distributed in males as well and plays an important role in chronic pain for both sexes (Gao et al., 2017). Similarly, studies have shown that the distribution of GPER1 in rats is independent of sex (Brailoiu et al., 2007). In the nerve injury model, microglia have been confirmed to be activated in the RVM, leading to the increase of proinflammatory factors (Wei et al., 2008; Wang et al., 2019). Neuroglia activation in the RVM and their involvement in pain modulation were confirmed in a nerve injury model (Dubovy et al., 2018). Recent studies indicate that GPER1 is present in both neurons and microglia and is involved in neuroinflammation and neuropathic pain modulation (Dubovy et al., 2018; Correa et al., 2020).

Central sensitization is considered the main mechanism underlying chronic pain. Our previous studies have shown that the main factor of chronic pain is peripheral and central sensitivity (Zeng et al., 2018; Bai et al., 2019). Neuron-glial cell interactions were proposed via glutamate, in which microglia play an important role (Hagino et al., 2004).Recent studies have sought to understand the central sensitizing effect of phospholipase C-protein kinase C (PLC-PKC) on chronic pain (Galeotti et al., 2006; Wei et al., 2016). Moreover, estrogen activates PKC, but it is GPER1 rather than the classical estrogen receptors (Rα and Rβ) that produce this effect (Hucho et al., 2006). Given the above evidence, we hypothesized that the development of chronic orofacial pain is influenced by the activation of the GPER1 in the microglia of the RVM, which subsequently drives the release of glutamate and produces changes in synaptic plasticity, which can serve as a complementary central mechanism based on previous studies.

In this study, we investigated the mechanism which GPER1 and microglia in the RVM influence and facilitate chronic orofacial pain. By establishing a chronic pain model in rats, evaluating their pain thresholds and histopathological analysis of the levels of GPER1 and other associated markers of chronic pain and sensitization, we were able to elucidate that GPER1 facilitates chronic orofacial pain by a variety of mechanisms and may serve as an important way to treat chronic orofacial pain.



2. Materials and methods


2.1. Animals

Sprague–Dawley adult rats (male, weighing 250–300 g) were obtained from the Experimental Animal Center of Chongqing Medical University (Chongqing, China). Table 1 shows the group. Rats were housed at 23 ± 1°C under a 12 h light/dark cycle. Let the rats adapt to the environment for at least 7 days. The Ethics Committee of the Stomatology Hospital affiliated Chongqing Medical University approved the study (registration no. CQHS-NT022-2022).



TABLE 1 Animal numbers in each group, administration time (day, D), and sample size (number, n) of rats per group.
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2.2. Catheter placement

All rats were implanted with catheters before receiving drug injections into the temporomandibular joint (TMJ) cavity to observe the effect of pharmacological inhibitors or agonists of GPER1, PLC, and PKC on nociceptive hypersensitivity due to CFA-induced temporomandibular osteoarthritis. All procedures were performed in a large pool. The operation has been described previously (Gao et al., 2017). Before continuing the experiments, the rats were allowed to recover for 1 week.



2.3. Drugs injection

One week later, the rats were anesthetized and administered separate intracerebral drugs via injection. The GPER1 inhibitor (G15, 10 μM, 5 μL, n = 6, MCE, Monmouth Junction, NJ, USA) or 0.1% dimethyl sulfoxide (DMSO; CFA + Vehicle group; 5 μL, n = 6, Mengbio, Chongqing, China) was injected through the catheter 0.5 h before behavioral testing. The PKC agonist (PMA, 65 μM, 5 μL, MCE, Monmouth Junction, NJ, USA), PKC inhibitor (GF109203x, 4 mM, 5 μL, n = 6, MCE, Monmouth Junction, NJ, USA), PLC agonist (m-3M3FBS, 60 μM, 5 μL, MCE, Monmouth Junction, NJ, USA), and PLC inhibitor (U73122, 5 mM, 5 μL, n = 6, MCE, Monmouth Junction, NJ, USA) were injected through the catheter 24 h before behavioral testing.



2.4. Behavioral assays

One week after intra-articular drug injection, the rats were tested with the von Frey hair test (User Manual, Dan Mic Global, LLC. Camden Avenue, San Jose, CA, USA) to detect the head withdrawal threshold (Fruhstorfer et al., 2001). The rats were placed in acrylic cages and adapted to the environment for approximately 30 min. Von Frey hair was applied on the skin above the TMJ cavities of the rats, and the force applied toward the area increased gradually. Positive responses included (1) stimulated behavior, characterized by the exhibition of rapid backward movement, curling up against the cage wall to avoid further contact with the face, or hiding the head and face from the hairs to avoid the stimulus; (2) aggressive behavior, characterized by the exhibition of rapid grasping and biting of the stimulus, resulting in aggressive movement; and (3) stroking the face with the ipsilateral front paw or making a sound. The presence of one or more of the above responses was considered positive in the stimulation test. The interval for each test was greater than 1 min. The head withdrawal threshold of the rats was measured using von Frey hair 1 h before and after the first CFA injection daily. The test was performed after each catheter infusion (24 h after GF109203x and U73122 injection and 0.5 h after G15 injection) and before injection. The details of test procedures and experimental data processing have been described (Chaplan et al., 1994; Ren, 1999; Cao et al., 2009).



2.5. Establishment of temporomandibular joint

Rats were randomly divided into control (CON) and CFA groups. Rats in the CFA group were anesthetized by isoflurane (same dose as used before), and 50 μL of CFA (Sigma-Aldrich, 3,050 Spruce Street, Saint Louis, USA) was injected bilaterally into the joint cavity using an insulin syringe to cause TMJ inflammation (Wu et al., 2010). One week after CFA injection, the TMJ areas showed severe swelling (Li et al., 2016). Rats in the CON group were injected bilaterally with 50 μL 0.9% saline under the same anesthesia mode. Inflammation was assessed using head withdrawal threshold and joint histopathological examinations.



2.6. Histopathological examination of temporomandibular joint cartilage

The TMJ cartilage was collected following sacrifice of the rats. The specimens were fixed in 4% paraformaldehyde (Monbiot, Chongqing, China), decalcified in 10% EDTA decalcifying solution about 1.5 months, dehydrated under the ethanol concentration gradient, and the cartilage was embedded in paraffin. The specimen was then cut into 5 μm sections on a paraffin sectioning machine (Leica RM2245, Wetzlar, Germany). Paraffin sections were dewaxed and joint staining was performed using a modified Safranine O-Fast Green FCF Cartilage Stain Kit (Solarbio, Beijing, China). After staining, the specimen was sealed with resin (Solarbio, Beijing, China). Images were obtained using a microscope (Slideview VS200, Olympus Corporation, Tokyo, Japan).



2.7. Western blot

The expression levels of the total GluA1, GPER1, PKC, PLC, PSD-95, syb-2 and c-Fos were detected by western blot. After administration of G15 for 0.5 h, the head withdrawal threshold was determined. Sacrificed the rats, and the RVM tissue was isolated and homogenized. Measuring the protein concentrations. The proteins were added to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel electrophoresis for 1.5 h (Beyotime, Shanghai, China), and then transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, USA). The membranes were sealed with 5% skim milk for 1 h at 37°C and incubated with primary antibodies, including anti-GluA1 (1:1,000, Cell Signaling Technology, Danvers, Massachusetts, USA), anti-GPER1 (1:1,000, Thermo Fisher Scientific, 5,823 Newton Drive, Carlsbad, USA), anti-PKC (1:1,000, Abcam, UK), anti-PLC (1:1,000, Abcam, Cambridge, UK), anti-c-Fos (1:1,000, Affinity, Jiangsu, China), anti-PSD-95 (1:1,000, Cell Signaling Technology, Danvers, Massachusetts, USA), anti-syb-2 (1:1,000, Abcam, Cambridge, UK) and anti-GAPDH (1:10,000, ZEN-Bioscience, Chengdu, China), overnight at 4°C. Membranes were washed with Tris-buffered saline containing Tween 20 (TBST) and incubated with the corresponding secondary antibodies (1,10,000, Mengbio, Chongqing, China) for 2 h at 37°C. The blots were detected using a detection kit (Beyotime, Shanghai, China) and visualized using an imaging system (Bio-Rad, Hercules, California, USA). GAPDH was used as a loading control to normalize protein levels. We used stripping buffer (Solarbio, Beijing, China) to remove the membrane-bound antibody. The next round of western blot experiments was then performed using a different antibody, and using this strategy enabled us to detect proteins on the same membrane multiple times.



2.8. Immunofluorescence staining

Rats were perfused with 0.9% saline and 4% paraformaldehyde via the heart after injecting inhibitor or activator. The brain stem area was immediately separated, fixed in 4% paraformaldehyde for 24 h, and then soaked in sucrose solution with increased concentration (20–30%) in turn until the tissue sank to the bottom. RVM sections were cut into 10 μm-thick sections using a frozen sectioning machine (Leica CM1950, Wetzlar, Germany) and stored at −80°C for subsequent use. Sections were removed from the −80°C refrigerator, brought to room temperature, and then repaired with the EDTA antigen retrieval solution (PH 8.0, Solarbio, Beijing, China) in a microwave oven at a low temperature (approximately 40°C) for 10 min. Next, the slices were cooled to room temperature and washed thrice with phosphate-buffered saline (PBS; Biosharp, Anhui, China), and 0.3% TritonX-100 (Mengbio, Chongqing, China) was added. After incubation at 37°C for 10 min, the slices were washed again with PBS thrice; then, 5% goat serum (Solarbio, Beijing, China) was added. The slices were then incubated at 37°C for a further 30 min. The slices were then incubated at 4°C overnight using anti-neuronal nuclei (NeuN; 1:200, host mouse, Cell Signaling Technology), anti-GFAP (1:200, host mouse, Cell Signaling Technology), anti-Iba1 (1:200, host mouse, Abacam), anti-GPER1 (1:200, host rabbit, Thermo Fisher) and anti-c-Fos (1:200, host mouse, Abcam) antibodies. After washing thrice with PBS, the sections were incubated with fluorescently coupled secondary antibodies (Alexa Fluor 488-labeled goat anti-rabbit IgG and Alexa Fluor 596-labeled goat anti-mouse IgG, ZSGB-Bio, Beijing, China) at 37°C for 90 min. Micrographs were analyzed using a fluorescence confocal microscope (EU 5888; Leica, Wetzlar, Germany). Three sections were randomly selected per rat. Images of cells were captured using a 20× objective. The immunoreactivity of c-Fos and GPER1 in the RVM was captured using a 10× objective. The number of positive cells was calculated as the average number of positive cells obtained from three images.



2.9. Transmission electron microscopy

Following anesthesia, the rats were perfused with 2.5% glutaraldehyde and 2% paraformaldehyde mixed liquid, and their brains were taken out. The RVM was separated and fixed in 4% glutaraldehyde at 4°C for 24 h. The RVM was cut into 1 × 1 × 1 mm tissue blocks, fixed, embedded, sectioned, and stained. Refer to this document for specific methods (Wang et al., 2021). Images were captured using a JEM-1400Plus transmission electron microscope (TEM; JEOL Ltd., Tokyo, Japan) and analyzed using Image Pro Plus 6.2. Synaptic morphological parameters were measured at 50,000× magnification. The width of the synaptic space and the thickness of the postsynaptic density (PSD) were measured using the multipoint average method and Güldner and Ingham’s method (Güldner and Ingham,1980).



2.10. Data analysis

The data are presented as the mean ± standard deviation (SD) and were statistically analyzed using GraphPad Prism 8.2.1 (San Diego, CA, USA). The Photoshop software (Adobe Photoshop 2021) was used to generate the illustrations. The results of behavioral tests were analyzed with two-way repeated measure analysis of variance (ANOVA) followed by the Bonferroni post hoc test. One-way ANOVA analysis was followed by the Tukey post hoc test for multiple group comparisons. Differences between two groups were examined using independent-sample t-tests. p-value <0.05 are considered significant differences.




3. Results


3.1. CFA rats show a significant decrease in the mechanical pain threshold and an upregulation in the expression of c-Fos and GPER1

Intense erythema and damage to the articular cartilage in the TMJ region were observed in the CFA-injected rats but not in the CON rats (Figures 1A,B). We used the von Frey hair to determine the head withdrawal threshold. The rats injected with 0.9% normal saline served as the CON group. Before injection, no difference was observed in the head withdrawal threshold between the two groups. The head withdrawal thresholds in the CON group did not change significantly with time, while the thresholds in the orofacial region showed a significant decrease in the CFA group from day 3 onwards. Additionally, the head withdrawal threshold of rats in the CFA group decreased significantly compared with those of rats in the CON group on day 7 (Figure 1C). The expression of c-Fos and GPER1 in the RVM increased significantly after CFA injection (Figures 1D,E). These results showed that GPER1 may be involved in the pathophysiological mechanism of chronic orofacial pain, while the upregulation of c-Fos suggests the activation of neurons in RVM region.
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FIGURE 1
 Development of mechanical heterotopic pain, GPER1, and c-Fos expression increased in RVM of CFA-induced chronic pain model. Morphological characteristics of the temporomandibular joint cartilage in rats. (A) Articular cartilage staining of cartilage tissues with red solid green showed a significant loss of proteoglycan in the CFA group compared with the CON group, indicating significant bone destruction of the tissue. (B) Determination of orofacial pain threshold in rats. Development of mechanical ectopic pain in rats. a Significantly lower orofacial pain thresholds were significantly lower 3 days after CFA injection compared with 3 days after NS injection. (C, D) WB assay of GPER1 and c-Fos expression in RVM showed that GPER1 and c-Fos protein levels were upregulated in the CFA group compared with the CON group. Quantification of normalized WB experiments showed a significant increase in the CFA group. All data were normalized to the GAPDH control group. Data represent the mean ± SD. (B) was measured with two-way repeated ANOVA followed by the Bonferroni post hoc test. A significant decrease in the thresholds was observed after 3 days of NS infusion compared with those detected after 3 days of CFA infusion. (C, D) were measured with statistical analysis was performed using independent samples t-test. *p < 0.05, **p < 0.01. n = 6 per group. Compared with the CON group.




3.2. G15 injection causes a downregulation in the expression of GPER1 and c-Fos in the RVM

The head withdrawal threshold of rats in the CFA group was reduced 1 week after the bilateral TMJ cavity injection of CFA. To investigate the role of GPER1 in the chronic pain of the orofacial region, we injected G15 intracerebrally in CFA rats. In accordance with previous studies, we found that G15 produced a significant inhibitory effect 30 min after injection (An et al., 2014). Therefore, the RVM of the rats was taken immediately after measuring the orofacial pain threshold 30 min after G15 injection, and the expression of GPER1 and c-Fos was analyzed by protein blotting. The results show that, compared with CFA rats, rats which underwent G15 injection had significantly increased pain thresholds (Figure 2A). Moreover, the protein blotting results suggest that the expression levels of GPER1 and c-Fos in the body were significantly higher in the CFA group than in the CON and CFA + G15 groups (Figures 2B,C). We did not observe significant difference between the CFA and CFA + Vehicle groups, which suggests that the 0.1% DMSO did not change the levels of GPER1 and c-Fos.

[image: Figure 2]

FIGURE 2
 G15 attenuated CFA induced pain by reducing c-Fos and GPER1 expression. (A) Orofacial pain thresholds in rats. Compared with the CFA group, the orofacial pain thresholds of rats in the CFA + G15 group were significantly upregulated, and there was no significant difference between the CFA group and CFA + Vehicle group. WB detection of GPER1 and c-Fos expression in RVM. GPER1 (B) and c-Fos (C) protein levels were down-regulated in the CFA + G15 group compared with the CFA group, and there was no significant difference between the CFA group and CFA + Vehicle group. All data were normalized to the GAPDH control group. All statistical analysis was performed using one-way ANOVA followed by the Tukey post hoc test for multiple group comparisons. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n = 6 per group.




3.3. G15 injection alleviates central sensitization induced by CFA

c-Fos, a marker of neuronal activation, has been recognized as a reliable marker for central sensitization. The gene c-Fos and its protein product were reported by Hunt et al., and used to study nociception (pain; Harris, 1998; Marvaldi et al., 2020). c-Fos can be used as a cross synaptic marker of neuronal activity after harmful stimulation (Bullitt, 1990). Immunofluorescence results showed that the number of c-Fos-positive (c-Fos+) neurons in the RVM of rats in the CFA group was significantly higher than that of rats in the CON and CFA + G15 groups (Figure 3B). The number of GPER1-positive cells was significantly higher in the CFA group than in the CON and CFA + G15 groups (Figure 3C). These results indicate that G15 alleviated the central sensitization of CFA rats. We did not observe significant difference between the CFA and CFA + Vehicle groups.

[image: Figure 3]

FIGURE 3
 Number of activated GPER1-positive and c-Fos-positive cells in the RVM under different pain states. (A) Representative immunofluorescence images showing the distribution of c-Fos+ and GPER1+ cells in the RVM of different pain states. White arrows show the c-Fos/GPER double positive (c-Fos+/GPER1+) cells. Red: c-Fos+ neurons. Green: GPER+ cells. Yellow: Indicates integrated signal. (B) Number of c-Fos neurons in the RVM of rats in different states. The number of c-Fos positive neurons was significantly reduced in the CFA + G15 group compared with the CFA group, while there was no significant difference between the CFA group and CFA + Vehicle group. (C) Statistical analysis of GPER1+ cells in the RVM of rats in different states. The number of GPER1 positive cells was significantly increased in the CFA group compared with the CON group. It was no significantly difference between the CFA group and CFA+ Vehicle group. Data represent the mean ± SD. All statistical analysis was performed using one-way ANOVA followed by the Tukey post hoc test for multiple group comparisons. ***p < 0.001, ****p < 0.0001. n = 3 per group.




3.4. The changes of Iba1 positive cells in RVM

Immunofluorescence results show that the number of Iba1-positive cells in the RVM of rats in the CFA group was significantly higher than that of rats in the CON and CFA + G15 groups (Figures 4A,C). We did not observe significant difference between the CFA and CFA + Vehicle groups. Additionally, it was observed that GPER1 is expressed in Iba1 labeled microglia and Neu labeled neurons, but not in glial fibrillary acidic protein (GFAP) labeled astrocytes (Figure 4B).

[image: Figure 4]

FIGURE 4
 Changes of Iba-1 positive cells in RVM. Number of activated Iba-1-positive cells in the RVM under different pain states. (A) Representative immunofluorescence images showing the distribution of Iba1 labeled microglia in the RVM of different pain states. Red: microglia. (B). GPER1 was mainly expressed in NeuN-labeled neurons in Iba 1 labeled microglia, but not in glial fibrillary acidic protein (GFAP)-labeled astrocytes at CON group. Red: Iba1 labeled microglia, Neu labeled neurons, glial fibrillary acidic protein (GFAP) labeled astrocytes. Green: GPER1+ cells. Yellow: Indicates integrated signal. (C) Number of Iba1 labeled microglia in the RVM of rats in different states. The number of Iba1 labeled microglia was significantly reduced in the CFA + G15 group compared with the CFA group, while there was no significant difference between the CFA group and CFA + Vehicle group. Data represent the mean ± SD. All statistical analysis was performed using one-way ANOVA followed by the Tukey post hoc test for multiple group comparisons. **p < 0.01. n = 3 per group.




3.5. G15 injection decreases the expression of GluA1 in the RVM of CFA rats, and GluA1 co-localization in microglia

To determine whether G15 influences α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptor expression (Figure 5A), we measured the protein expression of total GluA1 by western blotting (Figure 5C). Our results show that the expression of GluA1 in the CFA group was significantly increased compared to the CON group. G15 administration significantly downregulated total GluA1 levels and the phosphorylation of GluA1. We did not observe significant difference between the CFA and CFA + Vehicle groups (Figure 5B).

[image: Figure 5]

FIGURE 5
 Expression of GluA1 and GluA1 co-localization in microglia. (A) Representative immunofluorescence images showing the distribution of Iba1 labeled microglia in the RVM of different pain states. (B) In CFA group, GluA1 was expressed in iba 1 labeled microglia. (C) Number of GluA1 in the RVM of rats in different states. The number of GluA1 was significantly reduced in the CFA + G15 group compared with the CFA group, while there was no significant difference between the CFA group and CFA + Vehicle group (n = 3 per group). WB detected the expression of GluA1(D) in RVM after G15 injection, and the expression of GluA1 protein was decreased in the CFA + G15 group compared with the CFA group (n = 6 per group). There was no significant difference between the CFA group and the CFA + Vehicle group. Data represent the mean ± SD. All data of WB were normalized to the GAPDH control group. Statistical analysis was performed using one-way ANOVA followed by the Tukey post hoc test for multiple group comparisons. *p < 0.05, **p < 0.01.




3.6. G15 injection reduces the overexpression of the synapse-associated proteins PSD-95 and syb-2 in CFA rats

Since GluA1 regulates synaptic plasticity, which is crucial in the development of chronic orofacial pain, we explored whether G15 regulates the expression of two synaptic-associated proteins; PSD-95 and syb-2 (Figures 6A,B). Western blotting showed that the expressions of PSD-95 and syb-2 in the RVM region of CFA group rats were significantly increased. Injection of G15 reduced the expression of these proteins. We did not observe significant difference between the CFA and CFA + Vehicle groups.
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FIGURE 6
 Effect of G15 on synapse-associated protein expression levels. Representative WB bands showing the expression of PSD-95 (A) and syb-2 (B). WB detection of PSD-95 and syb-2 expression in RVM. PSD-95 (A) and syb-2 (B) protein levels were down-regulated in the CFA + G15 group compared with the CFA group, and there was no significant difference between the CFA group and CFA + Vehicle group. All data were normalized to the GAPDH control group. All statistical analysis was performed using one-way ANOVA followed by the Tukey post hoc test for multiple group comparisons. *p < 0.05, **p < 0.01. n = 6 per group.




3.7. G15 injection restores aberrant synaptic plasticity in CFA rats

Changes in synaptic structure and function are closely related to synaptic plasticity (10.6084/m9.figshare.20445930). Representative images of synaptic structures in the RVM were observed using TEM (Figure 7). Synaptic spaces were visible in the CON and CFA + G15 groups, and the PSD was appropriate (Figures 7A,D). Conversely, the synaptic space and PSD of the CFA + Vehicle and CFA groups were contracted and blurred (Figures 7B,C). The results displayed that, compared with that in the CON group, the width of the synaptic clefts in the CFA and CFA + Vehicle groups was decreased (Figure 7E). The PSD thickness of the CFA group was significantly greater than that of the CON group. After G15 treatment, these abnormal changes were alleviated (Figure 7F). These results also provide intriguing, albeit indirect, evidence for the mechanism of GPER1 involvement in chronic orofacial pain, which may be related to local sensitization in the RVM region.

[image: Figure 7]

FIGURE 7
 Synaptic structure of the RVM neurons in each group. (A) CON group; (B) CFA group; (C) CFA + Vehicle group; (D) CFA + G15 group. (E) The width of the synaptic cleft was decreased in the CFA group and CFA + Vehicle group compared with the CON group. There was no significant difference between the CFA group and the CFA + Vehicle group. (F) The thickness of PSD was significantly increased in the CFA group and CFA + Vehicle group compared with the CON group. There was no significant difference between the CFA group and the CFA + Vehicle group. Data represent the mean ± SD. Statistical analysis was performed using one-way ANOVA followed by the Tukey post hoc test for multiple group comparisons. *p < 0.05, **p < 0.01, ****p < 0.0001. n = 3 per group.




3.8. GPER1 induces nociceptive hyperalgesia via the PLC-PKC signaling pathway

In this study, we found that PLC and PKC protein expression was significantly higher in the RVM of rats in the CFA group compared with that of rats in the CON group, while G15 injection significantly downregulated their expression in the RVM of CFA rats (Figures 8A,B). There was no significant difference between the CFA and CFA + Vehicle groups. Rats in the CFA group were randomly selected and divided into a CFA + PLC inhibitor (U73122), CFA + PKC inhibitor (GF109203x), and a CFA + vehicle group, and the pain thresholds of the rats were measured 1 day after drug injection. Compared with the CFA group rats, the CFA + PLC and CFA + PKC inhibitor group rats showed a significant increase in pain thresholds (Figure 8C). Similarly, rats in the G15 group were randomly selected and divided into a G15 + PLC agonist group (m-3M3FBS) and a G15 + PKC agonist group (PMA), and the withdrawal threshold level of the rat heads was measured 1 day after drug injection. Compared with the G15 group rats, G15 + PLC and G15 + PKC agonist group rats showed significantly increased pain thresholds as well (Figure 8D). Therefore, we speculate that GPER1 may cause a decrease in the orofacial mechanical pain threshold in CFA rats through the PLC-PKC signaling pathway.

[image: Figure 8]

FIGURE 8
 G15 alleviated CFA-induced pain through the PLC-PKC signaling pathway. (A, B) WB detection of PLC and PKC expression in RVM. The levels of these proteins were significantly different in both the CON and CFA + G15 groups compared with the CFA group. There was no significant difference between the CFA group and CFA + Vehicle group. (C) Treatment with GF109203x and U73122 significantly reversed the effect of G15 compared with the CFA + G15 group. There was no significant difference compared with the G15 + Vehilce group. (D) Treatment with m-3M3FBS and PMA significantly increased orofacial pain thresholds compared with the CFA group, with no significant difference compared with the CFA + Vehicle group. All statistical analysis were performed using one-way ANOVA followed by the Tukey post hoc test for multiple group comparisons. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n = 6 per group.





4. Discussion

The chronification of acute pain is receiving increasing attention (Jackson et al., 2015). Many studies have proved that the RVM region plays a key role in the transition from acute postoperative pain to chronic pain, and in the downstream pain regulation system (Xu et al., 2021). However, orofacial pain is different from somatic pain because there are many important adjacent structures in the oral and facial region, which makes it easier for patients with chronic oral and facial pain to experience negative exacerbations (such as affected sleep, cognition, and memory which further complicate the pain. Our experiments explored the mechanism of the role of the RVM in the chronification of acute pain in the orofacial region. In this study, we used bilateral CFA temporomandibular joint cavity injections to simulate the transition from acute inflammatory pain to chronic pain in the orofacial region (Araújo-Filho et al., 2018). The current study provides convincing evidence that RVM cells are significantly activated in persistent orofacial pain, consistent with the onset of chronic pain. Previous experiments have shown that GPER1+ cells in the RVM can modulate the chronicity of postoperative somatic pain (Xu et al., 2021). The same results were obtained in our experiment and the pain was relieved after GPER1 inhibitor injection, suggesting that GPER1 is also involved in the chronicity of orofacial pain.

Persistent peripheral injurious stimuli may cause central sensitization, which may be one of the mechanisms of hyperalgesia. Several important brain nuclei have been shown to be involved in central sensitization during the onset of chronic migraine and somatic neuropathic pain. The RVM consists of the adjacent reticular formation and the large nucleus of the middle suture and is considered a key player in the downstream pain modulation system. Many different nuclei transmit information to RVM, which is considered as the key role of downstream pain regulation system (Chen and Heinricher, 2019). The downstream PAG-RVM pathway regulates the upstream injurious transmission of spinal dorsal cord and participates in the development of chronic pain (Lau and Vaughan, 2014). Previous studies have shown that synaptic gaps and changes in synaptic plasticity-related proteins are necessary for central sensitization (Wang et al., 2021). Our results found that during chronic orofacial pain a narrowing of the gap between synapses in the RVM region occurs, and this along with changes affecting synapse-associated plasticity proteins (PSD-95 and syb-2) suggest that central sensitization of the RVM region may be involved in the chronicity of orofacial pain. This is consistent with the study conducted by Mo et al. (2022).

It was shown that there are two main types of cells expressing GPER1 in the RVM region: 1. Non-5-hydroxytryptaminergic, mainly GABAergic (Winkler et al., 2006; Pedersen et al., 2011; Gao et al., 2021b). Injurious stimulation activates GABAergic neurons in the RVM, inhibiting dorsal horn enkephalins and GABAergic interneurons from promoting mechanical pain (François et al., 2017). In addition, RVM can also project to the medullary dorsal horn (MDH) to regulate the hyperalgesia in the trigeminal innervation area, which may be related to the enhanced downward facilitation of RVM (Chai et al., 2012; Mo et al., 2022). 2. Neuroglia (Kuo et al., 2010; Lee et al., 2012; Fuente-Martin et al., 2013), which can induce the formation of dendritic synapses through local release of glutamate (McCarthy et al., 2002; Brailoiu et al., 2007). Interestingly changes in GluA1 in the RVM region were found in this study as well as other previous studies on chronic pain (Guan et al., 2003, 2004; Radhakrishnan and Sluka, 2009). Meanwhile, our results showed that RVM microglia was activated simultaneously in chronic orofacial pain induced by CFA. However, double immunofluorescence staining showed that GPER1 co-located with microglia and neurons rather than astrocytes. This is consistent with previous findings (Correa et al., 2020; Xu et al., 2022). Among them, the activation of microglia GPER1 induces the release of glutamate to facilitate chronic pain. This mechanism may be related to the involvement of microglia in synaptic plasticity (Hagino et al., 2004; Matute et al., 2006). In this study, we found that microglia co expressed with GluA1 in RVM, which further explained the effect of microglia on synapses. The expression of functional glutamate receptor(GluR)on microglia in the developing and mature brain has been confirmed (Murugan et al., 2013). Based on these results, we believe that GPER and microglia in RVM actively participate in chronic orofacial pain. This process is related to the synaptic plasticity of RVM neurons. An electrophysiological study showed that CFA induced persistent inflammatory pain could enhance AMPA receptor mediated excitatory postsynaptic current in nucleus raphe magnus (an important component of RVM; Tao et al., 2014). In addition, our study found that GPER1 activated by chronic orofacial pain co-located with RVM neurons. GPER1 in RVM contributes to postoperative pain chronicity and GPER1 localization in RVM is associated with GABAergic neurons (Gao et al., 2021a). In this study, we confirmed the positive synergistic effect of GPER1 and microglia in RVM on chronic orofacial pain. Here, we noticed that the RVM region expressed GABAergic neurons, but in our study, both western blot and immunofluorescence showed that there was glutamate receptor in RVM. This conclusion suggests that glutamate receptor probably originates from microglia, and the glutamate produced is taken up by nearby astroglia and transformed into glutamine, which is crucial for neurons to synthesize GABA (Héja et al., 2019; Kruyer et al., 2023).

It is reported that GPER1 can bind to the G-coupled protein alpha subunit and activate PLC (Cheng et al., 2016). Activated PLC leads to PKC production and intracellular calcium mobilization, which mediates the phosphorylation of GluA1 (An et al., 2014). Kuhn et al. demonstrated that GPER1 mediates the rapid action of estrogen on injurious neurons, producing mechanical nociceptive hyperalgesia and activating PKCƐ (Kuhn et al., 2008). In our study, PLC-PKC expression was significantly increased at the onset of chronic pain in the orofacial region, and administration of U73122 or GF109203x injections (PLC-PKC inhibitors) relieved chronic pain in the orofacial region. In contrast, rats in the CFA + G15 group receiving m-3M3FBS or PMA (PLC-PKC agonists) could significantly reverse the effect of G15, causing the pain threshold to decrease again. Thus, the involvement of PLC-PKC in the development of chronic pain throughout the orofacial region was confirmed.

Our results provide strong evidence that persistent inflammatory pain in the orofacial area is associated with GPER1 activation of RVM microglia. The underlying mechanism may be central sensitization mediated by microglia activation in the RVM area, where GluA1 and PKC-PLC are involved in this process.



5. Conclusion

Our findings provide strong evidence that GPER1 in RVM is associated with chronic pain in the orofacial region. Persistent oral and facial inflammatory pain stimulates GPER1 on microglia in the RVM region, increases synaptic plasticity mediated by PLC-PKC pathway, and further leads to the formation of chronic orofacial pain. These results suggest that GPER1 and microglia is a potential target for the prevention and treatment of chronic orofacial pain.
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Indicates shared with other experiments, do not count.
WB: western blot; IE: immunofluorescence; NS: Physiological saline; PMA: Phorbol 12-myristate 13-acetate.
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