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Abstract 

Aim To determine whether Porphyromonas gingivalis lipopolysaccharide (LPS) can directly 

activate trigeminal neurons, to identify which receptors are involved, and to establish whether 

activation leads to secretion of the neuropeptide calcitonin-gene related peptide (CGRP) 

and/or the translocation of NF-κB. 

Methodology Mouse trigeminal ganglion (TG) cells were cultured in vitro for 2 days. The 

effect of P. gingivalis LPS (20 µg/mL) on calcium signalling was assessed (by calcium 

imaging using Cal-520 AM) in comparison to the transient receptor potential channel A1 

(TRPA1) agonist cinnamaldehyde (CA; 100 µM), the TRP channel V1 (TRPV1) agonist 

capsaicin (CAP; 1 µM), and high potassium (60 mM KCl). TG cultures were pre-treated with 

either 1 µM CLI-095 to block Toll-like receptor 4 (TLR4) signalling or with 3 µM HC-

030031 to block TRPA1 signalling. CGRP release was determined using ELISA, and nuclear 

translocation of NF-κB was investigated using immunocytochemistry. Data were analysed by 

one-way analysis of variance, followed by Bonferroni’s post-hoc test as appropriate. 

Results P. gingivalis LPS directly exerted a rapid excitatory response on sensory neurons and 

non-neuronal cells (p<0.001 to p<0.05). The effects on neurons appear to be mediated via 

TLR4- and TRPA1-dependent pathways. The responses were accompanied by an increased 

release of CGRP (p<0.001) and by NF-kB nuclear translocation (p<0.01). 

Conclusions This study reports for the first time that P. gingivalis LPS directly activates 

trigeminal sensory neurons (via TLR4 and TRPA1 receptors) and non-neuronal cells, 

resulting in CGRP release and NF-kB nuclear translocation. This indicates that P. gingivalis 

can directly influence activity in trigeminal sensory neurons and this may contribute to acute 

and chronic inflammatory pain. 
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Introduction 

Infection of the dental pulp initiates a variety of pathophysiological changes including the 

generation of pain. While immune mechanisms are known to indirectly influence 

nociception, bacteria or their products have also been reported to activate sensory neurons 

directly. A range of oral bacteria are known to infect dental pulps, many of which are Gram-

negative, and amongst which is Porphyromonas gingivalis (Rôças et al. 2002). 

A major component of Gram-negative bacterial surfaces is lipopolysaccharide (LPS) and 

previous investigators have shown that LPS might directly activate sensory neurons 

(Diogenes et al. 2011, Tse et al. 2014). Escherichia coli LPS has been shown to increase 

neuronal excitability of dorsal root ganglia and trigeminal ganglion neurons (Meseguer et al. 

2014). However, P. gingivalis LPS differs from that of E. coli and it is not known whether 

this and other non-enterobacterial LPS that would be found in pulpal infection have the same 

effects and, if so, which neuronal receptors are involved. 

There are two categories of cell surface receptors that are thought to be key participants in a 

rapid nociceptor response to LPS and the initiation of neurogenic inflammation; Toll-like 

receptors (TLRs) and transient receptor potential channels (TRPs). TLRs are pattern-

recognition receptors highly conserved throughout evolution (Santoni et al. 2015), and it is 

known that they can be activated by some forms of LPS (Diogenes et al. 2011, Meseguer et 

al. 2014, Tse et al. 2014). Of the 11 TLRs identified in humans so far (Qi et al. 2011), TLR4 

specifically recognizes LPS of Gram-negative bacteria (Coats et al. 2005) and previous 

workers have shown that TLR4 is expressed by many cell types within the dental pulp, 

including odontoblasts (Jiang et al. 2006), fibroblasts (Hirao et al. 2009) and nerve fibres 

(Wadachi & Hargreaves 2006). TRPs are a family of cation channels that respond to a range 

of thermal and chemical stimuli including inflammatory stimuli (Geppetti et al. 2008, 

Veldhuis & Bunnett 2013, Santoni et al. 2015). E. coli LPS is capable of sensitizing TRPV1 

via a mechanism involving TLR4 (Diogenes et al. 2011). Also, the TRPA1 receptor can be 

activated by the anionic lipid A of LPS (Meseguer et al. 2014). Although TRPV1 and TLR4 

co-expression has been demonstrated (Diogenes et al. 2011), a complete picture of the 

crosstalk with other receptors and the actual pathways that these receptors feed into has not 

been elucidated. Therefore, the aim of this study was to determine whether P. gingivalis LPS 

could induce pulpal pain by directly activating trigeminal neurons and lead to secretion of the 

neuropeptide CGRP and the translocation of NF-κB. 
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Materials and methods 

Animals 

Healthy, 3–9-month-old C57BL/6 wild-type adult mice (30–35 g) were used. All animals 

were maintained on a 12-hour light/dark cycle in a temperature-controlled environment and 

given food ad libitum. All animal procedures were conducted under the Animal (Scientific 

Procedures) Act 1986, and approved by the UK Home Office. 

Mouse trigeminal ganglia (TG) primary cultures 

Mice were sacrificed by an overdose of isoflurane anaesthetic and cervical dislocation, and 

the TG were removed immediately. TG were placed in ice-cold, calcium- and magnesium-

free Hanks’ balanced salt solution (HBSS; Invitrogen, Paisley, UK), and then quickly washed 

twice with HBSS supplemented with 1% penicillin/ streptomycin (PS) (Gibco, Paisley, UK) 

at 37°C in 5% CO2. Ganglia were then treated with 1.25% w/v type IV collagenase (Sigma, 

Gillingham, UK) once for 60 min and then again for 45 min, followed by 1.25% w/v trypsin 

(Sigma) for 15 min at 37°C. After digestion, the TG were homogenized mechanically by 

pipetting up and down, and centrifuged at 1500 g for 3 min, then re-suspended in 

supplemented medium (DMEM/F12 media, 1% w/v BSA, 1% N2 supplement, 1% PS; 

Bottenstein & Sato 1979). The mixtures were transferred to poly-l-lysine and laminin-coated 

coverslips that were placed at the bottom of 24-well tissue culture trays and cultured for 2–3 

days with media change once after 24 h. All experiments on cultured cells were performed on 

day 2–3. 

Intracellular calcium measurements  

Cells were loaded for 60 min at 37°C with 5 µM Cal-520 AM (Abcam, Cambridge, UK) in 

DMEM/F12 medium after which coverslips were transferred into a chamber (Warner 

Instruments RC-25F; Harvard Apparatus Ltd, Edenbridge, UK ) mounted on the stage of a 

Zeiss Axiovert S100TV microscope (Zeiss, Jena, Germany) and continuously perfused with 

buffer (142 mM NaCl, 5 mM NaHCO3, 10 mM Hepes, 16 mM Glucose, 2 mM KCl, 2 CaCl2, 

1 mM MgCl2, and 0.1% BSA, pH 7.3) at a flow rate of 5 mL/min. Cells were illuminated at 

488 nm with a monochromator (TILL Photonics, Kaufbeuren, Germany), and viewed using a 

band-pass filter (510–540 nm) and 40 × objective (NA1.3; Zeiss). Images were acquired at 6-

second intervals using a Photometrics Cascade 512B CCD camera (Photometrics UK Ltd, 

Marlow, UK) and timelapse sequences recorded using WinFluor® software(V3.8.7; 

Strathclyde Imaging Software, University of Strathclyde, Glasgow, UK). Following 
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background subtraction, fluorescence values (measured for every image from regions of 

interest [ROIs] placed over the soma of cells) were exported and plotted using GraphPad 

Prism 6 (GraphPad Software, San Diego, CA, USA). Cells were classified as responsive to a 

particular stimulus when fluorescence, measured in an ROI, increased by more than five 

standard deviations over the baseline fluorescence. Baseline fluorescence was measured as 

the average of the last 10 frames before application of tested products or agonists. Data are 

presented as the changes in intensity of fluorescence between the baseline and peak of the 

activated curve. This calculation was used to account for variations in the starting 

fluorescence of individual cells. 

The effect of P. gingivalis LPS (20 µg/mL) on calcium signalling was assessed in comparison 

to the TRPA1 agonist cinnamaldehyde (CA; 100 µM), the TRPV1 agonist capsaicin (CAP; 

1 µM), and high potassium (60 mM KCl). To determine whether signalling was occurring via 

TLR4 or the TRPA1 receptor, we used specific blocking agents applied to the TG cultures 

prior to exposure to LPS. TG cultures were pre-treated with either 1 µM CLI-095 (Invivogen, 

UK) for 3 h to block TLR4 or for 1 minute with 3 µM HC-030031 (Tocris Bioscience, 

Bristol, UK) to block TRPA1 signalling (Kunkler et al. 2011, Meseguer et al. 2014, Tse et al. 

2014) and the resultant calcium flux of cells was recorded as described above. 

Calcitonin gene-related peptide (CGRP) release assay 

Experiments were performed at 37°C in modified HBSS (Invitrogen) (10.9 mM HEPES, 

4.2 mM sodium bicarbonate, 10mM dextrose, and 0.1% bovine serum albumin in 1 × HBSS). 

After two initial washes in HBSS, a 15 min baseline sample was collected. The cells were 

then exposed to either HBSS alone or HBSS containing P. gingivalis LPS (20 µg/mL) for 

15 min. Where indicated, inhibitors of TLR4, TRPA1 and TRPV1 were administered at 1 µM 

CLI-095 for 3 h, 3 µM HC-030031 for 2 min, or 10 µM capsazepine for 2 min prior to the 

exposure to LPS, as described by previous investigators (Eid et al. 2008, Henrich & Buckler 

2009, Tse et al. 2014). The supernatants were collected and assayed by a competitive 

enzyme-linked immunosorbent assay (ELISA) for calcitonin gene-related peptide (CGRP). 

Briefly the ELISA was performed by coating microtitre plate wells with 1:1000 anti-CGRP 

mouse monoclonal capture antibody (Sigma) in 0.05 M carbonate buffer pH 9.5 overnight at 

4°C to immobilize the capture antibody to the wells. Plates were then washed three times 

with 0.05% PBS-Tween and blocked with 5% BSA in 0.05% PBS-Tween (pH 7.4) for 3 

hours at room temperature. After washing, 50 µL of standard CGRP or samples were added 

to the plate, together with 50 µL of 2 ng/mL biotin-conjugated CGRP (Biorbyt Ltd, 
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Cambridge, UK), and incubated for 1 hour at 37°C. After washing six times, the plates were 

incubated with 1:400 streptavidin-horseradish peroxidase conjugate (strep-HRP) for 45 min. 

Tetramethylbenzidine/hydrogen peroxide substrate solution (TMB; Sigma) was then added 

until colour developed (10–20 min), and the reaction was stopped by addition of 2M HCl. 

Resulting colour was read using a spectrophotometer (Infinite 200 PRO; Tecan, Reading, 

UK) at 450 nm. Unknown CGRP concentrations were calculated by interpolation from a 

standard curve. 

NF-kB translocation  

Following application of LPS or PBS for 15 min, cells were washed twice with PBS and then 

fixed in 4% paraformaldehyde (PFA) for 40 minutes. To block non-specific antibody 

binding, coverslips were incubated in PBS containing 0.5% Triton X-100 (PBST) and 10% 

normal donkey serum (NDS) for 1h at room temperature. The coverslips were then incubated 

in mouse anti-β-tubulin III monoclonal antibody (1:1000, Covance, Harrogate, UK), and 

rabbit anti-NF-kB polyclonal antibody (1:250, ThermoFisher Scientific, Paisley, UK) diluted 

in PBST containing 1% NDS, at room temperature for 1h. Cultures were washed twice in 

PBST for 15 min and incubated with Cy3-conjugated donkey anti-rabbit, and FITC-

conjugated donkey anti-mouse secondary antibodies (1:400, Jackson ImmunoResearch, West 

Grove, PA, USA) diluted in PBST containing 1% NDS, at room temperature for 1h. Finally, 

the cultures were washed twice in PBS for 15 min and slides were mounted with Vectashield 

containing DAPI (Vector Laboratories, Burlingame, CA, USA) and visualized by fluorescent 

microscopy. Immunohistochemistry controls for β-tubulin III and NF-kB were performed by 

omitting the primary antibodies. 

NF-κB nuclear translocation was determined by immunohistochemistry and co-localising 

with DAPI and β-tubulin III, markers of DNA and neurons, respectively. The translocation of 

NF-kB could be determined by analysing the proportion of NF-kB fluorescent label in the 

nuclear and cytoplasmic compartments. Positive nuclear translocations were quantified by 

measuring the relative fluorescence intensity of NF-κB staining at each intracellular location. 

DAPI nuclear staining was used to confirm the location of the nuclei. The translocation of 

NF-kB was counted as positive when the nuc/cyt ratio was >1. Neurons and non-neuronal 

cells positive for NF-kB nuclear translocation were quantified. 
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Statistical analysis  

Data were analysed by one-way ANOVA, and individual groups were compared by 

Bonferroni’s post-hoc test using GraphPad Prism 6 (GraphPad Software, San Diego, CA, 

USA). The statistical significance was set at p<0.05. 
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Results 

P. gingivalis LPS can rapidly activate trigeminal ganglion neurons and non-neuronal cells 

The responses of trigeminal neurons to P. gingivalis LPS, cinnamaldehyde (CA), capsaicin 

(CAP) and high potassium were assessed using the fluorescent calcium indicator, Cal-520 

AM (Figure 1). A total of 90 neurons were assessed from three to four coverslips per 

experiment and responses were examined from three independent experiments. P. gingivalis 

LPS was found to directly activate approximately 27% of the trigeminal neurons present 

(24/90). Our study also demonstrated that approximately 13%, and 33% of mouse TG 

neurons responded to CA and CAP, respectively. Application of high potassium was 

performed to assess neuron viability and to help distinguish neuronal from non-neuronal cells 

(Figure 1G, H). 

Neuronal cells show a very clear rapid rising and transient response to KCl resulting from 

depolarization and action potential-evoked calcium signals, the amplitude and duration of 

calcium transients being determined by the contribution of different ion channels contributing 

to the action potential (e.g. Mohammed et al. 2017); in contrast, non-neuronal cells do not 

fire action potentials and where calcium signals are observed, these are notably slower, and 

are likely related to transporters. As shown, neuronal cells also show clear rapid responses to 

cinnamaldehyde or capsaicin, whereas non-neuronal cells show no or only very weak 

responses to these compounds. As well as differences in the calcium signalling, the 

morphology of cells can also be used as a discriminator, as indicated in Figure 1A. Note the 

non-neuronal cells are much smaller than neurons and lack the extensive thin branching 

neurites characteristic of neurons. 

Approximately 40% of the non-neuronal cells present, such as satellite glial cells and 

Schwann cells, also responded to P. gingivalis LPS (representative data are shown in 

Figure 1). This suggests that neuronal supporting cells can form part of the responsive 

population to P. gingivalis LPS in the peripheral nervous system (see Figure 1H). 

Calcium influx activated by LPS can be abolished by TRPA1 antagonist and modified by 

TLR4 antagonist 

Whether P. gingivalis LPS triggered calcium influx via TLRs or the TRPs was then 

investigated. For this, TLR4 and TRPA1 were functionally blocked by pretreating TG 

neurons with either CLI-095 or HC-030031, respectively. Responses were examined from 

three independent experiments. A total of 72 neurons in the presence of HC-030031 and 
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63 neurons in the presence of CLI-095 were assessed from three to four coverslips per 

experiment. The TRPA1 antagonist (3 µM HC-030031) completely abolished the neuronal 

response to P. gingivalis LPS (0/72), whereas pre-treatment of neurons with a specific TLR-4 

signalling inhibitor (1 µM CLI-095) reduced but did not completely inhibit the response. The 

percentage of neurons responding to LPS in the presence of CLI-095 was reduced to less than 

5%, suggesting a contributory role for the TLR4 receptor. Representative, individual traces 

are shown in Figure 2. 

Neuropeptide (CGRP) release by P. gingivalis LPS can be prevented by TLR4, TRPA1, and 

TRPV1 antagonists 

LPS is thought to be a mediator of neurogenic inflammation (Hou et al. 2003, Diogenes et al. 

2011, Ferraz et al. 2011) initiated by neuropeptide release. Whether P. gingivalis LPS could 

mediate neuropeptide release from the TG neurons in vitro was therefore determined. 

TG cultures were either stimulated with vehicle, P. gingivalis LPS (20 µg/mL) or capsaicin 

(1 µM) for 15 minutes at 37°C and the resulting levels of CGRP released into the culture 

medium determined by ELISA. P. gingivalis LPS significantly increased CGRP release from 

TG neurons (Figure 3, p<0.001) as did treatment with the positive control, 1 µM capsaicin 

(Figure 3). 

Since the calcium influx in response to LPS could be abolished by the TRPA1 blocker, and 

partially removed by TLR4 signalling inhibition, whether TLR4, TRPA1 and TRPV1 

inhibitors could prevent CGRP secretion in response to LPS was explored. CGRP release 

experiments were again performed by exposing TG cultures to LPS following pre-treatment 

with 3 µM HC-030031, 1 µM CLI-095 or 1 µM capsazepine. CGRP release from TG cultures 

in the presence of P. gingivalis LPS (20 µg/mL) was inhibited by all of three blocking 

reagents to the level obtained in vehicle-only stimulated samples (Figure 4, p<0.001). 

P. gingivalis LPS induces NF-kB nuclear translocation in TG neurons and can be 

modified by TLR4, and TRPA1 antagonists. 

P. gingivalis LPS is known to activate nuclear translocation of NF-kB in a range of cell types 

(Hashimoto et al. 2004, Herath et al. 2013). Consequently, whether LPS induces NF-kB 

nuclear translocation in neurons and/or the support cells present in the TG cultures was 

determined. 
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Nuclear translocation of NF-kB was considered positive when the nuclear/cytoplasm ratio 

(nuc/cyt ratio) of NF-kB in neurons was >1, calculated using the methods of Hunot et al. 

(1997) and Kuiken et al. (2012). Immunofluorescence revealed that P. gingivalis LPS 

stimulation resulted in positive nuclear translocation of NF-kB in TG neurons and non-

neuronal cells over a period of 30 minutes (Figure 5). The percentage of neuronal cells 

positive for NF-kB translocation was significantly greater in LPS-treated cultures compared 

with control cultures (62% vs 18%, respectively; p<0.01). The percentage of NF-kB 

translocation-positive non-neuronal cells was also significantly greater following LPS 

treatment (67% vs 37% in stimulated and control cultures, respectively; p<0.05). 

Further work showed that both neuronal and non-neuronal nuclear translocation of NF-kB in 

response to LPS could be inhibited by blocking TLR4 signalling (1 µM CLI-095), but not by 

blocking TRPA1 (3 µM HC-030031) or TRPV1 signalling (10 µM capsazepine). The 

percentage of neurons showing nuclear translocation of NF-kB in the presence of 1 µM CLI-

095 inhibitor along with LPS decreased significantly from 65% to approximately 30%, and in 

non-neuronal cells it decreased from 65% to 35% (Figure 6; p<0.05). 
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Discussion 

This study reports for the first time that P. gingivalis LPS directly activates TLR4 and 

TRPA1 receptors in trigeminal sensory neurons and non-neuronal support cells. The study 

also shows that this activation leads to release of the neuropeptide calcitonin-gene related 

peptide (CGRP) and activation of the NF-kB signalling pathway. 

The rationale for the study comes from evidence that some bacterial pathogens can directly 

stimulate a nociceptor neuronal response (Chiu et al. 2013). There is relatively little 

information, however, about the neuronal response to oral Gram-negative bacteria and since 

P. gingivalis is commonly reported in association with symptomatic pulpitis (Rôças et al. 

2002, Jacinto et al. 2006), whether P. gingivalis LPS could directly activate sensory neurons 

was investigated. For this, an in vitro culture model of TG neurons was developed. It was not 

possible to obtain a culture of neurons free from support cells (glial and Schwann cells) 

because they are essential for survival of the neurons in vitro. However, it was possible to 

differentiate the responses of neurons from those of non-neuronal cells to various agonists by 

a combination of calcium imaging and immunofluorescence. 

There are a number of receptors that could be involved in the detection and transduction of 

dental pain following pulpal infection. Some of these involve responses to mediators released 

as part of the inflammatory response (Igwe 2003, Gonzalez-Rey et al. 2010), but there are 

two categories of cellular receptors that could potentially interact with Gram-negative 

bacterial LPS. Firstly, TLRs are thought to be primary key participants in inflammatory 

responses; secondly, TRP receptors have emerged as having critically important roles in 

peripheral sensitization (Rang et al. 1991, Chen et al. 2011, Chung et al. 2011, Tóth et al. 

2011). TLRs have been reported to be present on trigeminal and DRG neurons (Wadachi & 

Hargreaves 2006, Ochoa-Cortes et al. 2010, Qi et al. 2011) and in the present study ultrapure 

P. gingivalis LPS directly activated more than 20% of TG neurons in the cultures, with a 

resultant increase in intracellular calcium. This is the first time that P. gingivalis LPS has 

been shown to directly activate TG neurons in vitro. Also, the neuronal response could be 

partially blocked by the specific TLR4 inhibitor, CLI-095, with the proportion of responding 

cells reducing from around 20% to only 5%. 

LPS of Gram-negative oral anaerobic bacteria is known to elicit different host responses from 

those observed with the classic enterobacterial endotoxin (Darveau & Hancock 1983, Dixon 

& Darveau 2005, Herath et al. 2013). Indeed, P. gingivalis LPS has been considered to have 
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relatively low biological activity because of its low phosphate content, altered length and 

positions of fatty acids in the lipid A moiety, compared with E. coli LPS (Takada & Kotani 

1989). Also, Ogawa & Uchida (1996) have described differential cytokine production by 

mononuclear cells in response to P. gingivalis LPS. Notwithstanding these differences, 

P. gingivalis LPS was found to induce inflammatory responses in LPS non-responder mice 

(TLR4 knockout mice) (Kirikae et al. 1999), which suggests a different molecular 

recognition pathway is involved from that for E. coli LPS.  

The other category of potential receptors is the transient receptor potential channels (TRPs). 

Numerous studies have shown that TRP channels are a broad group of ion channels located 

on nociceptors; TRPA1 and TRPV1 are thought to be involved in responses to bacterial 

infection (Chung et al. 2011, Gibbs et al. 2011, Huang et al. 2012). TRPV1 is expressed in 

small and medium diameter nerve fibres throughout the human tooth pulp, which comprise 

about 20–35% of the TG neurons (Chung et al. 2011, Gibbs et al. 2011). The data in the 

present study support this, with 33% of TG neurons functionally responding to the TRPV1 

agonist, capsaicin. As well as TRPV1, the receptor TRPA1 could also act as a sensor since it 

is known to respond to a broad spectrum of endogenous compounds and irritants. However, 

there has been a report that TRPA1 expression in the trigeminal ganglion is distributed in 

only a small population of TG neurons (6–10%; Huang et al. 2012). The present findings 

concur with this as it was noted the proportion of neurons in the cultures responding to the 

TRPA1 agonist CA was less than 15%. 

The present study demonstrates that P. gingivalis LPS activates trigeminal neurons through 

TRPA1-dependent pathways, since the response was completely blocked by the TRPA1 

inhibitor, HC-030031. This is consistent with the finding of Meseguer et al. (2014) that 

E. coli LPS exerted a fast excitatory action on TG neurons via the TRPA1 receptor. However, 

the neuronal activation by P. gingivalis LPS could occur via both TRPA1 and TLR4. This 

difference could be explained by the different properties of P. gingivalis LPS and E. coli LPS 

(Coats et al. 2005, Herath et al. 2013). It is also possible that activation of TLR4 sensitises 

TRPA1. As indicated by the present and previous studies (Calvo-Rodríguez et al. 2017), 

TLR4 activation of neurons can increase levels of intracellular calcium; this rise in calcium 

could then act on TRPA1 to create a positive reinforcement of calcium signalling. Previous 

studies have reported that a rise in calcium can sensitise TRPA1 (Zurborg et al. 2007). 

Since TRPA1 has been shown to control vascularity in neurogenic inflammation (Kunkler et 

al. 2011), levels of CGRP release in response to P. gingivalis LPS were measured. The 
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present study demonstrated that a relatively high concentration of P. gingivalis LPS 

(20 µg/mL) could enhance neuronal activation and produce a significant increase in CGRP 

release (p<0.001). In contrast, Ferraz et al. (2011) reported that a low concentration 

(2 µg/mL) of P. gingivalis LPS failed to induce CGRP release. However, since only 

supraphysiological levels of LPS (here 20 µg/mL) triggered a neuronal response, it may 

indicate a different processing mechanism from that of the classical LPS receptor complex of 

TLR4 with MD2 and CD14 co-factors. With supraphysiological LPS concentrations, LPS 

signalling could occur via CD14-independent mechanisms (Ulevitch & Tobias 1995) and so 

the mechanisms revealed in this study may not completely represent the canonical pathway of 

TLR4–LPS interaction. Moreover, the effect of LPS on the release of CGRP could be 

reversed by not only TRPA1 or TLR4 signalling blockers, but also by a TRPV1 blocker. This 

finding may support the notion that P. gingivalis LPS somehow induces a TRPV1-dependent 

release of CGRP, which would be consistent with the findings of Diogenes et al. (2011). 

These workers showed that TLR4 stimulation could enhance TRPV1 activation, leading to 

the release of CGRP. Even though there has been very limited evidence to show how LPS 

modulates peripheral sensitization, it has been thought that Ca2+ permeation through TRPV1 

leads to exocytosis, which underlies CGRP and SP release (Henrich & Buckler 2009) and 

which can account for a rapid neuronal response. However, it is also possible that CGRP 

release may also be influenced by the triggering of PKC/PLC pathways (Vellani et al. 2010), 

as a latent consequence. Taken together, the present data cannot rule out the possibility that 

LPS sensitivity of TG neurons requires TRPV1-mediated release of CGRP. 

In order to have more prolonged effects on neurons, LPS would be expected to result in 

activation of the NF-kB pathway because this is the major transcription factor responsible for 

modulating gene expression in response to LPS (Arias-Salvatierra et al. 2011). Also, both 

TRPA1 and TLR4 mediate the production of inflammatory mediators through the NF-kB 

pathway and this pathway is thought to be related to voltage-gated channel over-expression 

(e.g. Ca2+, Na+ channels) and possibly inducing allodynia, thermal hyperplasia, or chronic 

pain (Huang et al. 2006). Thus, the observed secretion of CGRP may relate to involvement of 

both these receptors (TRPA1 and TLR4), though CGRP secretion itself appears to involve 

the TRPV1-dependent pathway. These data lead us to propose a possible model for LPS 

stimulation of TG cells as shown in Figure 7. 

Several previous reports have suggested that satellite glial cells could be a possible 

therapeutic target for modulation of pain (Watkins & Maier 2002, Takeda et al. 2009). This is 
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because neuronal excitability could be developed and maintained through the sensory neuron 

along with the surrounding satellite glial cells acting as a functional unit (Takeda et al. 2009, 

Villa et al. 2010, Kushnir et al. 2011, Poulsen et al. 2014, Costa & Moreira Neto 2015, 

Hanani 2015). In the present study, TG neuronal supporting cells were directly activated by 

P. gingivalis LPS (e.g. using calcium influx and NF-kB nuclear translocation measurements). 

This is consistent with the finding of Yoon et al. (2012) who reported that E. coli LPS could 

increase expression of satellite cell markers in DRG. Taken together, the activation of 

neuronal supporting cells, such as satellite glial cells and/or Schwann cells, may be a crucial 

element in generation and maintenance of orofacial pain, however studies are currently being 

carried out to further characterize their contribution. 

Conclusion 

This study sheds light on the mechanisms involved in the pain pathways that can be directly 

activated by bacterial infection of the pulp. Contact between oral Gram-negative bacteria, 

such as P. gingivalis, and TG neuronal and non-neuronal cells can involve their direct 

activation through a combination of TRPA1, TLR4 and TRPV1 receptors. This results in NF-

kB nuclear translocation and release of the neuropeptide CGRP. 



 15 

References 

Arias-Salvatierra D, Silbergeld EK, Acosta-Saavedra LC, Calderon-Aranda ES (2011) Role 

of nitric oxide produced by iNOS through NF-κB pathway in migration of cerebellar 

granule neurons induced by Lipopolysaccharide. Cellular Signalling 23, 425–35. 

Bottenstein JE, Sato GH (1979) Growth of a rat neuroblastoma cell line in serum-free 

supplemented medium. Proceedings of the National Academy of Sciences of the United 

States of America 76, 514–7. 

Calvo-Rodríguez M, de la Fuente C, García-Durillo M, García-Rodríguez C, Villalobos C, 

Núñez L (2017) Aging and amyloid β oligomers enhance TLR4 expression, LPS-

induced Ca2+ responses, and neuron cell death in cultured rat hippocampal neurons. 

Journal of Neuroinflammation 14, 24. 

Chen Y, Yang C, Wang ZJ (2011) Proteinase-activated receptor 2 sensitizes transient 

receptor potential vanilloid 1, transient receptor potential vanilloid 4, and transient 

receptor potential ankyrin 1 in paclitaxel-induced neuropathic pain. Neuroscience 193, 

440–51. 

Chiu IM, Heesters BA, Ghasemlou N et al. (2013) Bacteria activate sensory neurons that 

modulate pain and inflammation. Nature 501, 52–7. 

Chung M-K, Lee J, Duraes G, Ro JY (2011) Lipopolysaccharide-induced pulpitis up-

regulates TRPV1 in trigeminal ganglia. Journal of Dental Research 90, 1103–7. 

Coats SR, Pham TT, Bainbridge BW, Reife RA, Darveau RP (2005) MD-2 mediates the 

ability of tetra-acylated and penta-acylated lipopolysaccharides to antagonize 

Escherichia coli lipopolysaccharide at the TLR4 signaling complex. Journal of 

Immunology 175, 4490–8. 

Costa FAL, Moreira Neto FL (2015) [Satellite glial cells in sensory ganglia: its role in pain]. 

Revista Brasileira de Anestesiologia 65, 73–81. 

Darveau RP, Hancock RE (1983) Procedure for isolation of bacterial lipopolysaccharides 

from both smooth and rough Pseudomonas aeruginosa and Salmonella typhimurium 

strains. Journal of Bacteriology 155, 831–8. 

Diogenes A, Ferraz CCR, Akopian AN, Henry MA, Hargreaves KM (2011) LPS sensitizes 

TRPV1 via activation of TLR4 in trigeminal sensory neurons. Journal of Dental 

Research 90, 759–64. 

Dixon DR, Darveau RP (2005) Lipopolysaccharide heterogeneity: innate host responses to 

bacterial modification of lipid A structure. Journal of Dental Research 84, 584–95. 



 16 

Eid SR, Crown ED, Moore EL et al. (2008) HC-030031, a TRPA1 selective antagonist, 

attenuates inflammatory- and neuropathy-induced mechanical hypersensitivity. 

Molecular Pain 4, 48. 

Ferraz CCR, Henry MA, Hargreaves KM, Diogenes A (2011) Lipopolysaccharide from 

Porphyromonas gingivalis sensitizes capsaicin-sensitive nociceptors. Journal of 

Endodontics 37, 45–8. 

Geppetti P, Nassini R, Materazzi S, Benemei S (2008) The concept of neurogenic 

inflammation. BJU International 101 Suppl 3, 2–6. 

Gibbs JL, Melnyk JL, Basbaum AI (2011) Differential TRPV1 and TRPV2 channel 

expression in dental pulp. Journal of Dental Research 90, 765–70. 

Gonzalez-Rey E, Ganea D, Delgado M (2010) Neuropeptides: keeping the balance between 

pathogen immunity and immune tolerance. Current Opinion in Pharmacology 10, 473–

81. 

Hanani M (2015) Role of satellite glial cells in gastrointestinal pain. Frontiers in Cellular 

Neuroscience 9, 412. 

Hashimoto M, Asai Y, Ogawa T (2004) Separation and structural analysis of lipoprotein in a 

lipopolysaccharide preparation from Porphyromonas gingivalis. International 

Immunology 16, 1431–7. 

Henrich M, Buckler KJ (2009) Acid-evoked Ca2+ signalling in rat sensory neurones: effects 

of anoxia and aglycaemia. Pflügers Archiv: European Journal of Physiology 459, 159–

81. 

Herath TDK, Darveau RP, Seneviratne CJ, Wang C-Y, Wang Y, Jin L (2013) Tetra- and 

penta-acylated lipid A structures of Porphyromonas gingivalis LPS differentially 

activate TLR4-mediated NF-κB signal transduction cascade and immuno-inflammatory 

response in human gingival fibroblasts. PLoS One 8, e58496. 

Hirao K, Yumoto H, Takahashi K, Mukai K, Nakanishi T, Matsuo T (2009) Roles of TLR2, 

TLR4, NOD2, and NOD1 in pulp fibroblasts. Journal of Dental Research 88, 762–7. 

Hou L, Li W, Wang X (2003) Mechanism of interleukin-1β-induced calcitonin gene-related 

peptide production from dorsal root ganglion neurons of neonatal rats. Journal of 

Neuroscience Research 73, 188–97. 

Huang D, Li S, Dhaka A, Story GM, Cao Y-Q (2012) Expression of the transient receptor 

potential channels TRPV1, TRPA1 and TRPM8 in mouse trigeminal primary afferent 

neurons innervating the dura. Molecular Pain 8, 66. 



 17 

Huang J, Zhang X, McNaughton PA (2006) Inflammatory pain: the cellular basis of heat 

hyperalgesia. Current Neuropharmacology 4, 197–206. 

Hunot S, Brugg B, Ricard D et al. (1997) Nuclear translocation of NF-κB is increased in 

dopaminergic neurons of patients with Parkinson disease. Proceedings of the National 

Academy of Sciences of the United States of America 94, 7531–6. 

Igwe OJ (2003) c-Src kinase activation regulates preprotachykinin gene expression and 

substance P secretion in rat sensory ganglia. European Journal of Neuroscience 18, 

1719–30. 

Jacinto RC, Gomes BPFA, Shah HN, Ferraz CC, Zaia AA, Souza-Filho FJ (2006) Incidence 

and antimicrobial susceptibility of Porphyromonas gingivalis isolated from mixed 

endodontic infections. International Endodontic Journal 39, 62–70. 

Jiang H-W, Zhang W, Ren B-P, Zeng J-F, Ling J-Q (2006) Expression of toll like receptor 4 

in normal human odontoblasts and dental pulp tissue. Journal of Endodontics 32, 747–

51. 

Kirikae T, Nitta T, Kirikae F et al. (1999) Lipopolysaccharides (LPS) of oral black-

pigmented bacteria induce tumor necrosis factor production by LPS-refractory 

C3H/HeJ macrophages in a way different from that of Salmonella LPS. Infection and 

Immunity 67, 1736–42. 

Kuiken HJ, Egan DA, Laman H, Bernards R, Beijersbergen RL, Dirac AM (2012) 

Identification of F-box only protein 7 as a negative regulator of NF-kappaB signalling. 

Journal of Cellular and Molecular Medicine 16, 2140–9. 

Kunkler PE, Ballard CJ, Oxford GS, Hurley JH (2011) TRPA1 receptors mediate 

environmental irritant-induced meningeal vasodilatation. Pain 152, 38–44. 

Kushnir R, Cherkas PS, Hanani M (2011) Peripheral inflammation upregulates P2X receptor 

expression in satellite glial cells of mouse trigeminal ganglia: a calcium imaging study. 

Neuropharmacology 61, 739–46. 

Ma W, Dumont Y, Vercauteren F, Quirion R (2010) Lipopolysaccharide induces calcitonin 

gene-related peptide in the RAW264.7 macrophage cell line. Immunology 130, 399–

409. 

Meseguer V, Alpizar YA, Luis E et al. (2014) TRPA1 channels mediate acute neurogenic 

inflammation and pain produced by bacterial endotoxins. Nature Communications 5, 

3125. 



 18 

Mohammed ZA, Doran C, Grundy D, Nassar MA (2017) Veratridine produces distinct 

calcium response profiles in mouse dorsal root ganglia neurons. Scientific Reports 7, 

45221. 

Ochoa-Cortes F, Ramos-Lomas T, Miranda-Morales M et al. (2010) Bacterial cell products 

signal to mouse colonic nociceptive dorsal root ganglia neurons. American Journal of 

Physiology: Gastrointestinal and Liver Physiology 299, G723–32. 

Ogawa T, Uchida H (1996) Differential induction of IL-1 beta and IL-6 production by the 

nontoxic lipid A from Porphyromonas gingivalis in comparison with synthetic 

Escherichia coli lipid A in human peripheral blood mononuclear cells. FEMS 

Immunology and Medical Microbiology 14, 1–13. 

Poulsen JN, Larsen F, Duroux M, Gazerani P (2014) Primary culture of trigeminal satellite 

glial cells: a cell-based platform to study morphology and function of peripheral glia. 

International Journal of Physiology, Pathophysiology and Pharmacology 6, 1–12. 

Qi J, Buzas K, Fan H et al. (2011) Painful pathways induced by TLR stimulation of dorsal 

root ganglion neurons. Journal of Immunology 186, 6417–26. 

Rang HP, Bevan S, Dray A (1991) Chemical activation of nociceptive peripheral neurones. 

British Medical Bulletin 47, 534–48. 

Rôças IN, Siqueira JF, Andrade AFB, de Uzeda M (2002) Identification of selected putative 

oral pathogens in primary root canal infections associated with symptoms. Anaerobe 8, 

200–8. 

Santoni G, Cardinali C, Morelli MB, Santoni M, Nabissi M, Amantini C (2015) Danger- and 

pathogen-associated molecular patterns recognition by pattern-recognition receptors 

and ion channels of the transient receptor potential family triggers the inflammasome 

activation in immune cells and sensory neurons. Journal of Neuroinflammation 12, 21. 

Takada H, Kotani S (1989) Structural requirements of lipid A for endotoxicity and other 

biological activities. Critical Reviews in Microbiology 16, 477–523. 

Takeda M, Takahashi M, Matsumoto S (2009) Contribution of the activation of satellite glia 

in sensory ganglia to pathological pain. Neuroscience and Biobehavioral Reviews 33, 

784–92. 

Tóth DM, Szőke E, Bölcskei K et al. (2011) Nociception, neurogenic inflammation and 

thermoregulation in TRPV1 knockdown transgenic mice. Cellular and Molecular Life 

Sciences 68, 2589–601. 



 19 

Tse K-H, Chow KBS, Leung WK, Wong YH, Wise H (2014) Lipopolysaccharide 

differentially modulates expression of cytokines and cyclooxygenases in dorsal root 

ganglion cells via Toll-like receptor-4 dependent pathways. Neuroscience 267, 241–51. 

Ulevitch RJ, Tobias PS (1995) Receptor-dependent mechanisms of cell stimulation by 

bacterial endotoxin. Annual Review of Immunology 13, 437–57. 

Veldhuis NA, Bunnett NW (2013) Proteolytic regulation of TRP channels: implications for 

pain and neurogenic inflammation. Proceedings of the Australian Physiological Society 

44, 101–3. 

Vellani V, Kinsey AM, Prandini M et al. (2010) Protease activated receptors 1 and 4 

sensitize TRPV1 in nociceptive neurones. Molecular Pain 6, 61. 

Villa G, Fumagalli M, Verderio C, Abbracchio MP, Ceruti S (2010) Expression and 

contribution of satellite glial cells purinoceptors to pain transmission in sensory 

ganglia: an update. Neuron Glia Biology 6, 31–42. 

Wadachi R, Hargreaves KM (2006) Trigeminal nociceptors express TLR-4 and CD14: a 

mechanism for pain due to infection. Journal of Dental Research 85, 49–53. 

Watkins LR, Maier SF (2002) Beyond neurons: evidence that immune and glial cells 

contribute to pathological pain states. Physiological Reviews 82, 981–1011. 

Yoon S-Y, Patel D, Dougherty PM (2012) Minocycline blocks lipopolysaccharide induced 

hyperalgesia by suppression of microglia but not astrocytes. Neuroscience 221, 214–24. 

Zurborg S, Yurgionas B, Jira JA, Caspani O, Heppenstall PA (2007) Direct activation of the 

ion channel TRPA1 by Ca2+. Nature Neuroscience 10, 277–9. 



 20 

Figure legends 

Figure 1. Analysis of intracellular calcium in primary trigeminal cell culture. (A) Phase-

contrast and (B–F) time-lapse calcium imaging in trigeminal ganglion (TG) neurons (white 

arrow) and non-neuronal cells (white arrowhead) loaded with Cal-520 AM, during 

application of LPS, cinnamaldehyde (CA), capsaicin (CAP), and high potassium chloride 

(KCl). The high potassium application is to assess neuron viability and to help distinguish 

neuronal from non-neuronal cells. (G,H) Graphs show traces of the transient change in 

calcium in individual cells over time after application of LPS and the agonists in neurons (G), 

and non-neuronal cells (H); data plotted are in arbitrary fluorescent units. 

 

Figure 2. The effects of P. gingivalis LPS after TRPA1 and TLR4 blocking. Representative 

samples of responses to ultrapure P. gingivalis LPS in TG neurons following pre-incubation 

with (A) no block, (B) 1 µM CLI-095 [TLR4 block], and (C) 3 µM HC-030031 [TRPA1 

block]; data plotted are in arbitrary fluorescent units. Note that panel A is identical to the 

image in Figure 1G, and is included here for ease of comparison with panels B and C. Figure 

2D shows the percentage of LPS-responding neurons in three groups; no block, TLR4 block, 

and TRPA1 block. 

 

Figure 3. CGRP levels in LPS-, and capsaicin-stimulated TG neurons. The secreted CGRP 

response to P. gingivalis LPS or capsaicin was determined by the incubation of TG cells for 

15 minutes with ultrapure P. gingivalis LPS (20 µg/mL) or capsaicin (1 µM) at 37°C in 5% 

CO2. Measurement of CGRP levels was performed using enzyme-linked immunosorbent 

assay. Data are the mean ± SD from three independent experiments using cells cultured from 

six ganglia collected from three different animals; each independent experiment assessed 

responses from four coverslips. Error bars are ± SD; *p<0.001. 

 

Figure 4. CGRP levels in TG neuron cultures in response to LPS in the presence of specific 

agonist inhibitors. The secreted CGRP response to P. gingivalis LPS or LPS in the presence 

of TLR4, TRPA1, and TRPV1 blockers was determined by incubation of TG cells for 15 min 

with ultrapure P. gingivalis LPS (20 µg/mL), or 20 µg/mL ultrapure P. gingivalis LPS with 

1 µM CLI-095 [TLR4 block], 3 µM HC-030031 [TRPA1 block], or 1 µM capsazepine 

[TRPV1 block] at 37°C in 5% CO2. Measurement of CGRP levels was performed using 

enzyme-linked immunosorbent assay. Data presented are the means from two independent 
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experiments using cells cultured from four ganglia collected from two different animals; each 

independent experiment assessed responses from four coverslips. Error bars are ± SD; 

***p<0.001. 

 

Figure 5. Photomicrographs of p65 NF-kB nuclear translocation in P. gingivalis LPS-treated 

TG neurons and non-neuronal cells. The TG cultures were (A) left untreated, or (B) 

stimulated with P. gingivalis LPS for 30 minutes. Cells were permeabilized with 0.1% Triton 

X-100 and subsequently stained with primary antibodies against anti-p65 NF-kB and 

appropriate secondary antibodies. The β-tubulin III, and p65 NF-kB control samples showed 

no positive labelling (C and D, respectively). The β-tubulin III is shown in green (A1,B1) and 

p65 NF-kB appears in red (A2,B2), nuclear staining with DAPI appears blue (A3,B3). The 

merged images (A4,B4) show the combined p65 NF-kB, β-tubulin III and DAPI staining. 

Scale bars = 70 µm. Localization of p65 NF-kB is indicated in neurons by yellow arrows and 

non-neuronal cells by white arrows. The translocation of NF-kB was counted as positive 

when nuc/cyt ratio was >1. Quantitative analysis of neuronal nuclear translocation stimulated 

by P. gingivalis LPS is shown in figure E. Neurons and non-neuronal cells positive for NF-

kB nuclear translocation were quantified. Data are the mean ± SD from three independent 

experiments. Error bars are ± SD;*p< 0.01, **p<0.05. 

 

Figure 6. Percentages of p65 NF-kB nuclear translocation in (A) P. gingivalis LPS-treated 

TG neurons and (B) non-neuronal cells in the presence of TLR4, TRPA1, and TRPV1 

signalling inhibitors. Positive nuclear translocations were quantified by measuring the 

fluorescence intensity at each intracellular location. The translocation of NF-kB was counted 

as positive when nuc/cyt ratio was >1. Neurons and non-neuronal cells positive for NF-kB 

nuclear translocation were quantified. Data are the mean from two independent experiments. 

Error bars are ± SD; *p<0.05. 

 

Figure 7. Proposed model for LPS stimulation of TG neurons. LPS can activate TG neurons 

via TRPA1 and TLR4; this activation can be blocked by their specific antagonists HC-

030031 and CLI-095, respectively. The neuronal activation can result in both rapid responses 

(e.g. CGRP release) and delayed responses (e.g. NF-kB nuclear translocation). 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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