

[image: image1]
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Vagal sensory neurons contribute to the symptoms and pathogenesis of inflammatory pulmonary diseases through processes that involve changes to their morphological and functional characteristics. The alarmin high mobility group box-1 (HMGB1) is an early mediator of pulmonary inflammation and can have actions on neurons in a range of inflammatory settings. We hypothesized that HMGB1 can regulate the growth and function of vagal sensory neurons and we set out to investigate this and the mechanisms involved. Culturing primary vagal sensory neurons from wildtype mice in the presence of HMGB1 significantly increased neurite outgrowth, while acute application of HMGB1 to isolated neurons under patch clamp electrophysiological investigation produced inward currents and enhanced action potential firing. Transcriptional analyses revealed the expression of the cognate HMGB1 receptors, Receptor for Advanced Glycation End products (RAGE) and Toll-like Receptor 4 (TLR4), in subsets of vagal sensory neurons. HMGB1-evoked growth and electrophysiological responses were significantly reduced in primary vagal sensory neurons harvested from RAGE deficient mice and completely absent in neurons from RAGE/TLR4 double deficient mice. Immunohistochemical analysis of vagal sensory neurons collected from mice after intranasal infection with murine pneumovirus or influenza A virus (IAV), or after intratracheal administration with the viral mimetic PolyI:C, revealed a significant increase in nuclear-to-cytoplasm translocation of HMGB1 compared to mock-inoculated mice. Neurons cultured from virus infected wildtype mice displayed a significant increase in neurite outgrowth, which was not observed for neurons from virus infected RAGE or RAGE/TLR4 deficient mice. These data suggest that HMGB1 can enhance vagal sensory neuron growth and excitability, acting primarily via sensory neuron RAGE. Activation of the HMGB1-RAGE axis in vagal sensory neurons could be an important mechanism leading to vagal hyperinnervation and hypersensitivity in chronic pulmonary disease.
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INTRODUCTION

The airways and lungs are densely innervated by sensory neurons, the majority of which are derived from the nodose and jugular vagal sensory ganglia (Mazzone and Undem, 2016). These bronchopulmonary sensory nerves serve to monitor the local airway and pulmonary environment and when activated, evoke reflexes and behaviors important for regulating pulmonary defense, airway patency, respiration, and pulmonary inflammatory responses (Mazzone and Undem, 2016; McGovern et al., 2018). In many pulmonary diseases, bronchopulmonary sensory nerve fibers undergo structural, functional, and/or molecular plasticity (Undem and Taylor-Clark, 2014; Undem et al., 2015; Audrit et al., 2017; Verzele et al., 2021) and this is thought to be a factor contributing to disease morbidity. For example, biopsies taken from patients with chronic cough and asthma show an increased density of airway wall sensory nerve fibers (Ollerenshaw et al., 1991; O'Connell et al., 1995; Lee et al., 2003; Shapiro et al., 2021). In patients with chronic cough that is otherwise refractory to disease specific therapies, cough hypersensitivity syndrome is reduced when sensory neuron specific mechanisms are inhibited (Abdulqawi et al., 2015). Furthermore, in animal models of allergic asthma or respiratory viral infections, there is inflammatory cell influx into the vagal ganglia and the vagal sensory neurons themselves undergo transcriptional plasticity, especially with respect to genes associated with neurochemical phenotype and inflammatory signaling (Chuaychoo et al., 2005; Lieu et al., 2012; Zaccone et al., 2016; Verzele et al., 2021). Importantly, the accompanying airways hyperresponsiveness in these animal models is reduced following the selective inhibition of specific bronchopulmonary sensory neuron subtypes (Trankner et al., 2014; Reznikov et al., 2016). These observations suggest that the pathological events occurring during pulmonary inflammation adversely affect sensory neuron biology leading to the sensory manifestations of lung diseases (Mazzone and Undem, 2016). However, the mechanisms leading to these inflammation-evoked alterations in vagal sensory biology remain poorly described.

Many bronchopulmonary sensory neurons terminate in the airway mucosa in close apposition to the epithelium, mucosal glands, and resident or infiltrating immune cells (Mazzone et al., 2009; West et al., 2015; Shapiro et al., 2021). This spatial proximity makes it likely that chemical signaling axes exists between structural or inflammatory cells and bronchopulmonary sensory nerve terminals during times of inflammatory pathology. Several traditional candidate signaling molecules have been investigated for their potential to modulate vagal sensory neurons, including the prostaglandins, leukotrienes, and cytokines (Mazzone and Undem, 2016), although the clinical utility of targeting these pathways for alleviating pulmonary sensory neuron-dependent symptoms in patients has been underwhelming. More recently, interest has turned to several endogenous danger-signaling molecules because of their rapid release from stressed or infected cells and their ability to initiate and co-ordinate inflammation. One example is ATP, which is released from injured or infected epithelial cells and is a potent activator of subsets of vagal sensory neurons (Kwong et al., 2008; Lynch et al., 2020). Indeed, clinical trials with sensory neuron specific ATP receptor (P2X3) blockers are proving beneficial in some patients with chronic cough (Abdulqawi et al., 2015), evidence that targeting danger signaling pathways is clinically beneficial. Another molecule notably involved in orchestrating pulmonary inflammation is the tissue alarmin high mobility group box-1 (HMGB1). HMGB1 is a DNA binding protein that can translocate from the nuclear compartment into the cytoplasm when cells are injured, making it available for extracellular release (Di Candia et al., 2017; Imbalzano et al., 2017). Pathogens, including respiratory viruses, are particularly effective at triggering the release of HMGB1 from airway epithelial cells (Ullah et al., 2014; Hosakote et al., 2016; Arikkatt et al., 2017; Simpson et al., 2020), which promotes aspects of inflammation including smooth muscle proliferation and inflammatory cell recruitment. HMGB1 produces these proinflammatory effects through agonist activity at innate immune receptors, including the Receptor for Advanced Glycation End products (RAGE) and Toll-like Receptor 4 (TLR4), with the degree of receptor specificity depending on the oxidative state of the ligand (Janko et al., 2014; Yamasoba et al., 2016). For these reasons, HMGB1 has received significant recent attention as a targetable molecule for the treatment for asthma and related diseases (Imbalzano et al., 2017).

High mobility group box-1 was originally identified as amphorterin, a molecule shown to be instrumental in neuronal growth and development, and both RAGE and TLR4 are widely expressed in the nervous system, including sensory neurons (Hori et al., 1995; Allette et al., 2014). Therefore, in the present study, we set out to investigate whether HMGB1 can regulate the growth and/or function of vagal sensory neurons and to determine mechanisms involved.



MATERIALS AND METHODS

Experiments using specific pathogen-free wildtype (C57BL/6), RAGE deficient (RAGE−/−) and RAGE/TLR4 double deficient (RAGE−/−/TLR4−/−) mice were approved by an accredited institutional animal ethics committee in accordance with the Australian code for the care and use of animals for scientific purposes. Both males and females were used in approximately equal ratios, and as there were no noticeable sex-related differences, data were pooled for analyses. All mice used were adult (6–10weeks), except for mice inoculated with pneumovirus which were 7–14days old, as the role of epithelial-derived HMGB1 in viral pathogenesis is well-established in this model (Simpson et al., 2020).


Recovery Procedures Under General Anesthesia

Mice underwent isoflurane general anesthesia and recovery for intratracheal delivery of the retrograde neuronal tracer cholera toxin B or for intranasal inoculation with virus or viral mimetics. Mice were anesthetized with isoflurane (4% induction, 1.25–1.5% maintenance) and procedures began once their withdrawal and palpebral reflexes had disappeared. For intratracheal injections (Mazzone et al., 2020; Verzele et al., 2021), their extrathoracic trachea was surgically exposed and 10μl of the retrograde tracer cholera toxin subunit b (recombinant), Alexa Fluor 488 conjugate (CTB-488; 0.5% in sterile saline; Thermo Fisher Scientific, Australia) was injected slowly (over 2min) into the tracheal lumen two cartilage rings below the larynx via a 10μl Hamilton syringe connected to a 30G needle. The needle was left in place for 30s to prevent backflow, following which the wound was sutured and animals recovered for 2weeks during which time body weight was monitored and post-operative analgesia was administered (Meloxicam, 1mg/kg, s.c for 48h). For intranasal delivery of virus or viral mimetics, mice were placed in an inclined position and 50μl of the viral mimetic polyI:C, 5 plaque-forming units (PFU) of mouse specific pneumovirus (J3666 strain), 105 PFU of the A/Puerto Rico/8/1934 H1N1 (PR8) influenza A virus (IAV), or phosphate buffered saline (PBS; vehicle/mock controls) were administered into the nasal cavity, as previously described (Davidson et al., 2011; Verzele et al., 2021). Mice were allowed to recover from anesthesia and returned to their home cages for up to 7days post-inoculation (dpi) prior to tissue collection as described below.



Vagal Ganglia Cell Culture

Vagal ganglia were harvested post-mortem from adult or juvenile mice euthanized with an overdose (100mg/kg, i.p.) of sodium pentobarbital and exsanguinated. Bilateral vagus nerves and ganglia (nodose-jugular complex) were excised and placed into sterile dishes containing modified Tyrodes solution (130mM NaCl, 20mM NaHCO3, 10mM HEPES, 3mM KCl, 10mM Glucose, 4mM CaCl2, 1mM MgCl2, and 0.5% antibiotic/antimitotic solution comprising penicillin, streptomycin, and amphotericin B), bubbled in 95% O2 and 5% CO2. Excess nerve and connective tissues were removed and ganglia neurons enzymatically dissociated using Trypsin/EDTA (250mg/ml) and Collagenase (1.33mg/ml) at 37°C for 1h as previously described (Kalous and Keast, 2010; McGovern et al., 2015). Enzyme-treated ganglia were washed and gently triturated to mechanically disperse the cells. Vagal sensory neurons were then harvested by centrifugation, resuspended in Neurobasal A medium containing B27 supplement, Glutamax I, and antibiotic/mycotic solution (Thermo Fisher Scientific; Australia), and transferred onto the center of glass coverslips pre-treated with Poly-L-lysine (5μg/ml; Sigma Aldrich, Australia) and Laminin (5μg/ml; Thermo Fisher Scientific, Australia). Coverslips were flooded with extra medium after 30–45min incubation at 37°C with 5% CO2, and the medium was replaced after 16–24h after which neurons were fed daily by removing and replacing 50% of the culture medium. Cultures were maintained for up to 4days and used for neurite outgrowth assays or electrophysiological recordings.



Neurite Outgrowth Assays

Experiments were designed to assess the effect of HMGB1 on sensory neuron neurite outgrowth in vitro. Duplicate coverslips (technical replicates) were prepared with neurons dissociated from pooled left and right vagal ganglia obtained from individual adult mice, and this was repeated in 4–6 separate culture experiments (n=4–6). Neurons were cultured for 4days in medium that contained HMGB1 (100ng/ml) or its vehicle (PBS), following which culture medium was removed and replaced with 4% PFA (15min), before washing in 0.1M PBS, and neurite staining with antisera against β-tubulin III (see immunostaining section). The total number of neurons was counted for each coverslip to ensure comparable seeding densities, and five representative photomicrographs of fields of view (at ×100 magnification) per coverslip were taken for analysis. The number of cells with positive growth (defined as at least one neurite with a length greater than the diameter of the cell soma) was determined, following which all neurite projections arising from the soma of individual neurons were manually traced in ImageJ running the Neuron J plugin (Meijering et al., 2004), and the total neurite growth was recorded for each neuron in the field of view, with the average growth/neuron/coverslip calculated. The total neurite outgrowth for each individual experiment was expressed relative to the vehicle control outgrowth for that experiment. A minimum of five neurons per field of view were quantified. Average normalized total outgrowth was calculated for each condition and compared using an unpaired, two-tailed distributed, Welch’s t-test. Between group differences were considered statistically significant at p<0.05.

Additional experiments assessed the effect of prior in vivo pneumovirus infection on vagal sensory neuron neurite outgrowth in vitro. Duplicate coverslips (technical replicates) were prepared from neurons dissociated from pooled left and right vagal ganglia obtained from two mocks or pneumovirus infected juvenile mice (four ganglia in total), and this was repeated in 4–6 experiments (n=4–6). Neurons were cultured for 4days in the absence of any other treatments, following which culture medium was removed and replaced with 4% PFA (15min), before washing in 0.1M PBS, and neurite staining with antisera against β-tubulin III (see immunostaining section). Representative photomicrographs across the area of cell plating were taken with an Olympus BX-51 microscope equipped with an Olympus DP-72 camera, and the monolayer image files were loaded into StereoInvestigator 9.0 software (MBF Bioscience, Williston, VT, United States) for analysis. Because of the substantive growth observed in these experiments and the resultant inability to differentiate individual neurons from one another (see results), neurite length was estimated in an unbiased fashion using the Petrimetrics probe (with a Merz sine-wave radius of 25μm) in a similar manner to previous studies (Lipton et al., 2008). Briefly, a standard contour was created in which to place counting contours (frame size 50×50μm) over a 100×100mm grid. Any neurites intersecting the probe within the counting frame were scored. The total length of neurites calculated using the Petrimetrics probe was divided by the number of neuronal cell soma within each sample contour, to give the mean neurite length per cell. The observer who assessed neurite length was blind to the nature of all experimental groups. Average normalized total outgrowth was calculated for each condition and compared using a one-way ANOVA followed by a Tukey’s multiple comparisons post-hoc analysis. Between group differences were considered statistically significant at p<0.05.



Whole Cell Patch Recordings of Dissociated Vagal Ganglia Neurons

Voltage- and current-clamp whole cell recordings were performed on dissociated vagal sensory neurons to measure HMGB1 evoked inward currents and changes in action potential firing rate. The patch pipettes were pulled on a P-87 microelectrode puller (Shutter Equipment Co., CA, United States) from borosilicate glass capillaries with an inner filament (Harvard Apparatus Ltd., Edenbridge, United Kingdom) and fire polished. When filled with pipette solution, the initial input resistance typically ranged between 3 and 6 MΩ. On the day of recording, coverslips with adherent cultured vagal sensory neurons were fixed inside of a custom fabricated recording chamber (volume~500μl), and the culture medium was replaced with bath solution at least 10min before recording. The pipette solution for voltage-clamp experiments was composed of (in mM): 126K-gluconate, 10 NaCl, 1 MgCl2, 10 EGTA, 2 NaATP, and 0.1 MgGTP, adjusted to pH 7.4 with KOH, osmolarity 290–300mOsm. Extracellular solution for voltage- and current-clamp experiments contained (in mM): 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, and 10 glucose, adjusted to pH 7.4 with NaOH, osmolarity 300–310mOsm. The pipette solution for current-clamp was composed of (in mM): 145K-gluconate, 2 MgCl2, 1 CaCl2, 10 EGTA, 5 HEPES, and 5 K2ATP, adjusted to pH 7.4 with KOH, osmolarity 290–300mOsm.

The recording chamber was mounted on the stage of an Olympus inverted microscope (New Hyde Park, United States) and continuously perfused with the extracellular bath solution (~2ml/min). The electrode was positioned on cell membranes of isolated neurons chosen at random using a micromanipulator (MP-285, Sutter Instrument Company, United States) and access to the cell interior was judged by the appearance of a transient membrane capacitance current after breaking the membrane by negative pressure through recording pipette (Axopatch-200A amplifier, Axon Instruments, United States). After obtaining a giga-ohm seal, the pipette potential was held at −60mV and voltage-steps (10mV, 200ms duration) were delivered periodically to monitor the capacitance and access resistance. Whole cell capacitance and series resistance (using only cells with <30 MΩ) were compensated (>80%) before experimentation, and leak subtraction was performed. The change in series resistance over the course of each experiment was also monitored, and recordings with a greater than 20% change in series resistance were excluded from the final data analysis. The electrical signals were low-pass-filtered at 2KHz and sampled at 1KHz in our recording protocols. Membrane current and voltage responses were determined during acute exposure to 200ng/ml recombinant HMGB1 (Sigma Aldrich, Australia) by addition to the ongoing perfusate across the cells. Data points presented in figures represent individual neuron responses obtained from successful recordings in 3–4 separate culture experiments.



Immunostaining

Immunostaining of markers of interest was performed on 4% PFA fixed dissociated neurons grown on coverslips in culture or on slide mounted cryostat cut (12μm) sections of vagal ganglia, prepared from control (no intervention), mock or virus (pneumovirus or influenza A) exposed mice. In all cases, samples were blocked in 10% goat serum in PBS for 1h before incubation with primary antibodies for chicken anti-beta-tubulin III, (Abcam #41489; 1:600 room temperature for 2h) to label neurites of cultured neurons or rabbit anti-HMGB1 (Abcam, #18256; 1:1000, room temperature overnight) to stain for nuclear and cytoplasmic HMGB1 in tissue sections. Samples were subsequently washed before incubation with secondary antibody (goat anti-chicken or anti-rabbit Alexa Fluor 594 or 488, 1:500, Thermo Fisher Scientific, Australia) for 1h at room temperature. Antibodies were diluted in PBS containing 2% goat serum and 0.3% triton X100. Coverslips were mounted onto glass microscope slides with Prolong Gold antifade reagent containing DAPI (Thermo Fisher Scientific, Australia) and viewed with an Olympus BX-51 microscope equipped with an Olympus DP-72 camera. Neurite outgrowth in cultured neurons was quantified as described above. Images were taken with Leica DFC7000 T camera (100x magnification) at the same exposure time for offline analysis (Image J) of HMGB1 nucleus-to-cytoplasm translocation on slide mounted tissue sections. Images were converted to 8-bit greyscale and for every neuron with an identified nucleus (DAPI), the intensity of HMGB1 staining was determined within the nucleus and cytoplasm by determining the mean grey value of each. If the value was higher in the nucleus then this was counted as positive nuclear staining and if the value was higher in the cytoplasm, then this counted as cytoplasmic translocation. This was performed for all neurons with a visible nucleus across all vagal ganglia sections and the percentage of HMGB1 cytoplasmic translocation was calculated from the total number of neurons counted divided by the number of neurons that had undergone cytoplasmic translocation. Mean±SEM was calculated for all groups and comparisons made using an unpaired, two-tailed distributed, Welch’s t test. Between group differences were considered statistically significant at p<0.05.



Single Cell RNA Analyses

We have previously reported a transcriptomic analysis of individual murine bronchopulmonary vagal sensory neurons (Mazzone et al., 2020). In the present study, we undertook a reanalysis of this single cell RNAseq dataset to specifically investigate the transcriptional expression of Hmgb1, Ager (RAGE), and Tlr4 in vagal sensory neurons innervating the airways and lungs. As previously described (Mazzone et al., 2020), we used the relative expression of the P2X2 purinergic receptor gene (P2rx2) as a surrogate marker for jugular (P2rx2LOW) and nodose (P2rx2HIGH) neurons (Kwong et al., 2008) using an (unbiased) two component gaussian mixture model analysis on log normalized P2rx2 cell expression counts to separate cells into these two clusters. Expressions levels of Hmgb1, Ager, and Tlr4 within each cluster were visualized with violin plots and average group expressions compared (Mazzone et al., 2020). Statistical associations between Ager and Tlr4 expression levels and common marker genes that define sensory neuron subtypes (Trpv1, Trpa1, Calca, and Tac1) were also investigated in individual neurons. Gene expression values are quoted as the log2 counts per million (CPM), and sequencing data are deposited in the GEO repository, accession number GSE161878.

In subsequent experiments, we used RNAscope to validate single cell RNAseq gene expression patterns in vagal bronchopulmonary sensory neurons. Animals previously receiving an intratracheal injection of CTB-488 were euthanized with an overdose of sodium pentobarbital (100mg/kg, i.p.) and transcardially perfused with DEPC-treated PBS, followed by 4% of DEPC-treated PFA. Vagal ganglia were removed, processed and 10μm sections were collected on a cryostat (−20°C), sequentially over four slides (Superfrost plus) for each pair of vagal ganglia from one animal. A minimum of four slides from four different animals were processed for each probe set. Sections were pretreated in 0.3% hydrogen peroxide solution and incubated at room temperature for 10min, then washed twice with distilled water. Sections were immersed in RNAscope target retrieval buffer (ACD, 322000), maintained at 92–94°C for 15min. Slides were removed, washed twice in distilled water, and then rinsed with 100% ethanol and allowed to dry. A hydrophobic barrier was created around the sections and air dried for 5min. Protease plus (ACD, 322281) was added to the samples and incubated in a HybEZ oven (ACD, 321461) for 30min at 40°C. After incubation, sections were washed twice in distilled water. Hybridization and amplification steps were performed following the RNAscope protocol provided by ACD. Probes were hybridized for 2h at 40°C in a HybEZ oven. The following probes were multiplexed in combination with Mm-P2rx2 (ACD, ADV443681) and either Mm-Ager (ACD, ADV550791) or Mm-Tlr4 (ACD, ADV316801). Slides were washed with 1X wash buffer (ACD, 310091), twice for 2min each at room temperature following each amplification step using RNAscope multiplex fluorescent assay v2 (ACD, 323100). Detection of P2rx2 was completed using Opal-Cy3 (1:1,000; Perkin Elmer, 745E001KT), and other genes of interest were detected using Opal-Cy5 (1:1,000; Perkin Elmer, 744001KT) for 30min at 40°C. Slides were washed twice for 2min in 1X wash buffer, rinsed with distilled water, and coverslipped with Prolong gold antifade reagent with DAPI. A positive and negative probe set (ACD ADV320881, ACD and ADV320871, respectively) were used to verify high positive control signals and no negative levels of background noise. Sections were visualized on a fluorescent microscope (Leica DM6 B) with all CTB-488 positive neurons (bronchopulmonary vagal sensory neurons), along with untraced neurons and assessed for expression of each gene of interest described above. Images were taken (200x magnification) at the same exposure time for each gene across each sample for offline analysis. Given the complete absence of any non-specific signal in negative probe control tissue sections, the expression of a gene was considered present if positive probe tissues showed one or more probe count (pixel) present within each neuron. The number of neurons expressing each gene in both CTB-488 traced and untraced neurons were counted and expressed as the percentage of the total number of neurons counted across all vagal ganglia sections for one animal. Mean±SEM was calculated for each group and compared using a one-way ANOVA followed by a Tukey’s multiple comparisons post-hoc analysis. Between group differences were considered statistically significant at p<0.05.




RESULTS


Expression of HMGB1, RAGE, and TLR4 in Vagal Sensory Neurons

Reanalysis of our existing single cell RNAseq library (Mazzone et al., 2020) revealed transcriptional expression of Hmgb1, Ager, and Tlr4 in identified bronchopulmonary vagal sensory neurons. About 95.5% of the neurons contained Hmgb1 transcripts, whereas Ager and Tlr4 transcripts were detected in approximately 19.4 and 28.3% of neurons, respectively (Figure 1A). Interestingly Ager expression (but not Tlr4) was restricted to neurons with high P2rx2 expression (presumed nodose neurons (Kwong et al., 2008), although the actual expression levels of Ager and P2rx2 were not correlated (FDR=0.752). However, Ager expression was highly correlated (FDR=6.2×10−3) with the nociceptor marker Trpv1 while Tlr4 expression correlated (FDR=0.013) with Calca, a marker of a subset of peptidergic neurons. No relationships were seen for Ager or Tlr4 with Trpa1 or Tac1 (FDR=0.8–1.0). Only one neuron expressed detectable transcripts for both Ager and Tlr4, suggestive of largely different neuron subpopulations expressing these receptors for HMGB1.

[image: Figure 1]

FIGURE 1. Gene expression of Hmgb1, Ager (RAGE), and Tlr4 in bronchopulmonary vagal sensory neurons clustered by P2rx2 expression levels. (A) Violin plots of single cell RNAseq data showing the mean log2CPM values for P2rx2 and Hmgb1, Ager, or Tlr4 genes correlated to P2rx2 expression. P2rx2LOW and P2rx2HIGH are presumed jugular-like and nodose-like bronchopulmonary vagal sensory neurons, respectively (Mazzone et al., 2020). **p<0.01 significantly different mean expression levels. RNAscope was performed on bronchopulmonary vagal sensory neurons for Ager (B) or Tlr4 (B’) and quantified relative to percentage of neurons showing a presence or absence of P2rx2 expression. Representative photomicrographs demonstrate bronchopulmonary neurons (retrogradely traced with CTB-488, green) and the expression of P2rx2 (red) and either (C) Ager or (C’) Tlr4 (magenta). Neuronal soma outlined with dashed lines. Scale bar equals 20μm. *p<0.05; **p<0.01; and ***p<0.001 significantly different expression levels as determined by multiple comparisons, two-way ANOVA. ns, not significant.


The expression of Ager and Tlr4 in bronchopulmonary vagal ganglia neurons was confirmed by RNAscope (Figures 1B,C). However, the results of this method revealed a higher percentage of bronchopulmonary neurons expressing Ager (60.1%) and Tlr4 (67.2%), perhaps reflecting an increased sensitivity of the assay given our relatively low inclusion level for positive marker expression (one dot per cell). Approximately 54.4% of P2rx2 expressing bronchopulmonary traced neurons co-expressed Ager (Figure 1B), while 49.7% co-expressed Tlr4 (Figure 1B’). Similar to the RNAseq data, Ager (but not Tlr4) expression was significantly less frequent in neurons devoid of P2rx2 expression, indicative of enrichment of Ager in bronchopulmonary nodose neurons. Neurons that were not retrogradely traced from the airways and lungs (presumed to mostly represent vagal sensory neurons innervating other tissues) also expressed Ager (43.5% of neurons) and Tlr4 (56.4% of neurons). Interestingly, the percentage of untraced (~28.7%) and traced (~54.4%) P2rx2 expressing (nodose) neurons that also expressed Ager was significantly different (p<0.0304), suggesting that bronchopulmonary nodose neurons more frequently express Ager relative to the general nodose population. Collectively, these RNAseq and RNAscope analyses suggest a sizable proportion of vagal ganglia neurons are conceivably responsive to HMGB1 either via RAGE or TLR4 expression.



Functional Responses to HMGB1 in Vagal Sensory Neurons

Dissociated vagal sensory neurons from adult mice, regardless of genotype, progressively grew neurites over the course of 4days in culture, after which 85–90% of neurons on each coverslip possessed at least one neurite with a length greater than the diameter of the cell soma (i.e., positive growth). On average, neurons from adult wildtype, RAGE−/− and RAGE−/−/TLR4−/− mice in vehicle-treated cultures possessed neurites of comparable total lengths (587±83, 573±32, and 520±37μm/cell, respectively; Figure 2). Treatment of cultured neurons from wildtype mice with HMGB1 resulted in a significant increase in neurite outgrowth equivalent to approximately 141% of that in vehicle-treated controls (Figure 2B) but did not change the percentage of neurons exhibiting positive growth (85–90% per coverslip). By contrast, HMGB1 was without effect on neurite outgrowth in all but one experiment using RAGE−/− neuron cultures and abolished in all experiments using RAGE−/−/TLR4−/− neuron cultures (Figure 2B).

[image: Figure 2]

FIGURE 2. High mobility group box-1 (HMGB1) evokes Receptor for Advanced Glycation End products (RAGE)-dependent neurite outgrowth and alters the electrophysiological properties of vagal sensory neurons. (A) Representative individual neurite outgrowth tracings of vagal sensory neurons cultured in the presence of vehicle and HMGB1. Scale bar=50μm. (B) Quantitative data showing the effects of HMGB1 on neurite outgrowth in neurons from wildtype, RAGE deficient (RAGE−/−), and RAGE/Toll-like Receptor 4 (TLR4) double deficient (RAGE−/−/TLR−/−) mice. Each dot represents one animal with the average neurite outgrowth of a minimum of five cells manually traced and analyzed for one replicate coverslip (n=5 experiments) with overall group mean and SEM plotted. (C) Representative current clamp recordings from a wild-type vagal ganglia neuron showing injected current evoked action potential formation (spiking) in the presence of vehicle and HMGB1. (D) Quantitative data showing action potential firing frequency (spikes per second, Hz) for individual neurons obtained from wildtype, RAGE−/−, and RAGE−/−/TLR−/− mice in the presence of vehicle or HMBG1. *p<0.05 significantly different to vehicle as determined by unpaired t test.


In electrophysiological studies, bath application of HMGB1 evoked a measurable (greater than 10pA) inward current in 70% of wildtype neurons tested (average response=−40.0±30.9 pA; range=−13 to −335 pA; and n=10). Furthermore, action potential induction in response to a 100nA current injection was significantly enhanced by HMGB1 (17.8±3.2Hz) compared to vehicle (12.0±2.4Hz), although this effect was more robust in some cells compared to others (Figures 2C,D). By contrast, HMGB1-evoked responses were present in only 11 percent of neurons isolated from RAGE−/− animals. Thus, measurable inward currents in response to HMGB1 were absent in nine out of 12 cells examined and ranged from −20.5 to −247.1pA in the remaining three cells (overall mean HMGB1-evoked response=−26.5±22.3pA, not significantly different to vehicle). Action potential induction was similarly not altered by HMGB1 in nine of the 11 cells examined from RAGE−/− animals (Figure 2D). None of the examined neurons harvested from RAGE−/−/TLR4−/− mice demonstrated inward current or enhanced action potential responses to bath application of HMGB1 (Figure 2D).



Effects of Respiratory Viruses on Neurite Outgrowth and Neuronal HMGB1

After 4days in culture, neurite outgrowth in dissociated vagal ganglia neurons prepared from juvenile animals was consistently greater than that observed with comparable cultures prepared from adult animals (compare mock treated growth in Figures 2A, 3A). Neurite outgrowth exhibited a further significant upregulation in cultures prepared from ganglia obtained from mice 7days following intranasal infection with pneumovirus (Figure 3). Thus, compared to neurons cultured from mock control animals (also collected 7days after mock inoculation and cultured for a further 4days), neurons from pneumovirus-infected animals displayed ~twice the average neurite outgrowth (Figure 3B). Interestingly, unlike in cultures of adult neurons (see Figure 2), wildtype neurons from juvenile animals displayed significantly (p<0.01) more average basal neurite outgrowth in culture (3,436±160μm) when compared to equivalent cultures of RAGE−/− and RAGE−/−/TLR4−/− neurons (1813±176 and 1808±134μm, respectively). Strikingly, the upregulation of neurite outgrowth seen in neurons from pneumovirus infected wildtype animals was absent in neurons cultured from pneumovirus infected RAGE−/− and RAGE−/−/TLR4−/− animals (Figure 3B).
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FIGURE 3. In vivo respiratory pneumovirus infection evokes RAGE-dependent upregulation of vagal sensory neurite outgrowth. (A) Representative neurite outgrowth tracings of cultured vagal ganglia neurons harvested 7days post-inoculation (7dpi) in vivo with vehicle or five plaque forming units of pneumovirus (PVM). Scale bar=50μm. (B) Quantitative data showing the time dependent (3–7dpi) effects of in vivo pneumovirus infection on neurite outgrowth in neurons cultured from wildtype, RAGE deficient (RAGE−/−), and RAGE/TLR4 double deficient (RAGE−/−/TLR4−/−) mice. Each dot represents the average neurite outgrowth per cell estimated with an unbiased Petrimetircs probe covering within a 100×100mm grid from one replicate coverslip (n=4–6 experiments) with overall group mean and SEM plotted. *p<0.05 significantly different to 7dpi mock as determined by one-way ANOVA.


The RAGE-dependent upregulation of neurite outgrowth following prior in vivo pneumovirus infection suggests a role for HMGB1 in respiratory viral induced upregulation of neurite outgrowth. We have previously reported epithelial release of HMGB1 following respiratory virus infection or allergic inflammation in mice using this same experimental model (Ullah et al., 2014; Simpson et al., 2020). However, our transcriptomic data (Figure 1) suggest that another potential source of HMGB1 is the bronchopulmonary vagal sensory neurons themselves. Consistent with this, in control animals given an intranasal treatment with vehicle (PBS), HMGB1 was notably confined to the nucleus of the majority of vagal ganglia sensory neurons. By contrast, significantly more neurons displayed cytoplasmic HMGB1 expression following intranasal exposure to the viral mimetic PolyI:C (Figure 4A). This mobilization of HMGB1 into the cytoplasmic compartment of vagal sensory neurons following viral mimetic exposure was also evident with two different active respiratory viral infections. Thus, the number of vagal sensory neurons displaying cytoplasmic HMGB1 protein was also significantly increased (compared to mock-inoculated controls) by both intranasal pneumovirus inoculation (7dpi in juvenile mice) and intranasal IAV inoculation (7dpi in adult mice; Figures 4A,B).
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FIGURE 4. In vivo exposure to viral mimetic or respiratory viral infection evokes nuclear to cytoplasm translocation of HMGB1 in vagal sensory neurons. (A) Significantly more frequent cytoplasmic HMGB1 staining was observed in vagal sensory neurons following in vivo inoculation with either the viral mimetic PolyI:C or viral infection with murine pneumovirus and influenza A virus (IAV) in wildtype mice. The quantitative data represent the percentage of neurons with detectable cytoplasmic HMGB1 staining. Each dot represents the average of 825±154 neurons per animal with the overall group mean and SEM plotted. (B) Representative photomicrographs show examples of the redistribution of HMGB1 staining in vagal sensory neurons following influenza A respiratory viral infection. Vagal sensory ganglia were collected at 7dpi for all conditions and tissue sections stained for HMGB1 and the nuclear marker DAPI. Dashed outlines indicate example neurons. Arrowheads point to neuronal nuclei (as determined by DAPI stain). *p<0.05 and **p<0.01 significantly different to time-matched vehicle/mock control as determined by unpaired t test scale bar=25μm.





DISCUSSION

High mobility group box-1 is present in the nucleus of most cells where it functions as a nonhistone DNA binding protein. However, HMGB1 also plays a role in inflammation, growth, and repair, acting as an early alarmin when released from activated, injured, or necrotic cells. This action requires translocation of HMGB1 from the nucleus into the cytoplasm making it available for extracellular release (Hosakote et al., 2016; Arikkatt et al., 2017; Di Candia et al., 2017; Imbalzano et al., 2017; Parker et al., 2017). The extracellular biological actions of HMGB1 occur largely via RAGE and TLR4, dependent upon the oxidative state of the ligand. Thus, all-thiol HMGB1 acts through RAGE and disufide HMGB1 acts through TLR4 (Janko et al., 2014; Yamasoba et al., 2016; Ma et al., 2017). In pulmonary disease, especially pathologies involving pathogen exposure, respiratory epithelial cells, and infiltrating leukocytes release large amounts of HMGB1, which acts as an early regulator of innate immunity and inflammation (Hosakote et al., 2016; Arikkatt et al., 2017; Di Candia et al., 2017; Imbalzano et al., 2017). Our data argue that vagal sensory neurons innervating the airways and other tissues have the capacity to detect and/or release HMGB1, and this may have important implications in the development of sensory hyperinnervation and hypersensitivity in viral respiratory disease.

Previous studies have shown that HMGB1 can promote neuronal growth (Saleh et al., 2013; Merianda et al., 2015) and evoke Ca2+ influx, inward currents, and enhanced action potential firing in dissociated dorsal root ganglia sensory neurons (Feldman et al., 2012), notably via the activation of RAGE. Similarly, HMGB1 acting via RAGE on dorsal root ganglia sensory neurons is involved in the development of sensitization and mechanical hyperalgesia in models of neuropathic pain (Allette et al., 2014), and antagonism of RAGE has been shown to suppress peripheral axon regeneration after nerve injury (Rong et al., 2004). These published data argue that the all-thiol form of HMGB1 (and hence RAGE) plays a predominant role in modulating sensory neurons, largely consistent with findings in the present study. Indeed, our transcriptional analyses confirm the expression of both RAGE and TLR4 in subsets of vagal sensory neurons displaying a nociceptor phenotype (i.e., neurons expressing TRPV1 or the neuropeptide CGRP), while our functional studies show that HMGB1 both excites and enhances the growth of vagal ganglia sensory neurons, responses that were largely abrogated in neurons lacking RAGE expression. However, a very recent study suggests TLR4 expression in DRG neurons may be important in nerve injury-mediated hypersensitivity specifically in female mice (Szabo-Pardi et al., 2021), something that our study did not address.

Sensory hypersensitivity is a common feature of pulmonary disease. Structural and immune cells in the airways and lungs represent potential sources of HMGB1, which can be released extracellularly in the diseased airways. Accordingly, this pulmonary cellular supply of HMGB1 would then be available to act on nearby sensory nerve terminals that are juxtaposed to release sites, because many vagal sensory neurons express RAGE. This may represent an important early mechanism that enhances sensory neural responses needed for pulmonary defense during times of “danger signaling.” Intriguingly, our data point to possible enrichment of RAGE in bronchopulmonary neurons, as retrogradely traced neurons showed higher Ager expression than did untraced neurons. This observation warrants confirmation in carefully designed studies assessing tissue specific and well-characterized vagal ganglia neurons, as it may suggest an especially important role for sensory neuron RAGE in pulmonary defense. Additionally, our findings argue that vagal sensory neurons themselves may represent an alternative source of HMGB1, mobilized within the neuron soma in the vagal ganglia, perhaps as a consequence of ongoing pulmonary inflammation or pathogen induced sensory neuron activation or damage. Our data support this suggestion, as we noted widespread sensory neuron cytoplasmic HMGB1 translocation following viral mimetic exposure or respiratory viral infections. Consistent with this, Yang and colleagues recently demonstrated that persistent optogenetic stimulation of somatic nociceptors results in HMGB1 nucleus to cytoplasm translocation, while genetic deletion of neuronal HMGB1 protected against the development of cutaneous inflammation and allodynia following peripheral nerve injury (Yang et al., 2021). Indeed, we have shown that our murine models of respiratory viral infection develop lung pathologies consistent with severe inflammatory disease, with bronchial, interstitial, alveolar, and vascular inflammation driven by lymphocytic inflammatory cell infiltrates and elevated lung interferons, TNFa, and other cytokines (Ullah et al., 2014; Arikkatt et al., 2017; Verzele et al., 2021). Under these circumstances, it is expected that persistent and strong stimuli for sensory neuron discharge exist, and perhaps this is the prerequisite for vagal ganglia neurons to mobilize HMGB1.

Neuropathic pain, resultant from nerve damage or diabetes, is similarly associated with translocation of HMGB1 in dorsal root ganglia sensory neurons (Shibasaki et al., 2010) where it becomes available for signaling at neighboring neurons, glia and resident cells within the sensory ganglia and surrounding nerve. A paracrine action might serve to propagate a wave of signaling in the ganglia, explaining why so many neurons demonstrate HMGB1 translocation in nerve injury models (Shibasaki et al., 2010) and in our models of lung pathology in the present study. This is not the first evidence we have presented for widespread neuroinflammatory events in the vagal ganglia following respiratory viral infections. We previously reported that influenza A respiratory virus infection promotes inflammatory cell recruitment to the vagal ganglia accompanied by an increase in the ganglionic expression of many inflammatory genes in vagal ganglia neurons (Verzele et al., 2021). In that study, we also noted that sensory ganglia unrelated to lung function (the lumbar DRG) did not show signs of inflammation, while vagal ganglia neurons innervating pulmonary and non-pulmonary tissues, such as the esophagus, both showed signs of neuroinflammatory changes. These data argue in favor of specific vagal signaling mechanisms, rather than humoral stimuli associated with systemic inflammation, underpinning the development of vagal ganglia inflammation. In light of the present data, it is tempting to speculate that neuronally released HMGB1 may represent an important ganglionic alarm signaling mechanism that initiates these neuroinflammatory events, via a paracrine action on neighboring neurons or glia and/or through inflammatory cell chemotaxis. Regardless, the present data provide further evidence to support our prior observation (Verzele et al., 2021) that vagal sensory neurons projecting to target tissues other than the pulmonary system may be impacted by pulmonary infection and inflammation, although the functional consequences of such an impact, and mechanisms underpinning it, requires further investigation.

The findings of the present study raise several important questions for future investigation. Firstly, given that RAGE activation is associated with increased vagal ganglia sensory neurite outgrowth in vitro, it is tempting to speculate that this may represent a mechanism involved in the development of bronchopulmonary hyperinnervation in patients with chronic lung inflammation (Ollerenshaw et al., 1991; O'Connell et al., 1995; Lee et al., 2003; Shapiro et al., 2021). Nevertheless, it remains to be seen whether sensory neuron RAGE activation in vivo, either by lung or ganglia derived HMGB1, is an effective stimulus for peripheral nerve terminal sprouting and branching, needed for bronchopulmonary innervation to increase. Unfortunately, our in vivo studies using severe viral infections are not suitable for assessing inflammatory-induced changes to bronchopulmonary innervation because of the short duration of the model. An alternative chronic model of lung inflammation is better suited to addressing this. It is also of interest to question the mechanisms underpinning the rapid electrophysiological effects evoked by HMGB1 activation of sensory neuron RAGE. The induction of inward currents and the altered rheobase leading to increased action potential spiking are consistent with RAGE activation acutely gating a yet to be identified sensory neuron ion channel. DRG sensory neurons express other innate immune receptors, including TLR7, and when activated induce rapid ionic currents due to the gating of sensory neuron TRP channels (Park et al., 2014). Indeed, RAGE activation is associated with enhanced TRPV1 channel gating in models of diabetic neuropathy (Lam et al., 2018), which could conceivably contribute to the electrophysiological effects of HMGB1 in the present study. Lastly, whether the vagal source of HMGB1 is an important regulator of pulmonary inflammation remains to be tested, but as shown recently by Yang et al., 2021 neuronal HMGB1 subserves this function in other models of inflammation.

In conclusion, these findings suggest a novel mechanism of vagal sensory nerve dysfunction and plasticity secondary to tissue alarmin release, highlighting possible therapeutic avenues to explore targeting the HMGB1-RAGE signaling axis in patients with respiratory disease.
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