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Introduction

Inflammation is an inherently self-amplifying process, resulting in progressive tissue damage when unresolved. A brake on this positive feedback system is provided by the nervous system which has evolved to detect inflammatory signals and respond by activating anti-inflammatory processes, including the cholinergic anti-inflammatory pathway mediated by the vagus nerve. Acute pancreatitis, a common and serious condition without effective therapy, develops when acinar cell injury activates intrapancreatic inflammation. Prior study has shown that electrical stimulation of the carotid sheath, which contains the vagus nerve, boosts the endogenous anti-inflammatory response and ameliorates acute pancreatitis, but it remains unknown whether these anti-inflammatory signals originate in the brain.



Methods

Here, we used optogenetics to selectively activate efferent vagus nerve fibers originating in the brainstem dorsal motor nucleus of the vagus (DMN) and evaluated the effects on caerulein-induced pancreatitis.



Results

Stimulation of the cholinergic neurons in the DMN significantly attenuates the severity of pancreatitis as indicated by reduced serum amylase, pancreatic cytokines, tissue damage, and edema. Either vagotomy or silencing cholinergic nicotinic receptor signaling by pre-administration of the antagonist mecamylamine abolishes the beneficial effects.



Discussion

These results provide the first evidence that efferent vagus cholinergic neurons residing in the brainstem DMN can inhibit pancreatic inflammation and implicate the cholinergic anti-inflammatory pathway as a potential therapeutic target for acute pancreatitis.
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Introduction

Acute pancreatitis is a common inflammatory condition leading to over 250,000 hospitalizations each year in the United States alone (1). In addition to the significant morbidity associated with acute pancreatitis, up to 20% of patients develop pancreatic necrosis, which results in a mortality rate of 15%-30% (2). Most often the result of alcohol or gallstones, pancreatitis pathogenesis begins with acinar cell damage and inappropriate activation of digestive enzymes, which subsequently initiate inflammatory responses (3–5). Release of damage-associated molecular patterns, e.g., high mobility group box 1 (HMGB1), stimulates acinar cells and resident pancreatic macrophages to release pro-inflammatory cytokines, chemokines (6–8), and other inflammatory mediators. Although these signals initially amplify inflammation, they are also essential for recruiting immune cells to clear tissue debris and for orchestrating healing.

However, the initial response to tissue injury can also fuel an inflammatory positive feedback loop, producing progressive local and systemic inflammation, further damaging tissue, and resulting in significant morbidity and mortality (9, 10). In order to mitigate maladaptive inflammatory responses, evolution has equipped mammals with a nervous system capable of sensing both local and systemic inflammation and of responding via multiple distinct neural pathways. Signals transmitted through the vagus nerve have been implicated in the regulation of inflammation (11–13). This pathway, termed the inflammatory reflex, is initiated by inflammatory mediators which stimulate sensory, afferent neurons in the vagus nerve. The resulting signals are transmitted to the brainstem nucleus tractus solitarius (NTS). Efferent signals originating in the dorsal motor nucleus of the vagus (DMN) are subsequently transmitted by vagus nerve cholinergic fibers, which stimulate splenic nerve activity (14), releasing norepinephrine within the spleen. Subsequently, a subset of T-cells is activated, which in turn signals to splenic macrophages via an alpha-7 nicotinic acetylcholine receptor (α7 nAChR)-dependent mechanism, resulting in reduced proinflammatory cytokine production (15–17). This motor arm of the inflammatory reflex is termed the cholinergic anti-inflammatory pathway (18, 19). An alternative anti-inflammatory neural pathway is also activated by afferent vagus nerve signaling through the NTS but this results in the release of norepinephrine by splanchnic sympathetic nerves, which inhibits immune cell activation via the β2 adrenergic receptor (20). An additional neural pathway also exists which is independent of the vagus nerve. In this system, afferent signaling initiated by inflammatory signals carried within the circulation results in sympathetic splanchnic nerve-mediated anti-inflammatory responses (21).

The vagus nerve widely innervates the viscera, including the pancreas, which is supplied by both sensory and motor fibers. Vagus sensory afferent neurons, residing in the bilateral nodose ganglia, innervate both endocrine and exocrine pancreas structures (22). Vagus motor efferent neurons are the important physiological regulators of both the endocrine and exocrine pancreas. Stimulation of these cholinergic neurons activates insulin secretion by beta cells, the release of gastrointestinal hormones, such as pancreatic polypeptide (23) and calcitonin gene-related peptide (CGRP) (24), and digestive enzymes from acinar cells (25). However, despite the well-established functionality of the vagus nerve in normal pancreatic physiology, its role in acute pancreatitis is unknown.

Prior study has demonstrated that a disruption of the vagus nerve via cervical vagotomy increases the severity of acute pancreatitis (26). Conversely, electrical stimulation of the carotid sheath containing the vagus nerve, as well as glossopharyngeal and sympathetic nerve fibers also known to mediate anti-inflammatory activity, reduces the severity of pancreatitis (27). As vagotomy and electrical stimulation affect both afferent and efferent fibers simultaneously, these methods cannot reveal the independent contributions of afferent and efferent pathways to anti-inflammatory effects in the pancreas. Pharmacological studies have demonstrated that acetylcholine, the neurotransmitter of the cholinergic efferent vagus nerve, can play a protective role in acute pancreatitis. Administration of the non-selective nicotinic receptor antagonist mecamylamine increased the severity of acute pancreatitis, whereas administration of the α7nAChR agonist GTS-21 decreased the severity of acute pancreatitis (26).

Although these findings suggest that vagus nerve signaling provides protective effects in acute pancreatitis, given the presence of multiple neuroimmune anti-inflammatory pathways it is currently unclear whether signals originating in the brain and transmitted via vagus efferent neurons regulate the severity of pancreatitis. Using optogenetics and a well-established acute pancreatitis model, here we demonstrate that cholinergic neurons residing in the brainstem DMN control pancreatic inflammation in a vagus nerve- and nAChR -dependent mechanism.



Results




Selective activation of DMN cholinergic neurons induces bradycardia

Optogenetic stimulation of DMN cholinergic neurons has been shown to be protective during endotoxemia by reducing TNF production (28). However, the potential anti-inflammatory function of these neurons in controlling pancreatic inflammation arising from acute pancreatitis is unknown. To selectively activate the cholinergic neurons, we generated transgenic ChAT-Cre/ChR2-eYFP mice that express light-sensitive channelrhodopsin-2 (ChR2) (29) coupled to an enhanced yellow fluorescent protein (ChR2-eYFP) directed by the choline acetyltransferase (ChAT) promoter (Figure 1A). ChAT is an essential enzyme required for acetylcholine synthesis and is selectively expressed in cholinergic neurons in the central and peripheral nervous systems (30).




Figure 1 | Selective activation of DMN cholinergic neurons invokes efferent vagus nerve activity, reducing heart rate. (A) Breeding strategy used to generate ChAT-ChR2-YFP mice which express a photosensitive channelrhodopisin in ChAT-positive cells, including cholinergic neurons. (B–D) Optogenetic stimulation of DMN cholinergic neurons produced a significant decrease in heart rate in ChAT-ChR2-eYP mice. A fiber optic cannula was placed in the left DMN of ChAT-ChR2-YFP mice and animals were then subjected to (B) blue light (473nm, 20Hz, 25% duty cycle, 8-12 mW, 5 minutes), (C) no light, or (D) yellow light (593.5nm, 20Hz, 25% duty cycle, 8-12 mW, 5 minutes) stimulation. A decrease in heart rate was observed during blue laser stimulation. Representative heart rate data is shown for each condition. (E) Stimulation of ChR2-expressing DMN cholinergic neurons with blue light, but not with yellow light, induces bradycardia in ChAT-ChR2-eYFP mice. Data are represented as individual mouse data points, which represent an average heart rate over the stimulation period, with mean ± SEM. One-way ANOVA with Tukey’s multiple comparison test, ****P ≤ 0.0001, ns, not significant.



Because stimulation of efferent signaling in the vagus nerve has been associated with bradycardia (31, 32), we confirmed optogenetic stimulation of cholinergic neurons in the DMN by measuring heart rate during light stimulation. Selective stimulation using 473 nm light in the left DMN induced bradycardia for the duration of stimulation (Figures 1B, E). In contrast, the placement of a fiber optic cannula in the DMN for the duration of stimulation, without any light stimulation, failed to induce significant changes in heart rate (Figures 1C, E). Photostimulation of the DMN using yellow light (593.5nm), which does not activate ChR2, also failed to induce any significant change in heart rate in ChAT-Cre/ChR2-eYFP mice (Figures 1D, E). Photostimulation of DMN neurons with light at 473 or 593 nm also failed to induce bradycardia in littermate controls (non-carriers) not expressing ChR2-eYFP (Supplemental Figures 1A–D). Thus, exposure of the DMN to 473 nm light activates cholinergic neurons and induces bradycardia in ChAT-Cre/ChR2-eYFP mice.




Selective activation of DMN cholinergic neurons attenuates disease severity during acute pancreatitis

To determine the role of DMN cholinergic neurons in regulating acute pancreatitis, ChAT-ChR2 mice were subjected to two intraperitoneal injections of caerulein (50 µg/kg) one hour apart. Thirty mins following the first injection, animals underwent fiber optic cannula insertion in the DMN and were exposed to sham stimulation or light stimulation. Administration of caerulein induces pancreatitis as indicated by significant increases in serum amylase (Figure 2A). Selective stimulation of DMN cholinergic neurons in the DMN with 473 nm significantly attenuated serum amylase compared to the sham-stimulated group, whereas stimulation with yellow light at 593 nm, which does not activate ChR2, failed to attenuate serum amylase in ChAT-ChR2-eYFP mice (Figure 2B). Further, activation of DMN neurons using blue (473nm) or yellow (593nm) light failed to modulate serum amylase levels in littermate control ROSA-ChR2 mice that do not express ChR2 (Supplemental Figure 2A).




Figure 2 | Selective activation of DMN cholinergic neurons reduces circulating and pancreatic markers of acute pancreatitis Acute pancreatitis was induced in ChAT-ChR2-YFP mice by two intraperitoneal injections of caerulein (50 µg/kg). A fiberoptic cannula was placed in the left DMN and mice were then subjected to blue light stimulation (473 nm, 20 Hz, 25% duty cycle, 8-12 mW, 5 minutes), yellow light stimulation (593.5 nm, 20 Hz, 25% duty cycle, 8-12 mW, 5 minutes), or no laser stimulation. Mice were euthanized 4 hours after the final dose of caerulein. (A) Compared to non-caerulein-injected controls, caerulein-injected mice show significantly increased serum amylase levels consistent with the induction of acute pancreatitis. Optogenetic stimulation with blue light, but not with yellow light, significantly decreases serum amylase levels. Data are represented as individual mouse data points with mean ± SEM. One-way ANOVA: no caerulein vs yellow laser vs no laser (****P ≤ 0.0001, n = 7-11). (B) Optogenetic stimulation with blue light decreases pancreatic levels of (D) IL-6, (E) CXCL-1, and (F) MCP-1, but not (C) IL-1β. Data are represented as individual mouse data points with mean ± SEM. One-way ANOVA, (**P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, n = 9-11). ns, not significant.



Acute pancreatitis is also characterized by increases in pancreatic pro-inflammatory cytokines and chemokines, including IL-1β, IL-6, IL-8, and monocyte chemoattractant protein-1 (MCP-1) which drive inflammation and tissue damage (33). In agreement with results obtained with serum amylase, the administration of caerulein induced significant increases in these pancreatic cytokines (Figures 2C–F). Selective activation of cholinergic neurons in the DMN with blue light (473 nm) significantly attenuated pancreatic pro-inflammatory cytokines as compared to the yellow light (593nm) stimulated controls. While pancreatic levels of pro-inflammatory cytokines were significantly elevated at the time point examined in this model of acute pancreatitis, circulating serum cytokine levels were much lower. Increases in IL-1β, IL-6, and CXCL-1 were observed after caerulein administrations as compared to naïve mice (Supplemental Figures 3A–C), but significant DMN cholinergic neurons-mediated suppression was only noted in CXCL1 (Supplemental Figures 3A–C). Thus, selective activation of brainstem DMN cholinergic neurons attenuates serum amylase and pancreatic pro-inflammatory cytokines levels in caerulein-induced acute pancreatitis.

In addition to elevated pro-inflammatory cytokines, pancreatitis is also characterized by pancreatic tissue injury. Histopathologic examination of the pancreatic tissue demonstrated significant increases in acinar necrosis, edema, and total histopathological severity (Figure 3). Consistent with previous observations (34), two intraperitoneal administrations of caerulein induced edematous, non-hemorrhagic pancreatitis with no significant changes in hemorrhage and fat necrosis (Figure 3J). Under the current protocol, utilizing two doses of caerulein and with tissue collection 5 hours later, no significant hemorrhage and fat necrosis were observed, and inflammation and perivascular infiltration were minimal (Figures 3J, K). In contrast, significant increases in acinar necrosis and edema were noted. Stimulation of DMN cholinergic neurons significantly reduced pancreatic edema (Figure 3M), and improved the total histological severity, the summation of all other histological scores (Figure 3N). In contrast, no changes in edema (Supplemental Figure 2E) or total histological severity (Supplemental Figure 2F) were observed after blue light (473nm) stimulation in littermate control ROSA-ChR2 mice. Thus, selective activation of brainstem DMN cholinergic neurons regulates disease severity in acute pancreatitis, as evidenced by reductions in serum amylase and pancreatic cytokines, and improved histopathological scoring.




Figure 3 | Selective activation of DMN cholinergic neurons reduces the histological severity of acute pancreatitis (A–I) Representative images of pancreatic tissue stained with H&E at 4x (left panels), 10x (middle panels), and 20x (right panels) from (A–C) non-caerulein-injected and non-stimulated controls, (D–F) caerulein-injected and yellow-light-stimulated, and (G–I)) caerulein-injected and blue light-stimulated mice. Bar = 200 μm. Histological scoring for (J) hemorrhage and fat necrosis, (K) acinar necrosis, (L) inflammation and perivascular infiltration, (M) edema, and (N) total severity. Data are represented as individual mouse data points with mean ± SEM. One way ANOVA with Kruskal-Wallis, *P P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, n = 9-11, ns, not significant.






Selective activation of DMN cholinergic neurons improves pancreatitis via a vagus nerve and nicotinic acetylcholine receptor-dependent mechanism

Efferent vagus neurons with cell bodies in the DMN provide axonal projections along the vagus nerve and terminate within the pancreas (35). The pancreas also receives projections from splanchnic nerves, and from the enteric nervous system (36, 37). To confirm that the protective effects of DMN cholinergic neurons are propagated via the vagus nerve, a subdiaphragmatic vagotomy was performed. Animals were were subjected to bilateral subdiaphragmatic vagotomy and allowed to recover for 7 days. Stimulation of the DMN cholinergic neurons using blue light (473 nm) significantly reduced the serum amylase levels in animals subjected to sham surgery (Figure 4). However, in the vagotomized mice lacking a vagus nerve connection between the brainstem and pancreas, DMN stimulation did not decrease serum amylase levels (Figure 4). These results provide direct evidence that the protective effects of DMN cholinergic neurons in acute pancreatitis are mediated via efferent vagus nerve fibers.




Figure 4 | Selective activation of DMN cholinergic neurons fails to reduce serum amylase levels in mice subjected to subdiaphragmatic vagotomy. (A) A bilateral subdiaphragmatic vagotomy and transgastric pyloric dilation or sham surgery, consisting of celiotomy and transgastric pyloric dilation only, were performed on ChAT-ChR2-YFP mice. After one week of recovery, pancreatitis was induced with two intraperitoneal injections of caerulein (50 µg/kg). The mice were subjected to optogenetic stimulation with blue light or sham stimulation. The mice were euthanized 4 hours after the final dose of caerulein. (B) Optogenetic stimulation with blue light significantly decreases serum amylase levels in sham-operated mice (Sham), but not in mice subjected to subdiaphragmatic vagotomy (Vgx). Data are represented as individual mouse data points with mean ± SEM. One-way ANOVA with Kruskal-Wallis test, (*P ≤ 0.05, n = 3-6), ns, not significant.



Efferent vagus nerve fibers signal using acetylcholine as a neurotransmitter. We have previously demonstrated that anti-inflammatory effects mediated by efferent vagus nerve signaling require the α7 nicotinic acetylcholine receptor (α7nAChR) (18). To determine the importance of nicotinic acetylcholine receptor signaling in DMN cholinergic neuron-mediated protective effects, we utilized mecamylamine, a non-specific nicotinic acetylcholine receptor antagonist (38–40), to block nicotinic acetylcholine receptor-signaling. Following mecamylamine (1mg/kg, i.p.), stimulation of DMN cholinergic neurons with blue light (473 nm) failed to significantly alter serum amylase levels (Figure 5). Together, these results indicate that attenuation of pancreatitis by DMN cholinergic neurons requires vagus nerve signaling to the pancreas via the nicotinic acetylcholine receptor.




Figure 5 | Selective activation of DMN cholinergic neurons reduces serum amylase levels during pancreatitis through a nAChR-dependent mechanism. (A) One hour prior to induction of acute pancreatitis, ChAT-ChR2-YFP mice underwent intraperitoneal injection of vehicle or mecamylamine (1 mg/kg) was injected one hour prior followed by the induction of pancreatitis and optogenetic stimulation. The mice were euthanized 4 hours after the final dose of caerulein. (B) Optogenetic stimulation with blue light (473 nm, 20 Hz, 25% duty cycle, 8-12 mW, 5 minutes) of the DMN significantly decreases the level of serum amylase compared to no stimulation in the vehicle-treated mice but not in animals receiving mecamylamine. Data are represented as individual mouse data points with mean ± SEM. One-way ANOVA, (**P ≤ 0.01, ***P ≤ 0.001, n = 10, ns, not significant.).






Discussion

These studies demonstrate that after pancreatic inflammation is initiated by caerulein, brief and selective activation of cholinergic neurons in the brainstem DMN generate efferent vagus nerve signals which are sufficient to reduce pancreatic injury and the production of pro-inflammatory mediators within the pancreas in a nicotinic acetylcholine receptor-dependent fashion. The selective experimental approach utilized reveals the specific effects of efferent vagus nerve activation on pancreatic inflammation and on the resulting development of acute pancreatitis. The two-injection caerulein model was sufficient to induce the pancreatic tissue injury characteristic of acute pancreatitis, as was demonstrated by the elevation in serum amylase, development of pro-inflammatory cytokines in the pancreas, and histological scoring data. However, the severity of acute pancreatitis generated by two injections of caerulein was restricted primarily to the pancreas and induced a low level of systemic inflammation, as demonstrated by low levels of circulating cytokines. These results indicate that the protective effects mediated by the stimulation of DMN cholinergic neurons result from the direct action of efferent vagus fibers on the pancreas itself and not other organs, such as the spleen.

Selecting a short time point for evaluation following pancreatitis induction was also necessary to isolate the pancreas-specific effects of DMN stimulation. Prior work shows that acinar cells upregulate ICAM-1 expression within 1 hr of exposure to caerulein (41), thereby initiating neutrophil infiltration by 6 hours after injury (the earliest time point evaluated). In experimental pancreatitis models, macrophages infiltrate tissue even later, arriving in the pancreas 24 hours after injury (42). Low levels of infiltrating, non-resident immune cells in the current study were demonstrated by the absence of perivascular infiltration noted in the histology. Therefore, given minimal systemic inflammation and the lack of infiltration noted in experimental tissues, the protective effects of DMN stimulation likely do not involve extra-pancreatic vagus nerve projections, neutrophils, or extra-pancreatic macrophages. These observations are best explained by a direct vagus-nerve-mediated effect on resident pancreatic cells.

Efferent vagus nerve innervation of the pancreas is extensive with the DMN supplying the intrapancreatic ganglia which secondarily innervates other pancreatic cell types and utilizes acetylcholine as a neurotransmitter (43). The observed efficacy of DMN stimulation could arise from acetylcholine-mediated effects on the acinar cell itself, or effects arising from acetylcholine signaling in tissue-resident cells, e.g., macrophages, which widely express nAChR (44). Previous work has shown that increasing ambient ACh by using the cholinesterase inhibitors physostigmine or neostigmine ameliorates the severity of pancreatitis (45). Although these studies would seem to preclude an explanation of the cholinergic anti-inflammatory pathway as originally described (which requires the spleen), the α7nACh receptor is clearly involved as prior work has shown that pretreatment activation of α7nAChR using the specific agonist GTS-21 markedly decreased the development of acute pancreatitis (26).

Recent work describes an increasing variety of parenchymal cell types, in diverse tissues, which express the α7nAChR and, upon activation, confer tissue protection when subjected to stress (46, 47). Although earlier immunohistological work concluded that the acinar cell did not express α7nAChR (48), recent studies have definitively shown acinar cell responses using specific α7nAChR agonists in in vitro and in vivo models. For example, in experimental pancreatitis, activation of acinar α7nAChR using the specific agonist PNU-282987 restores transcription factor ER, the master regulator of lysosomal synthesis and autophagy, thereby restoring normal lysosomal degradation and preventing/reversing disease at the disease-initiating location (4). It is therefore plausible that in the current study the protective effect occurs primarily at the level of the acinar cell itself and secondarily on immunocompetent cells. Additionally, tissue-resident α7nAChR-expressing macrophages could be a target. However, the resident macrophage population within the pancreatic parenchyma has been poorly characterized, particularly concerning the expression of nicotinic ACh receptor isoforms. Based on the results of the current study, the effector cell type within the pancreas remains unidentified and further study will be necessary to identify the cellular target of DMN stimulation.

In addition to the efferent cholinergic anti-inflammatory pathway, prior work has shown that stimulation of afferent vagus fibers also activates anti-inflammatory activities. Liu and coworkers have shown that the vagus sensory neurons which innervate the deep hindlimb fascia (at the ST-36 site) activate the vagal-adrenal axis via the DMN (49). Electroacupuncture via the Zuslani acupoint (ST-36) has been shown to ameliorate acute pancreatitis via a vagus nerve cholinergic pathway which depends upon the a7nAChR (50). Afferent anti-inflammatory activity of the vagus is also mediated through the splanchnic nerves via the celiac and superior mesenteric ganglia (20). Therefore, both afferent and efferent vagus nerve pathways provide anti-inflammatory effects via distinct pathways. Whether the effects are synergistic in the intact vagus nerve remains to be determined, although some data have been reported that show stimulation of the intact vagus appears to be less effective than stimulating the cephalic (afferent) trunk or the caudal (efferent) trunk of the transected vagus (20). Thus, further study to determine whether there are differences between afferent and efferent stimulation and which approach can provide the optimum protection in the setting of developing pancreatitis is required.

Although the potential benefits of selective efferent vagus nerve stimulation to control inflammation appear promising, translation into a treatment for human disease constitutes a challenge. Direct stimulation of the DMN is invasive and currently is not amenable for development into clinical practice. However, there has been much recent interest in shaping stimulation waveforms and electrode geometry to directionally activate the vagus nerve (51) and recent work has shown that anodal block technology could be feasible (31). Therefore, the development of this or related technologies for transcutaneous use may allow for the selective activation of vagus efferent fibers in the future. Furthermore, given the pre-clinical data that carotid sheath stimulation containing the vagus nerve is efficacious in acute pancreatitis (27), it is also plausible that more traditional non-selective vagus nerve stimulation could be translated to the treatment of human disease.

Prior study (26) has shown that cervical vagotomy or use of the nAChR receptor antagonist mecamylamine exacerbates caerulein-induced pancreatitis, effects which were not observed in the current study (Figures 4, 5). These differences may be explained by the narrow time window utilized (5 hrs versus 12 hrs) and the limited caerulein exposure (2 doses versus 12 doses), which resulted in less severe pancreatic injury and amylase release. Additionally, the use of subdiaphragmatic vagotomy in the current study compared to cervical vagotomy in the prior study could also contribute to the divergent results noted. In view of these limitations, further study will be required to determine what effects efferent vagal stimulation provides on later stages of pancreatitis, including following a more extensive caerulein dosing protocol. However, given that the evolution of the severe, later-occurring complications of acute pancreatitis (e.g., pancreatic necrosis and pulmonary injury) depends ultimately on the initial acinar injury, it stands to reason that disruption of early disease should mitigate later pathology. It is also expected that curtailing the establishment of pancreatic inflammation by reducing the intra-pancreatic production of IL-6, CXCL1, and MCP-1, would lead to significantly reduced T-cell proliferation and chemotaxis (52), recruitment of neutrophils (53), and macrophages, respectively.

In summary, brief and selective stimulation of vagus nerve efferent fibers during the development of acute pancreatitis activates anti-inflammatory actions within the pancreas, mitigating the severity of tissue damage and reducing the production of pro-inflammatory cytokines and chemokines. These protective effects propagate through the vagus nerve and require nicotinic acetylcholine receptor activity. Although the detailed mechanism of these effects is yet to be delineated, the observed effects of vagus nerve stimulation in acute pancreatitis have significant translational potential for the treatment of a common, highly-morbid disease that currently lacks specific therapy.



Methods




Animals

All procedures and experiments were in accordance with NIH guidelines and approved by the Institutional Animal Care and Use Committee and the Institutional Biosafety Committee of the Feinstein Institutes for Medical Research, Northwell Health, Manhasset, NY. The animals were maintained at 25 °C on a 12-hour light-dark cycle. Balanced cohorts of male and female mice, aged 8-12 weeks, were utilized for all experiments. The mice that underwent vagotomy were fasted for 3 hours prior to surgery. At all other times, the mice were allowed free access to food and water. ChAT-cre (B6;129S6-Chattm2(cre)Lowl/J, strain #: 006410) and ROSA-ChR2-YFP (B6.Cg-Gt (ROSA) 26Sortm32 (CAG-COP4*H134R/EYFP)Hze/J, strain #: 024109) were purchased from Jackson Lab and crossed; ChAT-ChR2-YFP were used for experiments along with ROSA-ChR2-YFP in place of littermate controls. Acute pancreatitis was induced by intraperitoneal injections of caerulein (Sigma, C9026) 50 µg/kg of body weight (54). Mecamylamine hydrochloride (Sigma-Aldrich, M9020) 1 mg/kg was administered by intraperitoneal injection 1 hour prior to the induction of acute pancreatitis (26).




Stimulation of DMN cholinergic neurons

Mice were anesthetized using a mixture of ketamine (144 mg/kg) and xylazine (13 mg/kg) then fixed in a stereotaxic frame with ear bars (David Kopf Instruments) and the left DMN exposed as previously described (28). Briefly, the neck was flexed at approximately 45 degrees and a 1 cm incision was made longitudinally along the posterior midline just inferior to the occipital portion of the skull. The neck muscles were bluntly dissected and reflected laterally, exposing the dura between the base of the skull and the first cervical vertebrae. The dura was then incised using a 23G needle and cerebrospinal fluid (CSF) was absorbed with a Kimwipe (Kimtech Science). With the opening of the fourth ventricle exposed, the obex was used as the cardinal point for locating the DMN. Using stereotaxic guidance, a 200 µm fiber optic cannula (Thorlabs) was lowered to the obex and inserted into the left DMN (0.25 mm lateral, 0.48 mm deep). The sham mice had the fiber optic cannula introduced but were not exposed to laser light. All mice received 5 minutes of pulsed laser light stimulation (20 Hz, 25% duty cycle, 8-12 mW/mm2 measured at fiber tip) produced by a function generator (Agilent) and a laser source. Two separate laser sources were utilized: blue (473 nm wavelength, Opto Engine LLC) and yellow (593.5 nm, Opto Engine LLC).




Heart rate monitoring

During DMN optogenetic stimulation experiments, heart rate was monitored for the duration of stimulation. Data were acquired using the OmniPlex Data Acquisition System (Plexon Inc.) and analyzed post-hoc using Spike2 analysis software (Cambridge Electronic Design Ltd). Heart rate was recorded and expressed as beats per minute (BPM).




Subdiaphragmatic vagotomy and pyloric dilation

The mice were anesthetized using isoflurane (2% induction, 1.5% maintenance). A midline celiotomy was performed and small bowel was placed in the right lower quadrant. A small 4-5 mm incision was made on the greater curvature of the stomach in an area without obvious perforating blood vessels. Vascular dilators were coated in water-based lubricant (Surgilube, HR Pharmaceuticals), then introduced through the gastrotomy and passed across the pyloric sphincter. This was repeated 6 times with successively larger dilators, 1.5-4 mm, increasing 0.5 mm with each dilation. Gastrotomy was closed in a running fashion with an absorbable suture (Vicryl 6.0). The stomach was then retracted inferiorly exposing the esophagus. The anterior and posterior vagus nerves were isolated and ligated just below the diaphragmatic hiatus. Celiotomy was closed in layers with absorbable sutures (Vicryl 5.0) and surgical staples. The sham surgery mice underwent an identical pyloric dilation; however, the vagus nerves were not manipulated. All mice received 1 mL of 37°C, sterile saline subcutaneously prior to being placed in a clean recovery cage and recovered for at least 7 days prior to additional experimentation.




Tissue processing

Following euthanasia, blood was collected via cardiac puncture and serum was isolated via centrifugation. For ELISA, the pancreas was immediately placed in tissue protein extraction reagent (Thermo Scientific, 78510) with a protease inhibitor (Thermo Scientific, A32953) and homogenized. The serum and homogenized tissue were stored at -80°C. Pancreatic tissue for histological examination was fixed in neutral buffered formalin (Sigma, HT5011). Paraffin-embedded sections of the pancreas were stained with hematoxylin and eosin (H&E). The samples were evaluated for edema, acinar necrosis, hemorrhage, fat necrosis, inflammation, and perivascular infiltration. A sum of these individual scores was reported as a total score. The severity of acute pancreatitis was graded according to previously established criteria by a pathologist blinded to groups (34). All assessments and scoring were performed by a pathologist blinded to the identity of experiments and experimental groups.




Assays

Serum amylase activity was measure via colorimetric enzymatic assay (Abcam, ab102523). Serum and pancreatic cytokine levels were measured with enzyme-linked immunosorbent assay (ELISA) (Meso Scale Diagnostics, V-Plex).




Statistical analysis

Statistical analysis was performed using GraphPad Prism (GraphPad Software, v 9.3.0). Normality was determined with Shapiro-Wilk testing. For parametric data sets, two-tailed Student’s T-tests or one-way ANOVA testing was used. For non-parametric data sets, two-tailed Mann-Whitney U-test or Kruskal-Wallis testing was used. Statistical significance was defined as p ≤ 0.05.
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Supplementary Figure 1 | Selective activation of DMN cholinergic neurons in ROSA-ChR2-YFP mice does not invoke efferent vagus nerve activity. (A) ROSA-ChR2-YFP mice that do not express a photosensitive channelrhodopsin in ChAT-positive cells, including cholinergic neurons. (B–D) Optogenetic stimulation of DMN cholinergic neurons using (B) blue light (473nm, 20Hz, 25% duty cycle, 8-12 mW, 5 minutes), (C) no light or (D) yellow light (593.5nm, 20Hz, 25% duty cycle, 8-12 mW, 5 minutes) does not change heart rate in ROSA-ChR2-YFP mice. (E) No change in heart rate is observed after blue or yellow light stimulation. Data are represented as individual mouse data points, which represent an average heart rate over the stimulation period, with mean ± SEM. One way, ****P ≤ 0.0001. ns: not significant.

Supplementary Figure 2 | Selective activation of DMN cholinergic neurons in ROSA-ChR2-YFP mice does not reduce the histological severity of acute pancreatitis (A) Optogenetic stimulation using blue light or yellow light does not reduce serum amylase levels in ROSA-ChR2-YFP mice. Data are represented as individual mouse data points with mean ± SEM. Mann-Whitney U-test, (P ≥ 0.05 n = 5). (B, C) Pancreatic tissue from (B) blue and (C) yellow light-stimulated mice was collected and stained with H&E 4x. Scale bars (B, C) = 200 μm. Compared to non-caerulein-injected mice, mice in both the blue (473 nm, 20 Hz, 25% duty cycle, 8-12 mW, 5 minutes) and yellow light (593.5 nm, 20 Hz, 25% duty cycle, 8-12 mW, 5 minutes) stimulated groups demonstrated the histological characteristic findings of acute pancreatitis, including (D) edema and (E) total histological severity. Blue or yellow light stimulation does not decrease (D) pancreatic edema or (E) the total histological severity of acute pancreatitis. Data are represented as individual mouse data points with mean ± SEM. One-way ANOVA with Kruskal-Wallis test. ns: not significant.

Supplementary Figure 3 | Optogenetic stimulation of the left dorsal motor nucleus of the vagus (DMN) cholinergic neurons does not alter serum cytokine levels in acute pancreatitis (A–C) Low levels of circulating cytokines were observed in mice subjected to caerulein-induced pancreatitis, with a significant increase in (A) IL-1β and (B) IL-6. Blue (473 nm, 20 Hz, 25% duty cycle, 8-12 mW, 5 minutes) or yellow light (593.5 nm, 20 Hz, 25% duty cycle, 8-12 mW, 5 minutes) stimulation induces a significant decrease in serum (C) CXCL-1 but not in (A) IL-1β and (B) IL-6. Data are represented as individual mouse data points with mean ± SEM. One-way ANOVA, (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, n = 9-12). ns: not significant.



References

1. Yadav, D, and Lowenfels, AB. The epidemiology of pancreatitis and pancreatic cancer. Gastroenterology (2013) 144:1252–61. doi: 10.1053/j.gastro.2013.01.068

2. Kokosis, G, Perez, A, and Pappas, TN. Surgical management of necrotizing pancreatitis: an overview. World J Gastroenterol (2014) 20:16106–12. doi: 10.3748/wjg.v20.i43.16106

3. Jakkampudi, A, Jangala, R, Reddy, R, Mitnala, S, Rao, GV, Pradeep, R, et al. Acinar injury and early cytokine response in human acute biliary pancreatitis. Sci Rep (2017) 7:15276. doi: 10.1038/s41598-017-15479-2

4. Li, B, Wu, J, Bao, J, Han, X, Shen, S, Ye, X, et al. Activation of alpha7nACh receptor protects against acute pancreatitis through enhancing TFEB-regulated autophagy. Biochim Biophys Acta Mol Basis Dis (2020) 1866:165971. doi: 10.1016/j.bbadis.2020.165971

5. Sendler, M, van den Brandt, C, Glaubitz, J, Wilden, A, Golchert, J, Weiss, FU, et al. NLRP3 inflammasome regulates development of systemic inflammatory response and compensatory anti-inflammatory response syndromes in mice with acute pancreatitis. Gastroenterology (2020) 158:253–269.e14. doi: 10.1053/j.gastro.2019.09.040

6. Gukovskaya, AS, Gukovsky, I, Zaninovic, V, Song, M, Sandoval, D, Gukovsky, S, et al. Pancreatic acinar cells produce, release, and respond to tumor necrosis factor-alpha. role in regulating cell death and pancreatitis. J Clin Invest (1997) 100:1853–62. doi: 10.1172/JCI119714

7. Chen, S, Zhu, J, Sun, LQ, Liu, S, Zhang, T, Jin, Y, et al. LincRNA-EPS alleviates severe acute pancreatitis by suppressing HMGB1-triggered inflammation in pancreatic macrophages. Immunology (2021) 163:201–19. doi: 10.1111/imm.13313

8. Hu, F, Lou, N, Jiao, J, Guo, F, Xiang, H, and Shang, D. Macrophages in pancreatitis: Mechanisms and therapeutic potential. BioMed Pharmacother (2020) 131:110693. doi: 10.1016/j.biopha.2020.110693

9. Gukovskaya, AS, Gukovsky, I, Algul, H, and Habtezion, A. Autophagy, inflammation, and immune dysfunction in the pathogenesis of pancreatitis. Gastroenterology (2017) 153:1212–26. doi: 10.1053/j.gastro.2017.08.071

10. Habtezion, A, Gukovskaya, AS, and Pandol, SJ. Acute pancreatitis: A multifaceted set of organelle and cellular interactions. Gastroenterology (2019) 156:1941–50. doi: 10.1053/j.gastro.2018.11.082

11. Chavan, SS, Pavlov, VA, and Tracey, KJ. Mechanisms and therapeutic relevance of neuro-immune communication. Immunity (2017) 46:927–42. doi: 10.1016/j.immuni.2017.06.008

12. Chavan, SS, and Tracey, KJ. Essential neuroscience in immunology. J Immunol (2017) 198:3389–97. doi: 10.4049/jimmunol.1601613

13. Tracey, KJ. Physiology and immunology of the cholinergic antiinflammatory pathway. J Clin Invest (2007) 117:289–96. doi: 10.1172/JCI30555

14. Rosas-Ballina, M, Ochani, M, Parrish, WR, Ochani, K, Harris, YT, Huston, JM, et al. Splenic nerve is required for cholinergic antiinflammatory pathway control of TNF in endotoxemia. Proc Natl Acad Sci USA (2008) 105:11008–13. doi: 10.1073/pnas.0803237105

15. Rosas-Ballina, M, Olofsson, PS, Ochani, M, Valdes-Ferrer, SI, Levine, YA, Reardon, C, et al. Acetylcholine-synthesizing T cells relay neural signals in a vagus nerve circuit. Science (2011) 334:98–101. doi: 10.1126/science.1209985

16. de Jonge, WJ, and Ulloa, L. The alpha7 nicotinic acetylcholine receptor as a pharmacological target for inflammation. Br J Pharmacol (2007) 151:915–29. doi: 10.1038/sj.bjp.0707264

17. Guarini, S, Altavilla, D, Cainazzo, MM, Giuliani, D, Bigiani, A, Marini, H, et al. Efferent vagal fibre stimulation blunts nuclear factor-kappaB activation and protects against hypovolemic hemorrhagic shock. Circulation (2003) 107:1189–94. doi: 10.1161/01.CIR.0000050627.90734.ED

18. Wang, H, Yu, M, Ochani, M, Amella, CA, Tanovic, M, Susarla, S, et al. Nicotinic acetylcholine receptor alpha7 subunit is an essential regulator of inflammation. Nature (2003) 421:384–8. doi: 10.1038/nature01339

19. Tracey, KJ. The inflammatory reflex. Nature (2002) 420:853–9. doi: 10.1038/nature01321

20. Murray, K, Rude, KM, Sladek, J, and Reardon, C. Divergence of neuroimmune circuits activated by afferent and efferent vagal nerve stimulation in the regulation of inflammation. J Physiol (2021) 599:2075–84. doi: 10.1113/JP281189

21. Martelli, D, Yao, ST, McKinley, MJ, and McAllen, RM. Reflex control of inflammation by sympathetic nerves, not the vagus. J Physiol (2014) 592:1677–86. doi: 10.1113/jphysiol.2013.268573

22. Love, JA, Yi, E, and Smith, TG. Autonomic pathways regulating pancreatic exocrine secretion. Auton Neurosci (2007) 133:19–34. doi: 10.1016/j.autneu.2006.10.001

23. Becker, HD, Borger, HW, and Schafmayer, A. Effect of vagotomy on gastrointestinal hormones. World J Surg (1979) 3:615–22. doi: 10.1007/BF01654771

24. Back, N, Ahonen, M, Happola, O, Kivilaakso, E, and Kiviluoto, T. Effect of vagotomy on expression of neuropeptides and histamine in rat oxyntic mucosa. Dig Dis Sci (1994) 39:353–61. doi: 10.1007/BF02090208

25. Browning, KN, and Travagli, RA. Plasticity of vagal brainstem circuits in the control of gastrointestinal function. Auton Neurosci (2011) 161:6–13. doi: 10.1016/j.autneu.2010.11.001

26. van Westerloo, DJ, Giebelen, IA, Florquin, S, Bruno, MJ, Larosa, GJ, Ulloa, L, et al. The vagus nerve and nicotinic receptors modulate experimental pancreatitis severity in mice. Gastroenterology (2006) 130:1822–30. doi: 10.1053/j.gastro.2006.02.022

27. Zhang, L, Wu, Z, Tong, Z, Yao, Q, Wang, Z, and Li, W. Vagus nerve stimulation decreases pancreatitis severity in mice. Front Immunol (2020) 11:595957. doi: 10.3389/fimmu.2020.595957

28. Kressel, AM, Tsaava, T, Levine, YA, Chang, EH, Addorisio, ME, Chang, Q, et al. Identification of a brainstem locus that inhibits tumor necrosis factor. Proc Natl Acad Sci USA (2020) 117:29803–10. doi: 10.1073/pnas.2008213117

29. Madisen, L, Mao, T, Koch, H, Zhuo, JM, Berenyi, A, Fujisawa, S, et al. A toolbox of cre-dependent optogenetic transgenic mice for light-induced activation and silencing. Nat Neurosci (2012) 15:793–802. doi: 10.1038/nn.3078

30. Fontaine, AK, Ramirez, DG, Littich, SF, Piscopio, RA, Kravets, V, Schleicher, WE, et al. Optogenetic stimulation of cholinergic fibers for the modulation of insulin and glycemia. Sci Rep (2021) 11:3670. doi: 10.1038/s41598-021-83361-3

31. Ahmed, U, Chang, YC, Cracchiolo, M, Lopez, MF, Tomaio, JN, Datta-Chaudhuri, T, et al. Anodal block permits directional vagus nerve stimulation. Sci Rep (2020) 10:9221. doi: 10.1038/s41598-020-66332-y

32. Yoo, PB, Liu, H, Hincapie, JG, Ruble, SB, Hamann, JJ, and Grill, WM. Modulation of heart rate by temporally patterned vagus nerve stimulation in the anesthetized dog. Physiol Rep (2016) 4:e12689. doi: 10.14814/phy2.12689

33. Makhija, R, and Kingsnorth, AN. Cytokine storm in acute pancreatitis. J Hepatobiliary Pancreat Surg (2002) 9:401–10. doi: 10.1007/s005340200049

34. Schmidt, J, Rattner, DW, Lewandrowski, K, Compton, CC, Mandavilli, U, Knoefel, WT, et al. A better model of acute pancreatitis for evaluating therapy. Ann Surg (1992) 215:44–56. doi: 10.1097/00000658-199201000-00007

35. Berthoud, H-R, Carlson, NR, and Powley, TL. Topography of efferent vagal innervation of the rat gastrointestinal tract. Am J Physiol (1991) 260:R200–7. doi: 10.1152/ajpregu.1991.260.1.R200

36. Buijs, RM, Chun, SJ, Niijima, A, Romijn, HJ, and Nagai, K. Parasympathetic and sympathetic control of the pancreas: a role for the suprachiasmatic nucleus and other hypothalamic centers that are involved in the regulation of food intake. J Comp Neurol (2001) 431:405–23. doi: 10.1002/1096-9861(20010319)431:4<405::AID-CNE1079>3.0.CO;2-D

37. Quinson, N, Robbins, H, Clark, M, and Furness, J. Locations and innervation of cell bodies of sympathetic neurons projecting to the gastrointestinal tract in the rat. Arch Histol Cytol (2001) 64:281–94. doi: 10.1679/aohc.64.281

38. Bacher, I, Wu, B, Shytle, DR, and George, TP. Mecamylamine–a nicotinic acetylcholine receptor antagonist with potential for the treatment of neuropsychiatric disorders. Expert Opin Pharmacother (2009) 10:2709–21. doi: 10.1517/14656560903329102

39. Newhouse, PA, Potter, A, Corwin, J, and Lenox, R. Age-related effects of the nicotinic antagonist mecamylamine on cognition and behavior. Neuropsychopharmacology (1994) 10:93–107. doi: 10.1038/npp.1994.11

40. Martin, TJ, Suchocki, J, May, EL, and Martin, BR. Pharmacological evaluation of the antagonism of nicotine's central effects by mecamylamine and pempidine. J Pharmacol Exp Ther (1990) 254:45–51.

41. Zaninovic, V, Gukovskaya, AS, Gukovsky, I, Mouria, M, and Pandol, SJ. Cerulein upregulates ICAM-1 in pancreatic acinar cells, which mediates neutrophil adhesion to these cells. Am J Physiol Gastrointest Liver Physiol (2000) 279:G666–76. doi: 10.1152/ajpgi.2000.279.4.G666

42. Montecucco, F, Mach, F, Lenglet, S, Vonlaufen, A, Gomes Quindere, AL, Pelli, G, et al. Treatment with evasin-3 abrogates neutrophil-mediated inflammation in mouse acute pancreatitis. Eur J Clin Invest (2014) 44:940–50. doi: 10.1111/eci.12327

43. Babic, T, and Travagli, R. Neural control of the pancreas, the pancreapedia: Exocrine pancreas knowledge base. (2016). doi: 10.3998/panc.2016.27

44. Fujii, T, Mashimo, M, Moriwaki, Y, Misawa, H, Ono, S, Horiguchi, K, et al. Expression and function of the cholinergic system in immune cells. Front Immunol (2017) 8:1085. doi: 10.3389/fimmu.2017.01085

45. Schneider, L, Jabrailova, B, Soliman, H, Hofer, S, Strobel, O, Hackert, T, et al. Pharmacological cholinergic stimulation as a therapeutic tool in experimental necrotizing pancreatitis. Pancreas (2014) 43:41–6. doi: 10.1097/MPA.0b013e3182a85c21

46. Hou, Z, Zhou, Y, Yang, H, Liu, Y, Mao, X, Qin, X, et al. Alpha7 nicotinic acetylcholine receptor activation protects against myocardial reperfusion injury through modulation of autophagy. Biochem Biophys Res Commun (2018) 500:357–64. doi: 10.1016/j.bbrc.2018.04.077

47. Intachai, K, Chattipakorn, SC, Chattipakorn, N, and Shinlapawittayatorn, K. Acetylcholine exerts cytoprotection against hypoxia/reoxygenation-induced apoptosis, autophagy and mitochondrial impairment through both muscarinic and nicotinic receptors. Apoptosis (2022) 27:233–45. doi: 10.1007/s10495-022-01715-2

48. Kirchgessner, AL, and Liu, MT. Immunohistochemical localization of nicotinic acetylcholine receptors in the guinea pig bowel and pancreas. J Comp Neurol (1998) 390:497–514. doi: 10.1002/(SICI)1096-9861(19980126)390:4<497::AID-CNE4>3.0.CO;2-W

49. Liu, S, Wang, Z, Su, Y, Qi, L, Yang, W, Fu, M, et al. A neuroanatomical basis for electroacupuncture to drive the vagal-adrenal axis. Nature (2021) 598:641–5. doi: 10.1038/s41586-021-04001-4

50. Zhang, L, Wu, Z, Zhou, J, Lu, S, Wang, C, Xia, Y, et al. Electroacupuncture ameliorates acute pancreatitis: A role for the vagus nerve-mediated cholinergic anti-inflammatory pathway. Front Mol Biosci (2021) 8:647647. doi: 10.3389/fmolb.2021.647647

51. Fitchett, A, Mastitskaya, S, and Aristovich, K. Selective neuromodulation of the vagus nerve. Front Neurosci (2021) 15:685872. doi: 10.3389/fnins.2021.685872

52. Rose-John, S, Winthrop, K, and Calabrese, L. The role of IL-6 in host defence against infections: immunobiology and clinical implications. Nat Rev Rheumatol (2017) 13:399–409. doi: 10.1038/nrrheum.2017.83

53. Sawant, KV, Poluri, KM, Dutta, AK, Sepuru, KM, Troshkina, A, Garofalo, RP, et al. Chemokine CXCL1 mediated neutrophil recruitment: Role of glycosaminoglycan interactions. Sci Rep (2016) 6:33123. doi: 10.1038/srep33123

54. Jacob, TG, Raghav, R, Kumar, A, Garg, PK, and Roy, TS. Duration of injury correlates with necrosis in caerulein-induced experimental acute pancreatitis: implications for pathophysiology. Int J Exp Pathol (2014) 95:199–208. doi: 10.1111/iep.12081



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Thompson, Tsaava, Rishi, Nadella, Mishra, Tuveson, Pavlov, Brines, Tracey and Chavan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Optogenetic stimulation of the brainstem dorsal motor nucleus ameliorates acute pancreatitis

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Results

        

          		

            Selective activation of DMN cholinergic neurons induces bradycardia

          



          		

            Selective activation of DMN cholinergic neurons attenuates disease severity during acute pancreatitis

          



          		

            Selective activation of DMN cholinergic neurons improves pancreatitis via a vagus nerve and nicotinic acetylcholine receptor-dependent mechanism

          



        



        



        		

          Discussion

        



        		

          Methods

        

          		

            Animals

          



          		

            Stimulation of DMN cholinergic neurons

          



          		

            Heart rate monitoring

          



          		

            Subdiaphragmatic vagotomy and pyloric dilation

          



          		

            Tissue processing

          



          		

            Assays

          



          		

            Statistical analysis

          



        



        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-14-1166212-g005.jpg
ns

A B

Caerulein

k¥ *kk

Serum Amylase
(mU/mL)

Mecamylamine - - +
Blue Laser (473 nm) - + +





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1166212-g001.jpg
B6;129S6-Chattm2(cre)Lowl/J B6.Cg-Gt(ROSA)26Sortm32(CAG-COP4*H134R/EYFP)Hze/J

Heart Rate (BPM)

ChAT X Gi(ROSA)26Sor —|—p @ p-c
W cre
» loxP
ChAT-YFP
c D
Cannula Inserted Cannula Inserted Cannula Inserted
500 ——————————— 5000 ———————————————— 50
s : i s : é
400 Blue (4_73 nm_) E R ; = 00] | Yellow (.593 nrp) 5
Laser Stimulation o ; ) . Laser Stimulation
300 8 300 JWWWMWWMNWM 300 NWWMM‘A_V'V’WWWNNAMA_A_ANW/\M
o § : & : :
200 & 200 2001 :
t t
© ©
100 @ 100 @ 100
T T
0 r : .
0 100 200 300 400 100 200 300 400 0 100 200 300 400
Time (sec) Time (sec) Time (sec)
3k 3k K
500
S 400
o
o
o 300
]
©
» 200
t
I
o
I 100

0
Blue Light (473 nm)
Yellow Light (593 nm)






OEBPS/Images/fimmu.2023.1166212_cover.jpg
& frontiers | Frontiers in Immunology

Optogenetic stimulation of the brainstem
dorsal motor nucleus ameliorates acute
pancreatitis





OEBPS/Images/fimmu-14-1166212-g003.jpg
-

kkkk

(a109s)
SISOID9N Jeuldy

(a109s) uonen|yu|
Je|noseALad
pue
uonewweyu|

(a109s)
SIS0JO9N e
pue
abeyriowaH

Caerulein

Yellow Laser (593 nm)

Blue Laser (473 nm)

fkkok

(241098)
z Kjuanag [eo160]0)sIH [ejoL

(a109s) pWIBPT

Caerulein

Yellow Laser (593 nm)

Blue Laser (473 nm)





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1166212-g004.jpg
Serum Amylase
(mU/mL)

Sham Sham  Vgx Vgx
Blue Laser (473 nm) - + - +





OEBPS/Images/fimmu-14-1166212-g002.jpg
Caerulein

Stimul

**

6000-

4000-

2000-

Serum Amylase
(mU/mL)

Caerulein -+
Blue Laser(473nm) - -
Yellow Laser(s93nm) - -

4000

3000 D

Pancreas IL-6
(pgimg)

1000

o
Caerulein -

Blue Laser (473nm) -
Yellow Laser (593nm) -

Pancreas MCP-1
(pgimg)

o
Caerulein

Blue Laser (473 nm)
Yellow Laser (593 nm)

s
Hours
c
sk
300
-
25 20
8E
$s
2
2= 100
&
o
- . -
€
3
£5
33
02
22
g8
g
H
&
-

e w






