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        Abstract


        Parkinson's disease (PD) is the second most common neurodegenerative disease, presenting with the loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc) and motor symptoms. Categorized as a synucleinopathy, the pathological hallmark of PD is intracellular filamentous Lewy bodies (LB), which are formed from protopathic aggregates. The most prevalent of these proteins is the presynaptic protein α-synuclein (α-syn). While commonly attributed to neuronal death in SNpc, postmortem studies have shown α-syn immunoreactivity and LB pathology in the peripheral, central, and enteric nervous system (ENS). While the etiology of misfolded α-syn is unknown, various gut microbiota and substrates are associated with α-syn dysfunction. Gastrointestinal (GI) dysfunction, a common feature in the prodromal phase of PD patients, and histological evidence have led to the Braak hypothesis of misfolded α-syn commencement in the ENS and propagation to brainstem nuclei including the SNpc via the vagus nerve. Altered or stressed gut environment is thought to contribute to the misfolding of α-syn that subsequently initiates or spurs its propagation from the gut myenteric plexus. This review covers clinical and pre-clinical evidence of the involvement of enteric α-syn in PD related to GI dysfunction and brain pathology.
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        Introduction


        In 1817, James Parkinson published "An Essay on the Shaking Palsy" outlining the motor disease given his eponym "Parkinson's disease" (PD) [1,2]. PD is the second most common neurodegenerative disease [3] affecting 1-2% of those over the age of 60 [4]. Characteristic of PD is a marked reduction of dopaminergic neurons in the substantia nigra pars compacta (SNpc) [5] with coincident motor symptoms of bradykinesia, muscle rigidity, and resting tremors [6]. Lewy bodies (LB), the pathological hallmarks of PD first characterized by Fritz Lewy [7], are intracytoplasmic filamentous bodies [8] containing alpha-synuclein (α-syn) [9], neurofilaments [10], and ubiquitin [11]. Although LB are the key pathophysiological markers of PD, it is notable that LB coincide with SNpc neurodegeneration [12] but are generally a poor indicator of PD severity [13].


        α-syn is a 140 amino acid long protein largely, but not exclusively, localized to neuronal cells [14] that modulates synaptic vesicle activity and function [15]. The first report associating α-syn with PD came from the discovery of a α-syn gene (SNCA) missense mutation in Contursi families [16]. Further substantiation came as SNCA triplicate mutations were found to cause a doubling of intracytoplasmic α-syn in PD patients [17], and SNCA polymorphisms were shown to increase the risk of developing PD [18,19]. Following these genetic studies, the direct link between α-syn and PD pathology was revealed by an in vitro study that found exogenous α-syn pre-formed fibril (α-syn-PFF) induction lead to phosphorylation, ubiquitination, and the recruitment of endogenous α-syn to form LB-like pathology [20]. Thereafter it was shown that α-syn-PFF induction in hippocampal neurons led to LB-like pathology, synaptic dysfunction, and neuronal death [21]. Next, unilateral injection of α-syn-PFF into the dorsal motor nucleus of the vagus (DMV) of mice revealed progressive α-syn immunoreactive and LB-like pathology in the striatum, olfactory bulb (OB), and neocortex [22]. Cerebral inclusions increased as the study extended to 180 days post-injection (DPI) coinciding with marked motor deficits and a loss of tyrosine hydroxylase-positive (TH-positive) neurons [22]. Later studies utilizing cerebral α-syn-PFF injection mirrored these results comprising of α-syn pathology in non-human primates (NHPs) [23] and rats [24,25].


        While the mechanism of α-syn neurodegeneration is unknown, α-syn is shown to harbor cytotoxic potential selective to dopaminergic neurons [26] through the degeneration of dendritic spines [27], reduction of NURR1 expression [28], disruption of cellular pathways [29-32] and/or among other contributing factors [33]. Additionally, it was posited that α-syn overexpression contributes to neurodegeneration and a reduction in neurotransmission [34]. This has led some to conclude that LB do not cause neurodegeneration, and may form solely as a preventative safeguard from misfolded α-syn cytotoxic effects [35].


        In the final chapter of his magnum opus, James Parkinson commented in his inability to connect the frequently observed gastric symptoms of his PD patients with brain pathology [1]. Yet, generalized gastrointestinal (GI) dysfunction, symptoms of constipation [36] and dysphagia [37] have been reported in PD patients prior to motor symptoms in the prodromal stage of the disease. In 2006, Braak and colleagues consolidated this gap by proposing the gut-brain axis [38] as a plausible explanation to link the GI and PD neural pathology based on previous post-autopsy studies [39]. Having found vast α-syn inclusions in the GI myenteric plexus, they proposed that misfolded α-syn seeded in the enteric nervous system (ENS) and propagated via an unknown pathogen through retrograde axonal and trans-neuronal pathways up the vagus nerve (VN) to the DMV [38]. As the disease progressed, these α-syn inclusions ascended further to the SNpc and other midbrain areas [38] with the selectivity of α-syn inclusions in the former due to SNpc neurons possessing thin long axons which are unmyelinated [40]. With that said, this review covers the related clinical evidence of enteric α-syn role in PD and interrogation of the recent preclinical models of VN propagation of α-syn.


        Clinical Evidence for ENS α-Synuclein in PD Manifestation


        Histological evidence of GI α-synuclein


        LB are biochemical pathological hallmarks of PD found in the SNpc [5] and various other brain areas such as the cortex [41], albeit they are also located throughout the body. With regards to the latter, the presence of LB-like pathology was first noted in the myenteric plexus of the lower esophagus in post-mortem examinations of PD patients [42]. Further tissue analyses by Wakabayashi and colleagues [43] supported these findings with a later discovery of LB-like pathology spanning the upper esophagus to the rectum [44]. Subsequent autopsy studies reported α-syn pathology in the esophagus [45-47], gastric wall [38,46], duodenum [46], alimentary tract [48], peripheral nervous system [47], cutaneous nerves [49], submandibular gland [47,50], and the appendix [51,52]. Body wide analyses also located α-syn immunoreactivity in the spinal cord, sympathetic ganglia, sciatic nerve, genitourinary tract, respiratory, and endocrine systems [46,53]. A common highlight of these histopathological findings was the predominant aggregation of α-syn in the myenteric plexus with the notable distinction that this plexus contains more postganglionic vagal fiber than the submucosal plexus [54]. Arguably, the most striking histopathological evidence emerged from human enteroendocrine cells (EECs) in the duodenum and colon which were shown to contain α-syn [55]. From these findings, it was hypothesized that the close contact of EECs to the GI lumen, their neuron-like properties, and ability to propagate viruses to enteric neurons [56] provided a substrate pathway outlined by Braak and colleagues [38] and the cascading effect thereafter [55].


        From findings revealed by the various autopsy studies, it was proposed that tissue biopsies could serve as an in vivo method of early PD diagnosis through positive α-syn staining. This approach showed that phosphorylated α-syn in prodromal PD patients, up to 20 year prior to PD diagnosis, was observed most often in the stomach and esophagus and others areas GI tract location [57]. Specifically, α-syn immunoreactivity in the colon, rectum, appendix, and stomach was found in biopsies collected from PD patients with cancer [58] and their expression levels correlated with the severity of premotor symptoms [59]. With that said, there is considerable heterogeneity in the literature regarding the methodology with histological analyses, tissue collection, and organ choice for best detection, but a meta-analysis of PD biopsies posit that the highest diagnostic accuracy is achieved through the collection of skin biopsies and staining with anti-phosphorylated α-syn antibodies [60]. As promising as biopsy studies may be, some nonetheless note that the usage of biopsies is not innocuous and that more, and long-term, studies are required to assign the full diagnostic utility of this approach [61].


        Appendectomies, vagotomies and α-synuclein propagation


        The appendix is often considered as an organ with suppressed vestigial function. Anatomically, the appendix acts as part of the lymphatic system, assisting in the recognition and elimination of pathogens and the regulation of GI microbiota [62]. Noteworthy, α-syn pathology has been colocalized to the mucosa, submucosal plexuses, myenteric plexuses, and nerve fibers of the appendix [62], suggesting that α-syn in the appendix may propagate in the ENS due to the appendicular mucosa's lack of a blood-gut barrier. Consequently, it was hypothesized that appendectomies may prevent, or delay PD development. Concurring with this premise, a study of the Swedish National Patient Registry found that patients with an appendectomy had a 19.3% reduction of PD [62]. Moreover, appendectomies performed decades before the onset of PD coincided with a 1.6-year delay in PD onset [62] and motor symptom development [52]; underscoring the appendix's role in PD initiation. In juxtaposition, a study of Canadian individuals found no correlation between appendectomy with PD protection [63] whereas another study of Denmark citizens reported a slightly increased risk of PD development [64]. To this end, the inflammatory response associated with appendicitis was proposed as the mechanism of α-syn misfolding, initiating retrograde VN propagation to the brain and the observed increase in incidence of PD [64].


        Altogether, the aforementioned clinical studies provide indirect and correlative evidence of α-syn seeding from the ENS to the brain via the VN. On the other hand, vagotomy studies may shed more insight on the validity of this proposition. A Danish population study observed that patients with a vagotomy displayed a 15% decreased risk of PD thereby denoting the importance of the VN in PD pathogenesis [65]. Yet, further analysis of the Danish population by others found no correlation between vagotomies and decreased risk of PD [66], and a recent study conducted on Swedish individuals concurred the lack of correlation between vagotomies and decreased PD risk [67]. Conversely, a slight correlation was shown between truncal vagotomy and decreased PD risk [67,68]. Commenting on the different interpretations, Breen and colleagues concluded that the vagotomy studies potentially lacked robust PD subclassifications and oftentimes overlooked the proinflammatory and organ control reorganization effects of vagotomies on PD outcome [69]. Thus, more research may be necessary to conclude the effect of vagotomies on PD development.


        GI Microbiota in PD Pathophysiology


        GI microbiota have been implicated in various neurodegenerative diseases including Alzheimer's disease (AD), Multiple sclerosis, and Amyotrophic lateral sclerosis [70]. Similarly GI microbiota, their dysbiosis and dysfunction, have been implicated in PD as the source of misfolded α-syn [71]. Although the underlying mechanisms have not been completely elucidated, inflammation and increased autoimmune responses arising from this dysfunction may be key contributing factors to dopaminergic neuron degeneration [72]. In general, microbiome dysbiosis (marked by changes in microbiota) has been reported in PD patients [73]. Colonic microbiomes of PD patients have shown a decrease in the butyrate producing bacteria of the genra Blautia, Coprococcus, and Roseburia, and increases in the genus Ralstonia [74]. PD fecal biome studies have similarly found increases in Clostridiales family XI, Lactobacillus, and the genus Peptoniphilus with a decrease in the genra Bacteroides, Faecalibacterium, and Fusicatenibacter [75,76]. A more recent study of PD patient GI biomes revealed that different abundance of some bacteria, specifically Prevotella, are present in fast-progressing PD patients [77]. However, it is important to note that significance between control and PD bacteria levels in the study varied depending on the statistical tool used [77]. Interestingly, small intestinal bacterial overgrowth was associated with worsening PD motor function, although not with symptoms of GI dysfunction [68]. Given that various bacteria are implicated in this dysfunction, the role of microbiota is likely mediated by differing mechanisms. However, the role of microbiota in PD, either in the form of dysbiosis of infections, is likely due to their ability to cause inflammation and/or GI tract damage.


        The noted bacterial heterogeneity found in PD has been linked to various mechanisms of pro- and anti-inflammation. The loss of butyrate-producing bacteria [74] could lead to a loss of anti-inflammatory protection since butyrate stimulates the generation and functionality of CD8+ T cells [78]. Fecal bacteria in PD also showed decreased metabolic genes and an increase in lipopolysaccharide (LPS) secretion genes [74]. The altered bacteria abundances in PD also correlated with lower levels of LPS binding protein (LBP) [76,79], which could indicate immune system dysfunction and/or lowered secretion of cytokines. Yet, a fecal biome study found that cytokines IL-6, TNF-α, hs-CRP, and DAO levels were no different between PD patients and controls [76]. With that in mind, there are other data to support an increased inflammatory response in PD given that concentration of the interleukins (IL)-1β, IL-2, IL-4, IL-6, TNF-alpha and IFN-gamma have been found to be increased [80-83]. Notwithstanding, some find that proinflammatory cytokines and glial makers do not increase PD severity of related GI symptoms [83]. Nevertheless, the inflammatory potential of microbiota fills an important piece in the Braak hypothesis. Given that GI inflammation found in inflammatory bowel diseases [84] and irritable bowel syndrome [85] increases the risk of PD, there is credence to the idea that both inflammation and weakened GI tract integrity can play a large role in PD pathogenesis. Mechanistically, the increase in GI tract permeability and susceptibility to GI environmental influences and oxidative stress on α-syn seem to be underlying factors. Specifically, increased abundance of proinflammatory Escherichia coli, found in the sigmoid mucosa biopsies of PD patients, have correlated with increases in urinary sucralose (a marker for GI permeability) and LBP [79]. Furthermore, the increase in inflammation and GI permeability was associated with higher levels of α-syn deposits and nitrotyrosine (a marker of oxidative stress) [79]. Noteworthy, all patients in that study exhibited symptoms of GI dysfunction, but all had normal bowel movements marked by an absence of constipation [79]. Additionally, Helicobacter pylori have the specific ability to cause blood-brain barrier (BBB) malfunctions that cascades into increased microglia immune response and autoimmune neurotoxicity [86]. Such disruptions of the BBB can cause a loss of TH-positive neurons, nigral dopaminergic neurodegeneration, an increase in glial inflammatory response, and astroglia activation [87]. This is important to note as epidemiological studies associate H. pylori infections with increased risk in PD development [88,89]. While some conclude that the role of H. pylori in PD is unclear given that H. pylori levels in PD patients were found to be similar to those in the general population [86], a Taiwanese population study compared the rates of PD in those with H. pylori infections against those in the general public. The study yielded a significantly higher occurrence of PD in those with a history of H. pylori infections [90]. As a point of interest, the study commented that the increased rate of PD was only displayed in those over 60 years of age [90], suggesting a progressive accumulation of microbiome dysfunction occurring over decades.


        Nascent Therapies for PD Related GI Dysfunction


        Given the high rates of GI symptom occurrence in PD and constipation effecting 60-80% of PD patients [91] up to 10-20 years prior to motor symptoms [91-93], experimental and ameliorative treatments have been proposed. Simplest of all, some propose the detection of GI symptoms as a method of early PD diagnosis [94] since changes in specific bacteria, such as decreased Prevotellaceae levels in PD patient fecal biomes, coincide with increased GI dysfunction [95]. This also supposes that the constipation often present in PD is caused by GI dysbiosis. To compliment this proposition, treatment with probiotics to repopulate the GI flora has successfully been implemented to alleviate PD-associated constipation [96-98]. Fecal microbiota transplantation (FMT) has likewise been used to treat constipation, with the first case report finding increased gastric motility and decreased leg tremors following FMT transplant through transendoscopic enteral tubing [99]. Soon thereafter, others found FMT relieved motor and non-motor symptoms of PD and that FMT transfer via colonoscopy was more efficacious than via a nasal-jejunal tube [100]. The caveat with this up-and-coming treatment is FMT donor-recipient compatibility seems to be the greatest factor in the successful treatment of PD constipation since it affects the acceptors ability to regrow flora [101]. However, the 'ideal' healthy donor for therapeutics is vaguely denoted with sparse literature on the topic; although, those having Lactobacillus and Bifidobacterium appear to provide the most replicable efficacy in treating PD-related constipation [101]. Nonetheless, the therapy is promising given that FMT transfer is relatively simple with few adverse effects.


        Pre-Clinical Models of the Gut and α-Synuclein


        Although clinical studies provided correlative indication for the role of the gut biome in PD manifestation, a causational link to enteric α-syn was lacking. Recent preclinical studies using animal models brought to light how GI dysbiosis and microbiota substrates may be directly involved in α-syn misfolding. Specifically, LPS found on the outer membrane of gram-negative bacteria can cause neuroinflammation and a loss in TH-positive neurons in the SNpc [102]. In addition, LPS can also mutate α-syn into fibril forms in mice [103]. Enterobacterial Curli protein amyloid fibers produced by E. coli have likewise been shown to produce brain and GI α-syn inclusions which coincided with neuroinflammation and an increase in microglia and cytokines [104]. The study also noted that the production of α-syn-misfolding amyloids is not limited to E. coli given that other prevalent human GI microbiota produced similar amyloids [104].


        While the general focus of GI microbiota is on their pro-inflammatory and synucleinopathic characteristics, it should also be mentioned that Bacteroides ovatus, Eggerthella lenta, and E. coli possess the ability to synthesize bioactive, and α-syn protective, phenolic acids. In mice and transgenic (Tg) Drosophila with an alanine 53 to threonine (A53T) mutation, bioactive phenolic acids can prevent α-syn protofilaments and fibril formation and improve motor function [105]. This implies that declined microbiota function could lead to a loss of protective factors and subsequent α-syn malformation. Moreover, microbiota function appears to play a pivotal role in motor dysfunction by regulating microglia function [106]. Microglia have been shown to activate in the presence of α-syn [26] and to phagocytize α-syn affected neurons [23,107]. On the other hand, α-syn overexpression can elicit microglia and motor dysfunction [108], although this dysfunction was found to be reversible through treatment with short-chain fatty acids and antibiotics that modulate microbiota function [106,108]. This implies that microbiota serve a pro-microglia role that may help prevent neuron-neuron spread of α-syn. Conversely, other preclinical studies illustrated that α-syn may be the cause of GI dysfunctions. Specifically, studies in Tg A53T mice reported that misfolded α-syn expression caused constipation, decreased colon contractions [109], and decreased gastric motility pre-symptomatic to motor deficits [110]. Notably, vagotomies performed on these animals resulted in the complete loss of GI α-syn pathology and dysfunction [110]. There was also a gradual decrease in α-syn immunoreactivity in the myenteric plexus in aged A53T mice, but no change in DMV α-syn immunoreactivity [110]. While a mechanism was not provided in these studies, it was apparent that α-syn played a role in GI dysfunction.


        α-Synuclein Vagus Nerve Propagation Models


        The first model of vagus nerve propagation


        The original hypothesis of enteric sourced α-syn as outlined by Braak, et al. [38] was derived from histology data, but with little delineated details about the explicit role of α-syn in LB formation and propagation. Even as the evidence for α-syn in LB formation continued to increase [20-25], the phenomenon to propagate via the VN had not yet been explicitly supported by data. Now, subsequent studies investigated this gap in knowledge with the first involving 3 μl injections of α-syn at five locations of the intestinal wall in the stomach and duodenum of wild type (WT) Sprague-Dawley rats. Sacrificed at 12 hours post-injection (HPI), histological assessment revealed α-syn pathology in the intestines, progressing at 48 and 72 HPI with α-syn pathology emerging in VN fibers and the DMV. Notably, there was no α-syn immunoreactivity at 24 HPI in choline acetyltransferase-positive (ChAT-positive) DMV neurons [111] underscoring a time-dependent mechanism for α-syn propagation. Yet, ChAT-positive neurons of the DMV ultimately exhibited α-syn pathology, but at 6 DPI. The study tested the various α-syn forms (monomeric, oligomeric, and α-syn-PFF at 1 μg/μl, and lysate at 2 μg/μl) and found that all were able to propagate to the DMV, but the monomeric and oligomeric forms coincided with the strongest immunostaining [111]. To explain the mechanism of spread, it was proposed that α-syn propagation was mediated via microtubules with a rate of 20-30 mm/day of translocation [111]. While previous studies aligned α-syn induction with cell death [21,22], the study emphasized that the lack of cell death in the DMV and α-syn pathology in the SNpc and locus coeruleus (LC) was the result of dose and time required for α-syn incubation and cytotoxicity [111].


        Conflicted evidence of vagus nerve propagation


        Building upon this model [111], a subsequent group injected α-syn into the GI tract of Sprague-Dawley rats and NHPs. For the former, α-syn-PFF and monomers were administered at 2 μg/μl at a volume of 5 μl in six locations into the descending colon. In the latter, NHPs received the same α-syn injection paradigm except a larger volume of 10 μl was used and repeated nine times into the colon and once in the stomach. Tissue analysis post-α-syn-PFF injection showed ubiquitous α-syn immunoreactivity in the myenteric plexus of the colon at 1, 6, and 12 months post-injection (MPI). Interestingly, at 6 MPI of monomeric α-syn, immunoreactivity decreased in comparison to 1 MPI. Notwithstanding this finding, α-syn expression at 12 MPI returned to the levels found at 1 MPI. Collection of fecal material and endpoint metrics of colonic motility revealed that both α-syn-PFF and monomers correlated with decreased fecal output and water content. Brain stem assays 1 MPI revealed that there was minor α-syn immunoreactivity in rats injected with α-syn-PFF, but none in monomeric-injected rats. When the VN was extracted and dissected to assess propagation, α-syn immunoreactivity was present in the VN but none in the spinal cord. Similarly, while NHPs at 12 MPI exhibited gut pathology as noted in rats, there was no α-syn immunoreactivity in the central nervous system (CNS) including the DMV [112]. This discrepancy in VN propagation may be due, in part, to the translocation rate outlined by Holmqvist, et al. [111] given that the length of the VN in NHPs is longer than in rats. Presumably, more time may be required for α-syn to reach the DMV and further location in the larger animal model. Still, the absence and variability of α-syn immunoreactivity led Manfredsson and colleagues to raise questions regarding the gut-brain axis model [112].


        In the same year, Uemura and colleagues [113] used a similar animal model but injected 8 μl of mouse α-syn-PFF (2 μg/μl) into eight locations in the gastric wall of male C57BL/6J mice. Cervical hemi-vagotomies were performed on a subset of mice to prevent VN propagation. At 45 DPI, α-syn immunoreactivity was observed in the muscular and submucosal layers of the gastric wall and ChAT-positive neurons of the DMV. Importantly, α-syn immunoreactivity was absent in the spinal cords of all cohorts at 23 and 45 DPI and in DMV in the subset of mice which received hemi-vagotomy surgery. Curiously, sparse expression of α-syn was visible at 12 MPI. The authors postulated that this was either due to DMV neurodegeneration or weak α-syn inability for neuron-to-neuron propagation [113]. While α-syn levels have been shown to cause DMV neurodegeneration [41], the lack of further brain inclusions suggests the latter as the plausible explanation.


        Vagus nerve propagations producing extensive cerebral inclusions


        Until now, studies investigating VN α-syn immunoreactivity and α-syn propagation into the brain provided an unclear consensus about its validity in PD. More recently, studies reported that enteric α-syn caused progressive LB-like pathology in the brains of rats [114] and mice [115]. In the former study, rats were injected with 3 μl of α-syn-PFF (1 μg/μl) at six sites in the pylorus and duodenum. Neuropathological analysis conducted at 4 MPI found α-syn immunoreactivity in the striatum, hippocampus, thalamus, hypothalamus, substantia nigra (SN) and various cortices [114]. Interestingly, α-syn immunoreactivity was also discovered in the celiac ganglion and the heart [114]. Similarly, Kim and colleagues injected mice with 2.5 μl of α-syn-PFF in 2 sites in the pylorus and upper duodenum and found expressed α-syn immunoreactivity in the myenteric plexus, DMV, medulla oblongata (MO), and LC at 1 MPI [115]. Greater α-syn immunoreactivity was found at 3 MPI in previously observed sites in addition to new inclusions that seeded in the SN, amygdala, hypothalamus, and prefrontal cortex [115]. As the monitored period lengthened, further increased density in these sites were observed at 7 MPI along with new inclusions in the OB with behavior tests revealing cognitive impairment [115]. Interestingly, there was a decrease in α-syn immunoreactivity in the SN and MO at 10 MPI, while other areas exhibited increased α-syn density and expression. The experimental design also included a comparison of the propagational ability between α-syn-PFF and monomers of mouse origin and human α-syn-PFF. Neither mouse monomer or human α-syn-PFF elicited α-syn immunoreactivity in the SN, while mouse α-syn-PFF produced extensive pathology [115]. Importantly, a truncal vagotomy coincided with a lack of α-syn immunoreactivity in the brain and SNCA null mice injected with α-syn-PFF did not exhibit α-syn immunoreactivity in the CNS or gut [115]. Remarking on past studies and findings [111-113], Kim and colleagues surmised that the previous lack of CNS α-syn inclusions were likely due to decreased ratios of α-syn-PFF injected relative to animal body weight, the use of large α-syn-PFF (> 100 nm) and selecting injection sites that were poorly innervated by the VN [115].


        Exogeneous α-synuclein and GI dysfunction


        While previous studies investigated enteric α-syn propagational efficacy, they did not focus per se on connecting propagation with GI dysfunction and physiological changes. Filling this gap, a more recent study has since provided data to substantiate a tight coupling between α-syn and GI distress. Specifically, 7 DPI of 3 μl of α-syn-PFF and monomers (1 μg/μl) into the duodenum in mice increased production of inflammatory cytokines such as IL-6 and cellular proliferation of myenteric cells [116]. The findings posited that α-syn can recruit immune responses in the GI tract. Subsequently, the duodenum at 21 DPI expressed a decrease in myenteric ganglia and an increase in enteric glial cells which increased over time [116]. There was also a decrease in GBA1 transcription and lysosomal enzyme Glucocerebrosidase production at 7 DPI, although production returned to pre-injection amounts at 120 DPI [116]. Concurring with previous studies [111-115], α-syn immunoreactivity were seen in the duodenum at 60 DPI, which subsequently reduced at 120 DPI. Decreased striatal dopamine and increased α-syn immunoreactivity brainstem were also seen [116], although the inclusions were less extensive than preceding studies [114,115]. Behaviorally, mice exhibited declining cognitive and motor function at 60 and 90 DPI, but these symptoms improved at 120 DPI [116]. Notwithstanding the variability, α-syn was concluded to have a pro-inflammatory effect and to disrupt ENS activity and glucocerebrosidase production [116] (Table 1 and Table 2).


        
          Table1: Review of the various methods used to create enteric α-syn PD models. α-syn in wild type (WT), oligomer, monomer, or pre-formed fibril (PFF) forms were injected, at various volumes, concentrations, and amounts into the gastrointestinal tracts of Sprague-Daley (SD) rats, mice, or non-human primates (NHPs). Citation denoted in parenthesis. View Table 1

        

        

        
          Table 2: Locations and times where α-syn was located following gastrointestinal (GI) injections. Following the injection of α-syn into the GI tracts in various paradigms animals were sacked at period of hours postinjection (HPI), days postinjection (DPI) and months postinjection (MPI). Thereafter, the various studies located α-syn in the GI, vagus nerve (VN), dorsal motor nucleus of the vagus (DMV), locus coeruleus (LC), substantia nigra pars compacts (SNpc), amygdale (AM), olfactory bulbs (OB), hippocampus (HC), striatum (ST), hypothalamus (HT), entorhinal cortex (EC), motor cortex (MC), and prefrontal cortex (PFC). In some instances, α-syn pathology was not observed (NO) as in non-human primates (NHPs). Citation number denoted in parenthesis. View Table 2

        


        Discussion


        Despite increasing evidence supporting enteric α-syn in the pathophysiology of PD, the question of pathological specificity remains. Although α-syn and LB-like pathology seen in autopsies and biopsies in GI and brain tissue support the involvement and detection of PD, there is an important caveat that α-syn immunoreactivity does not necessitate PD. Healthy individuals can display esophageal and spinal cord α-syn immunoreactivity [45,117,118]. Furthermore, spinal cord α-syn immunoreactivity was found alongside DMV and SN expression [118]. The DMV, which is the nexus of the gut-brain hypothesis, is also subject to pathological ambiguity with post-mortem brains exhibiting DMV α-syn pathology, but only 30% of subjects having a history of neurodegenerative disease [119]. Furthermore, a United Kingdom study of PD brains found that all samples lacked DMV α-syn immunoreactivity despite being present in the SN and Nucleus Basalis of Meynert [120]. Braak and colleagues also found in a study of 301 individuals with PD-related pathology, that 19 in the cohort did not have brainstem pathology [121] although this was attributed to the vast majority having AD. Additionally, myenteric neurons, which often are the cells that exhibit GI α-syn immunoreactivity, have been reported to be unaffected by α-syn with unchanged neuronal abundance and a lack of neurodegeneration [122]. Moreover, the pragmatism of GI biopsies has been questioned given their superficial nature which often lacks the myenteric and submucosal plexuses [60]. In fact, colonic biopsies have been reported as poor indicators of PD since the exhibited immunoreactivity is not exclusive to PD [123] with biopsies concur reporting cases where α-syn was expressed in GI tract of non-PD individuals [58]. As such, the clinical application or utility is uncertain, but methods are thought to evolve to be a pragmatic method of early PD detection [61].


        Even as peripheral LBs in incidental LB disease are a noted marker of pre- symptomatic PD [124], the lack of specificity of LB and α-syn pathology raises questions about its clinical diagnostic utility. The general lack of correlation between LB pathology and decreased neuronal abundance may be explained by the proposition that LB are neuroprotective [35]. For instance, some propose that a threshold of LB/α-syn must be reached before neurodegeneration occurs [124]. This notion is indirectly surmised by evidence that α-syn immunoreactivity can be present in asymptomatic PD patients [47]. However, it still remains an open question regarding the heterogeneity in brain pathology although some posit that the Braak hypothesis pertains to only a subset of PD patients [125]. Others hypothesize that the heterogeneity in DMV α-syn pathology arises from two subsets they refer to as "CNS-first" and "PNS-first" mechanisms of PD initiation [126]. Likewise a "dual-hit hypothesis" comprising of an anterograde OB pathway and retrograde VN pathways via a neurotropic pathogen has been proposed [127]. This theorem agrees with previous findings by Braak and colleagues of concurrent DMV and OB inclusions [128]. Interestingly, the group later minimized the role of OB in α-syn brain inclusions [39]. As for pre-clinical studies, a review discussing the relevance of animal α-syn overexpression models concluded that singular models bore a poor resemblance to both genetic and idiopathic PD [129]. Many of these animal models employed C57Bl6 mice for their pragmatic genetic and research utility and have offered invaluable insights into α-syn and its role in PD. Still, they can also create a bottleneck in the richness in speciation. That aside, the presentations from Tg and α-syn overexpression models can diverge from the classical patterns of PD [129]. Moreover, the high volume and density of injected α-syn may elicit cellular and molecular responses that differ from processes over time in PD. Another consideration about the typical models used, e.g., rats and mice, is the shorter VN relative to humans, which could result in faster and more extensive pathology in line with previous findings on translocation rates discussed by Holmqvist and colleagues [111]. This may underlie the lack of brain pathology in NHPs [112] with an assumption that it could requires years rather than months for α-syn to reach the brain in larger mammals. Nonetheless, the diversity of models in recent studies including Tg and WT species of mice [113-116], rats [111,114], and NHPs [112] have all underscored the ability of α-syn to propagate up the VN to the brain. With that in mind, it is plausible that α-syn propagation is not isolated merely to the VN. A study involving intramuscular injections of α-syn-PFF and adeno-associated virus vectors (AAV) coincided with motor dysfunction and α-syn expression in the sciatic nerve [130]. Other studies injecting AAV into the VN and midbrain observed retrograde spreading to the pons, midbrain, and forebrain [131] and anterograde spreading into the gastric wall [132]. These intriguing findings would imply that a whole-body mechanism may be involved in α-syn propagation.


        In conclusion, preclinical evidence supports vagus nerve propagation, but whether the GI and ENS are the sole source of α-syn in PD remains to be delineated. Nevertheless, these studies have provided greater understanding of the pathophysiology underlying PD. At the same time, they also raise key questions about the validity underlying the hypothesis of enteric α-syn progression to the brain and PD manifestation. At the very least, it will continue to spur further effort and research in substantiating or revising this provocative notion in the pathophysiology underlying the emergence of Parkinson's Disease.
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