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Abstract

:

Dysbiosis secondary to environmental factors, including dietary patterns, antibiotics use, pollution exposure, and other lifestyle factors, has been associated to many non-infective chronic inflammatory diseases. Autism spectrum disorder (ASD) is related to maternal inflammation, although there is no conclusive evidence that affected individuals suffer from systemic low-grade inflammation as in many psychological and psychiatric diseases. However, neuro-inflammation and neuro–immune abnormalities are observed within ASD-affected individuals. Rebalancing human gut microbiota to treat disease has been widely investigated with inconclusive and contradictory findings. These observations strongly suggest that the forms of dysbiosis encountered in ASD-affected individuals could also originate from autonomic nervous system (ANS) functioning abnormalities, a common neuro–anatomical alteration underlying ASD. According to this hypothesis, overactivation of the sympathetic branch of the ANS, due to the fact of an ASD-specific parasympathetic activity deficit, induces deregulation of the gut–brain axis, attenuating intestinal immune and osmotic homeostasis. This sets-up a dysbiotic state, that gives rise to immune and osmotic dysregulation, maintaining dysbiosis in a vicious cycle. Here, we explore the mechanisms whereby ANS imbalances could lead to alterations in intestinal microbiome–host interactions that may contribute to the severity of ASD by maintaining the brain–gut axis pathways in a dysregulated state.
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1. Introduction


The clinical manifestation of autism spectrum disorder (ASD) is frequently associated with gastrointestinal (GI) dysbiosis that is unrelated to dietary habits and is often manifested by altered bowel habits and chronic abdominal pain [1,2]. GI-related symptoms appear to strongly correlate with ASD severity [3]. Most of the reported dysbiosis observed in the feces and/or oral cavity/saliva of ASD children present an enormous heterogeneity in terms of microbial populations affected as well as in terms of types of alterations [4]. The only consistent observations appear to be a significant decrease in overall bacterial diversity together with an increased presence of the Bacteroidetes phylum (Gram-negative, non-spore-forming, and anaerobic), leading to the imbalance of the Bacteroidetes/Firmicutes (Gram-positive, spore-forming, and obligate or facultative aerobes bacilli) ratio (B/F ratio).



Interestingly, this very same observation (increased B/F ratio) has been reported in studies addressing depressive patients [5,6] as well as in depressive-like rat models [7,8]. While an increased B/F ratio is commonly associated with inflammatory bowel disease, reduced bacterial diversity and decreased B/F ratio (the opposite of ASD) appears common to many conditions such as obesity, diabetes T2, aging, etc. In association with autism, the genera most frequently reported as overrepresented include the Clostridium genus [9,10,11,12,13,14,15,16]. The Clostridium genus is also overrepresented in mice under chronic stress as well as in rodents separated from their mothers [17,18]. ASD-associated changes in microbiota diversity and genus abundance are directly related to autistic symptoms while being largely independent of dietary habits [15].



Individuals with ASD show four times more psychiatric and systemic comorbidities than those without ASD. These comorbidities include anxiety, mood disorders, depressive disorders, sleep disorders, and gastrointestinal dysfunctions. The prevalence of gastrointestinal problems in children with ASD is reported to range from 9% to 70%, extending from mild gastroesophageal reflux to more severe symptoms, with chronic constipation being the most frequently occurring complication with an average reported frequency of 22% [19]. Anxiety disorders are common in individuals with ASD with an overall prevalence ranging between 42% and 79%, the most common being specific phobia, obsessive-compulsive disorder, and social anxiety disorder. Their prevalence and nature can differ according to age and ability level with ASD-affected youngsters showing higher anxiety levels compared to clinically referred children [20]. In addition, a person with ASD is four times more likely to experience a depression disorder than a neurotypical individual [21]. Sleep disorders, such as insomnia (56%), bedtime resistance (54%), parasomnia (53%), morning rise problems (45%), daytime sleepiness (31%), and sleep-disordered breathing (25%) are important characteristic of individuals with ASD, impacting their social interactions, daily life activities, and academic performance [22,23].



Although there is considerable research on rebalancing the human gut microbiota to treat disease, the results are largely inconclusive and contradictory. The use of different methodologies, high incidence of antibiotic use, special diets, and/or repetitive feeding behaviors further complicate the issue [24]. For instance, mice treated with broad-spectrum antibiotics that affect anaerobic bacteria in favor of yeast flora [25] showed behavioral abnormalities commonly associated with ASD [26]. In human patients treated accordingly, it was observed that it took at least 40 days from the start of treatment for the microbiota to return to a state close to that before treatment [27,28].



Systematic reviews of a wide range of dietary manipulations, such as nutrient supplementation or gluten and casein-free diets, have found little evidence of attenuating effects on ASD symptoms [29,30]. The same is true for microbiota transfer therapy (MTT) when used to treat gastrointestinal problems commonly associated with ASD. Numerous studies of MTT have shown some improvements, albeit of short duration [31]. However, there is one recent open-label trial where MTT is reported to result in an 80% reduction in gastrointestinal symptoms including significant improvement in constipation and abdominal pain [32,33] with prolonged duration [34]. Hence, while MTT shows promises, in its current form, the results are far from generally maintainable without renewed intervention.



Oxytocin (OT), the neuropeptide of hypothalamic origin involved in the regulation of social behavior, has been suggested as a therapeutic approach for a number of psychiatric disorders characterized by social deficits, such as ASD, and several clinical studies have reported marginal benefits from intranasal oxytocin treatments of patients with ASD [35,36]. However, OT has several disadvantages as a clinical treatment because of its rapid metabolism, poor brain penetration, and activity at vasopressin receptors [37]. Therefore, continuous administration of intranasal OT alone for the treatment of social symptoms of high-functioning ASD in adults at current doses and duration cannot be recommended [38,39].



Nevertheless, although alterations and dysbiosis of the gut microbiota, accompanied by comorbidities, such as gastrointestinal problems and sleep disturbances, are features of the clinical manifestation of ASD, they are not limited to autism. They are also commonly observed in patients with psychiatric disorders, such as schizophrenia, major depressive disorder, and bipolar disorder [40], although frequently in combination with a chronic state of low-grade inflammation [41,42,43]. In contrast, even if neuroinflammation is most likely involved in ASD pathogenesis, the role of the immune system and inflammation in the development and persistence of the neurological and behavioral abnormalities characteristic to ASD remain inconclusive [44]. Indeed, while numerous new lines of evidence suggest that neuroinflammation is a common denominator in ASD, it remains virtually impossible to determine whether or not this could be a cause rather than a consequence of the numerous neurological and hormonal dysregulations resulting from the pathology [45].



Furthermore, there are three questions that remain seldom, if at all, addressed:




	-

	
Why is dysbiosis so prevalent in ASD?




	-

	
How does dysbiosis arise in the first place?




	-

	
How is it maintained?










2. Materials and Methods


The authors conducted an in-depth systematic review using a systems biology approach to integrate the complex mechanisms of the gut–brain axis to decipher the origins of dysbiosis encountered in individuals with ASD. The analytical procedure implemented (CADI™: computer-assisted deductive integration) associates algorithmics and heuristics. The logic behind this model-building approach does not assume functional linearity within biological systems, and the components of a model do not incorporate solely what is known. Indeed, since this approach relies upon strict and systematic implementation of the negative selection of hypotheses, models arising from this procedure contain elements that have never been described but cannot be refuted by current knowledge and/or available biological data, thereby generating novel understanding. This model-building approach has proven its efficacy in a number of biological research domains including the discovery of hitherto unsuspected biological mechanisms, pathways, and interactions directly associated with phenotypic transitions in vivo (be they pathological or developmental) [46,47,48,49,50,51,52,53,54]. CADI™ modeling has led to discoveries and patents in the fields of infectious diseases, oncology, neurology, psychiatry, dermatology, immunology, metabolic disorders, innovative bioprocesses for industrial biotech, and the creation of new companies exploiting these patents. CADI™ models describe the biological phenomena involved in pathological states and provide novel mechanistic integrations to explain the cause of certain diseases, identify and select predictive biomarkers, and offer new combinations of molecules and new therapeutic strategies. Further information on the CADI™ method can be found in [55].




3. Results and Discussion


3.1. A Novel “Intestinal Microbiome–Host Interaction” Hypothesis


Taken together, the above observations strongly suggest that the forms of dysbioses encountered in the context of ASD are much more complex than initially assumed and may be multifactorial involving mechanisms that are not mutually exclusive. Here, we present that beside the common causes of dysbiosis described for other chronic conditions, an attenuation of autonomically mediated stimulation [56] of exosomal secretion [57] by the colonic mucosa [58,59], probably together with decreased lectins secretion [60], may be at play in ASD. The consequence would be a decrease in the secretion of bactericidal peptides and metabolites from Paneth cells, goblet cells, and intestinal mucosal surface phagocytes, such as macrophages, which coexist with microbial communities [61]. This would lead to the loss of commensal microbial populations and the simultaneous deregulation of luminal ionic and water homeostasis, resulting in the highly heterogeneous and polymorphic dysbioses with unusually high incidences observed in ASD [26]. If not attenuated, these mechanisms would also prevent the establishment of commensal bacteria introduced by MTT, which would explain the generally transient nature of the improvements achieved by this approach.



However, for such events to become plausible, autonomic dysfunction in ASD-affected individuals would appear to be a prerequisite.




3.2. Autonomic Nervous System Dysfunction in Association with ASD


A common symptom in patients with ASD is the abnormal functioning of the autonomic nervous system (ANS) and specifically of the sympathetic branch of the ANS, which appears to be overactivated, primarily due to the fact of a deficit in parasympathetic activity [62,63,64,65]. This results in an autonomic imbalance, evidenced by a faster and less variable heart rate, respiratory dysrhythmia, a state of chronic sensory hyperexcitation, and increased tonic electrodermal activity. Indeed, heart rate variability in neurotypical and ASD individuals before, during, and after sleep provides characteristic autonomic distinctions in ASD adults. Specifically, during wakefulness, ASD adults had a lower high-frequency normalized spectral heart rate (HFnu), whereas during REM sleep, they had a higher low frequency/high frequency (LF/HF) ratio than children, regardless of clinical status [66,67].




3.3. The Autonomic Nervous System and Intestinal Immune Homeostasis


The ANS not only directly influences intestinal epithelial stem cell proliferation [68] but also governs intestinal peptides production which, in return, affects microbiota diversity (passive selective effects). The main effectors of intestinal innate immunity are Paneth and Goblet cells, located in the Lieberkühn crypts of the small intestine and scattered in the intestinal villi, respectively. Paneth cells are responsible for the production, storage, and secretion of several antimicrobial peptides (AMPs) such as secretory phospholipase A2 [69], lysozymes, regenerating islet-derived protein 3γ (RegIII-γ), and α-defensins [69,70,71].



Following parasympathetic cholinergic stimulation [70], Paneth cell degranulation is mediated either through KCa3.1 calcium-activated potassium channels [72] or through muscarinic receptors [73]. Activation of the latter results in calcium-dependent intracellular signal transduction through G-protein-coupled receptors [74] with both mechanisms dynamically increasing cytosolic calcium and subsequent granule secretion [75]. The antimicrobial-rich granules discharged are accumulated in the goblet cell mucus layer of the gastrointestinal tract, similar to sIgA [76,77], enforcing the mucosal barrier by preventing bacterial attachment and invasion [78]. They concurrently shape the composition of the indigenous microbiota [79,80] and protect the host from enteric pathogen infections [81,82,83].



Attenuation of the parasympathetic (cholinergic) inputs driving these antimicrobial activities weakens the host’s ability to retain commensals within the gut lumen and to prevent bacterial translocation [70]. These, in turn, affect intestinal metabolism, leading to constitutively high metabolic stress and the generation of reactive oxygen species (ROS) which for intestinal bacteria is equivalent to oxygen supply, thereby favoring aerobic/facultative anaerobic taxa over anaerobic/facultative aerobic taxa. This is likely to result in a vicious circle, one of the immediate effects of which will be to limit the generally observed medium-term efficacy of MTT by drastically impeding colonization by exogenously introduced so-called “beneficial microbial species” [84].




3.4. The ANS and the Neuronal Control of the Intestine


The gut is controlled by the autonomic nervous system, composed of the sympathetic, parasympathetic, and enteric nervous systems and by primary sensory afferents that communicate with immune cells for the release of neurotransmitters that regulate their activities. These interactions occur at several levels including the gut, central nervous system (CNS), and lymphoid organs [85]. The GI tract is densely innervated by the ENS, which comprises a network of 200–600 million neurons. It is segregated in the submucosa as ganglionic plexi forming the submucosal plexus, and within the longitudinal and circular muscle layers of the intestine, forming the myenteric plexus [86]. Parasympathetic stimulation results in increased activity of the whole ENS. Cranial parasympathetic nerve fibers innervate the proximal half of the nervous system through the vagal nerve, while sacral parasympathetic nerves innervate the distal half. These provide a rich neural input to the sigmoid colon, rectum, and anus and play an important role in the control of defecation.



Sympathetic fibers are rooted in the sympathetic ganglia of the T-5 to L-2 vertebraes and mostly end in the enteric plexuses, although some nerves terminate in the mucosa itself. Stimulation of enteric nerves by the sympathetic system has an inhibitory effect on GI activity. This is mainly accomplished through inhibition of enteric plexus actions and secondarily through the direct effect of secreted norepinephrine.



The intestine is also innervated by sensory afferent fibers. Their cell bodies are located either in the enteric plexuses or in the spinal cord. They are able to send information about irritation and overdistension, while also scanning the gut for chemical signals. About 80% of the vagus nerve fibers are afferent and their signals are processed by the medulla [87].



Besides autonomously influencing the physiology and function of the GI tract, the ENS can also communicate in a bidirectional manner with the CNS by both vagal parasympathetic and sympathetic pathways. Vagal afferent signaling from the ENS is mediated by intraganglionic laminar terminals, while signaling from the circular muscle layers and mucosa are facilitated by intramuscular networks and mucosal varicose nerve endings. All of these networks are composed of distinct neuronal populations identified by their function and morphology. They include enteric interneurons, intrinsic sensory neurons, and motor neurons (muscle, secretomotor, and vasodilator) that cooperate in the regulation of key functions of the gastrointestinal tract such as intestinal muscle activity, gastric peristalsis, as well as secretomotor and vasomotor activity [86]. The ENS, being located in the intestinal wall, is protected from the contents of the lumen by the epithelial barrier, the mucosal layer, and through ion and fluid secretion [88]. These barriers separate, to some extent, the ENS from the microbiota, as the GI tract is the most colonized space in the body with bacterial concentrations ranging from 101 to 103 cells per gram in the upper intestine to 1011–1012 per gram in the colon [89,90].



The afferent vagal neurons of the parasympathetic system transmit information to the CNS about the state of the gut. However, the gut has an additional network of afferent neurons and cell bodies within the enteric plexus which, instead of transmitting the information to the CNS, form part of a local and independent enteric control system [91]. Moreover, neuroendocrine cells dispersed in the epithelial monolayer are in close contact with the mucosal plexus and release their transmitters in response to stimuli. These are able to act in a paracrine manner on nearby epithelial cells and in a systemic manner through the activation of specific ENS receptors. [92].




3.5. The Brain–Gut Axis: Microbiome–Host Interactions and Immuno–Modulation


The brain–gut axis (BGA) is formed by the sympathetic and parasympathetic pathways connecting the ENS to the CNS (Figure 1). Its responses are mediated by a complex network of mechanisms involving the hypothalamic–pituitary–adrenal axis, the sympathetic–parasympathetic–ENS axis and the brain–gut axis with the secretion of hormones, neurotransmitters and immune mediators that shape the humoral and cellular responses of the gut immune system [93]. For instance, enterochromaffin cells sense and transmit information from the gut to the central nervous system through the release of serotonin on primary afferent nerve fibers expressing 5-HT3 receptors that extend into the gut villi [94].



The gut is an important source of bioactive peptides with over 100 peptides existing in mammals, many of which are involved in gut–brain communication. In addition to their direct effects on peripheral and brain tissues, intestinal peptides may also influence enteric neurons. [96]. Since their concentrations are modulated by signals emitted from the resident microbiota, they vary according to its composition [97]. The signaling of gut peptides (GLP1/2, CCK, ghrelin, PYY, NPY, galanin, etc.) is therefore an important modulator of pathophysiological processes related to brain disorders such as anxiety, depression, and autism.



Furthermore, microorganisms are able to synthesize a large number of metabolites which have beneficial or detrimental properties for human health. The control of gut motility and/or the gut–brain axis is mediated by the interaction between gut microbiota and the ENS. Gut microbiota produce bioactive molecules that act on enteric neurons to influence GI motility, and, by impacting intrinsic primary afferent neurons (IPAN; [98,99]), modify the “gut–brain axis” signaling [98].



Nevertheless, the biochemical nature of the bacterial molecules involved in ENS is particularly broad, as they include a large number of nitrogenous molecules, such as oligopeptides and amino acids, with their derivatives. These molecules influence both the biosynthesis and regulation of enteric neurotransmitters, such as serotonin which is involved in the control of GI motility. As bacterial signaling peptides are N-formylated [100], their exact involvement in the control of host metabolism is still under investigation. Studies have shown that they can be detected by G-protein-coupled formyl peptide chemosensing receptors [101]. Although no direct link to their involvement in ENS is described, N-formyl-methionyl-leucyl-phenylalanine, derived from Gram-negative bacteria, has been shown to release NO from nerve cells in chicken embryos [102].



Another example is oxytocin which, apart from plasma, is detected in almost all segments of the GI tract [103]. Oxytocin is distributed in plasma after feeding [104], while it is also expressed in the myenteric and submucosal ganglia, suggesting its importance for gastrointestinal sensitivity and motility [105]. Oxytocin has analgesic effects [106], and its plasma levels are decreased in patients suffering from dyspepsia and irritable bowel syndrome [88], conditions characterized by abdominal pain and discomfort [107]. Furthermore, lower plasma levels of oxytocin are measured in children suffering from recurrent abdominal pain [108]. Transcripts for oxytocin and oxytocin receptors are strongly expressed in the intestines of adult mice and rats and in the precursors of enteric neurons in rat fetuses. Expression of enteric oxytocin and oxytocin receptors continues into adulthood but is developmentally regulated, peaking at postnatal day 7. In adults, approximately 1% of myenteric neurons express oxytocin, while 71% of myenteric plexus neurons, including primary submucosal and intrinsic afferent neurons, express oxytocin receptors. These receptors are also present in the nodose ganglia and, thus, oxytocin signaling could also influence extrinsic primary afferent neurons [109].



In the animal model of chronic colitis, anxiety-related behavior is vagally (parasympathetically) mediated, since it is absent in previously vagotomised animals. In mice, gut microbiota depletion in early adolescence affects oxytocin signaling, reducing hypothalamic oxytocin and vasopressin levels in stressed animals [110,111]. In parallel, the normalization of oxytocin levels in stressed mice reduces anxiety-like behavior and corrects cognitive deficits [110].



Thus, gut–brain communication transforms sensory information from the GI tract [94] into neural, immunological, and hormonal signals that are then interpreted independently or cooperatively by the CNS.




3.6. The ANS and the Control of Intestinal Immune Homeostasis


The ANS, in addition to regulating intestinal motility, absorption, and secretion, plays a key role in modulating immune function and intestinal homeostasis through its communication with the immune system [112]. Deregulation at any level could therefore lead to gastrointestinal disorders related to food and/or bacterial intolerance, indicating that its contribution to immune function should not be underestimated.



Indeed, pro- and anti-inflammatory interleukins (ILs), endocrine hormones, and neurotransmitters control intestinal homeostasis by regulating intestinal secretions, thus affecting intestinal immunity and permeability. Microorganism colonization of the gut may be essential for several functions of gastrointestinal physiology [113,114] but also for the maturation of the mucosal immune system [115]. For example, in a study using germ-free mice to investigate the electrophysiological properties of neurons in the myenteric plexus of the ENS, it was shown that the commensal microbiota is necessary for normal excitability of intestinal sensory neurons [99]. Further studies on this topic confirmed that germ-free mice have fewer excitable intrinsic primary afferent neurons [116], which may be enhanced by exposure to polysaccharide A [117]. Another study using germ-free mice confirmed the previous findings and showed that the microbiome is critical for both intrinsic and extrinsic neural function and gut–brain signaling [98]. Studies looking at the influence of the microbiota on postnatal development of the ENS found that germ-free mice had lower nerve density and fewer neuronal cell bodies in the myenteric ganglia, while the small intestine was found to have an increased proportion of inhibitory nitroergic neurons [118]. These results support the hypothesis that early exposure to luminal microorganisms is crucial for the postnatal development of the ENS.



Nerve fibers of the sympathetic nervous system (SNS), which has both pro- and anti-inflammatory functions, penetrate the enteric plexuses and innervate the mucosa and gut-associated lymphoid tissue (GALT). Norepinephrine, adenosine, and other neurotransmitters may have diverse or opposing effects depending on their concentration, the expression levels of adrenoreceptors, their binding affinity to receptor subtypes, the presence of co-transmitters, and the timing of SNS activity relative to the development of inflammation [119]. The relationship between stress and intestinal inflammation provides indirect evidence of this interaction, as stress can affect multiple functions of the mucosal barrier including permeability, microbial composition, IgA and mucin secretion [120].



This originates from the close association of the immune system and the nervous system. The latter reacts to environmental changes by releasing neurotransmitters and neuropeptides that by binding to the G-coupled receptors of the former, can act as immune modulators or directly modulate the profile of immune cells. This is also the case with the ENS, as its location by innervating the lamina propria and being in close contact with epithelial and neuroendocrine cells makes it a main sensor and modulator of immediate non-specific inflammatory responses. The ENS works in synergy with the immune system to orchestrate the body’s response to pathogens. For example, enteric glial cells regulate intestinal barrier function by releasing S-nitrosoglutathione, which then upregulates tight junction protein expression in epithelial cells. In contrast, adult transgenic mice, in which enteric glial cells are deleted, develop fulminant jejunoileitis due to the increased intestinal permeability [121].



To address the role of stress as an immune modulator, experimental assays have demonstrated how stress modulates secretory immunoglobulin A (SIgA) production [122,123] and polymeric immunoglobulin receptor (pIgR) expression [124]. The latter transports by transcytosis the immunoglobin–pIgR complexes (i.e., dIgA–pIgR and pIgA–pIgR) through the intestinal epithelial cells. SIgA, which is the most abundant class of antibodies in the intestinal lumen of humans, is the first line of defense in protecting the intestinal epithelium from enteric pathogens and toxins. SIgA facilitates the removal of antigens and pathogenic microorganisms from the intestinal lumen by trapping them in the mucus, blocking their access to epithelial receptors and facilitating their removal by peristaltic and mucociliary activities. It further influences the composition of the gut microbiota through Fab-dependent and Fab-independent mechanisms, eliminates bacterial virulence factors, promotes antigen back-transport by the gut epithelium to dendritic cell (DC) subsets of gut-associated lymphoid tissue, and downregulates inflammatory responses associated with allergenic antigens and pathogenic bacteria [125].




3.7. Persistent Dysbiosis in the Absence of Chronic Low-Grade Inflammation


The autonomic nervous system regulates inflammatory responses regionally via the innervation of lymphoid organs. Vagal efferents from the dorsal motor nucleus of the vagus modulate intestinal immune functions indirectly via inputs to the enteric nervous system (Figure 2). Studies in mice show that the sympathetic output from the celiac ganglia to the spleen activates the cholinergic anti-inflammatory pathway, eliciting a potent anti-inflammatory response. Hence, noradrenaline released from the SNS suppresses inflammatory cytokine production by macrophages and DCs and halts the chemotactic response of the latter to CCR7 ligands [85].



Vagal and dorsal root ganglion afferents innervating the gut express TLRs and receptors for inflammatory cytokines, such as IL-1β and tumor necrosis factor (TNF)-α, and relay inflammatory and immune signals to the CNS. Vagal afferents relay these signals to the nucleus of the solitary tract (NTS) and dorsal root ganglion afferents to lamina I of the spinal cord. Upon activation, sensory afferents may regulate local vascular and immune responses through antidromic signaling mediated by the release of substance P (SP), calcitonin gene-related peptide (CGRP), and other neuropeptides; circulating pro-inflammatory cytokines, such as IL-1 and IL-6, may reach receptors in endothelial cells of the blood–brain barrier (BBB) leading to synthesis of prostaglandin E2 (PgE2), which acts as a paracrine signal that regulates the function of hypothalamic nuclei such as the medial preoptic area [127] and the paraventricular nucleus (PVN). PgE2 also activates vagal and dorsal root ganglion afferents, while cytokines may also gain access to the CNS through their transport across the BBB or interactions with receptors in the circumventricular organs. Thus, the mucosal immune system can be modulated at the level of the central, autonomic, peripheral, and enteric nervous systems [112]. The peripheral and enteric nervous systems modulate responses locally via neuropeptide release such as calcitonin gene-elated peptide 5 (CGRP5), corticotropin-releasing hormone (CRH), and anti-melanocyte-stimulating hormone (AMSH). All these enhance the inflammatory response, while substance P (SP) triggers the release of serotonin and histamine through degranulation of mast cells and neuroendocrine cells, which further amplifies the inflammatory response, or through the release of vasoactive intestinal peptide (VIP) which inhibits the inflammatory reaction [128].



Indeed, while lipopolysaccharides (LPS) induce TNF-α production by enteric neurons through activation of the canonical ERK pathway and also in an AMP-activated protein kinase (AMPK)-dependent manner, ENS activation via electrical stimulation inhibits these pathways, decreasing TNF-α production and thereby down-modulating the inflammatory response induced by endotoxin [129]. Upon stimulation or in response to inflammatory mediators, such as IL-1 and TNF, sympathetic neurons also release noradrenaline and neuropeptide Y (NPY). While NPY inhibits natural killer cell activation [130], noradrenaline activates the splenic sympathetic anti-inflammatory pathway [131]. This response, resulting from noradrenaline release at the distal end of the splenic nerve, is mediated by activation of β2-adrenoceptors in a population of T cells that express choline acetyltransferase, indicating their potential for acetylcholine synthesis [132]. Activation of β2-adrenoceptor in these T cells triggers the synthesis and the release of acetylcholine [133], which, via α7-subunit containing acetylcholine receptors (α7nAChRs) expressed on macrophages and other immune cells, suppresses the release of TNF-α and pro-inflammatory cytokines [134].



Concomitantly, stimulation of the vagus (parasympathetic) nerve, composed of approximately 80% afferent and 20% efferent fibers, affects homeostatic regulation of visceral immune functions with anti-inflammatory effects [131,135]. Vagal afferent fiber stimulation of the adrenal glands results in activation of the hypothalamic–pituitary–adrenal (HPA) axis and release of cortisol, while efferent fiber stimulation releases acetylcholine (ACh) at the synaptic junction with macrophages [136]. Binding of acetylcholine (Ach) to α7nAChRs from these macrophages inhibits TNF-α release and pro-inflammatory cytokine production as described above [131,137]. Finally, vagal afferent fibers can stimulate the splenic sympathetic nerve, thereby further enhancing the splenic sympathetic anti-inflammatory pathway [138].



Hence, the ANS functioning abnormalities observed in association with autism (sympathetic over-activation on a background of parasympathetic activity deficits) are very likely to affect neuro–immune interactions, favoring anti-inflammatory enteric responses. This could, in turn, account for both the persistence of dysbiosis together with a lack of evidence for chronic low-grade inflammation in association with ASD, whereas most other psychiatric disorders associated with persistent dysbiosis show concurrently present chronic low-grade inflammation but no evidence of autonomic nervous system (ANS) functioning abnormalities.




3.8. ANS Functioning Abnormalities and Gastrointestinal Dysfunctions


As already stated above, GI problems in children with ASD can range from mild gastro-esophageal reflux to more severe symptoms such as chronic constipation, abdominal pain, and persistent diarrhea. The most common of these appears to be chronic constipation with a median prevalence of 22% [19].



The digestive tract responds to luminal contents through close integration of the interactions between enteroendocrine, neural, and tissue defense systems. The endocrine intestinal cells (EECs) contain glucagon-like peptides GLP-1, GLP-2, and peptide YY (PYY) in the distal small intestine. The GLP/PYY cells have luminal receptors for fats, carbohydrates, protein metabolites, and bile salts that regulate their responses [139,140]. They also receive input from enteric neurons. Activation of a vagovagal reflex and local nerve stimulation can both enhance hormone secretion from the GLP/PYY cells [141,142]. Many of the effects of hormones released by GLP/PYY cells are indirect, via activation of neurons. This is certainly the case with GLP-1- and PYY-mediated satiety. GLP-1 is inactivated by dipeptidyl peptidase-4 (DPPIV) to such an extent that it does not reach sites other than vagal nerve terminals in sufficient concentration to affect feeding behavior [143]. GLP-2 also promotes mucosal growth and repair, increases amino acid and fat absorption, enhances digestive enzymes’ activities, improves gut barrier function [144,145], and has anti-inflammatory effects [146]. Because of these effects, GLP-2 receptor agonists have potential in the treatment of short bowel syndrome and inflammatory bowel disease [147,148]. In contrast to GLP-1 and GLP-2, PYY consistently induces antisecretory/absorptive responses, reducing water and electrolyte secretion, primarily by acting to inhibit enteric secretomotor neurons, but also by acting on the enterocytes [149,150].



The same EECs can secrete hormones with different and, in some cases, even opposite effects, because different hormones, such as ghrelin and nesfatin, which induce hunger and satiety, respectively, are housed in distinct subcellular stores [151]. Similarly, GLP and PYY, which have opposing effects on fluid secretion and on glucose stimulation of insulin secretion, are stored separately in the same small intestinal EECs [152].



Over two volumes of blood pass through the mucosal epithelial surfaces each day, and any disruption in the regulation of fluid transport becomes life-threatening. This high flux is due in part to the fact that active uptake (against the chemical gradient) of sugars (monosaccharides) and amino acids occurs via cation-coupled transporters. Thus, when glucose is absorbed through the sodium/glucose-coupled transporter, it is internalized with a sodium ion and counter ions, which are mostly chloride ions. The absorption of 100 g of glucose is estimated to be equivalent to the absorption of 1.8 L of water [86]. Intestinal reflexes transport water and electrolytes from the interstitium of the lamina propria into the lumen through the activation of secretomotor neurons. Control over this process is exerted by blood volume and blood pressure detectors that alter the activity of two sympathetic pathways, the vasoconstrictor and secretomotor inhibitory pathways [86], so that fluid balance is maintained.



Glucose sensors are located on enteroendocrine cells [153] and stimulation of these cells releases GLP-2, as well as other hormones. GLP-2 receptors are located on non-cholinergic secretory neurons that are activated by this hormone [154,155]. Thus, activation of the enteric receptor for glucose by glucose or artificial sweeteners stimulates secretomotor neurons to return water and electrolytes to the lumen. Furthermore, neurons activated by GLP-2 increase glucose uptake through SGLT1 [155].



However, the fine control of water balance by local (ENS) and systemic (sympathetic) reflexes is deregulated when the lumen contains an excess of pathogens and/or their toxins, such as cholera toxin, rotaviruses, and pathogenic Escherichia coli, which are capable of activating enteric secretomotor neurons [156,157]. In mild cases, induced diarrhea expels pathogens and their toxic products. However, when high levels of pathogens or toxins are present in the gut, prolonged diarrhea can develop with potentially fatal consequences.



Hence, ANS functioning abnormalities, such as those observed in individuals with autism where the sympathetic branch of the ANS presents an over-activation on a background of parasympathetic activity deficits, creating an autonomic imbalance, will necessarily affect water and electrolyte movements across mucosal epithelial surfaces. All the more so in the presence of dysbiosis, which is now very likely to implement a vicious cycle, since transient osmotic perturbation causes long-term alteration to the gut microbiota [158], while long-term alteration to the gut microbiota promotes osmotic perturbations [159]. Whether the final effect will be chronic constipation (excessive absorption of water, see PYY above) or persistent diarrhea will then depend upon both the levels of autonomic imbalance and the nature of the concurrently present dysbiosis.





4. Conclusions


The novel host–microbiome interaction hypothesis embodied by this work can be summarized as follows:




	-

	
The neuro–anatomical alterations that underlie ASD provoke autonomic nervous system (ANS) functioning abnormalities characterized by an over-activation of the sympathetic branch of the ANS on a background of parasympathetic activity deficits;




	-

	
This induces deregulation of the gut–brain axis;




	-

	
This results in attenuation of the humoral and cellular components of the intestinal immune system, together with dysregulation of intestinal osmotic homeostasis and mucus production, with ensuing, persistent dysbiosis, which then sets-up a vicious cycle where immune and osmotic functioning abnormalities maintain a dysbiotic state which, in turn, maintains immune and osmotic dysregulation.









Taken globally, the mechanisms implemented in the context of this hypothesis can, for the first time, adequately explain:




	-

	
One of the possible origins of ASD-associated dysbiosis;




	-

	
Its persistence;




	-

	
Why improvements achieved by microbiota transfer therapy are generally transient;




	-

	
Why, in spite of persistent dysbiosis, ASD is not associated with systemic chronic low-grade inflammation (as opposed to neuroinflammation), while all other psychiatric disorders also associated with persistent dysbiosis are;




	-

	
The origins of the unusually high incidences of gastrointestinal dysfunctions;




	-

	
The high frequency of comorbidities such as sleep disorders, anxiety, and depression;




	-

	
Perhaps most importantly, the reasons for the very high heterogeneities in terms of forms and types of dysbioses as well as in frequencies of comorbidities associated with clinical ASD.
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Figure 1. The ENS is connected to the CNS via the sympathetic and parasympathetic pathways, forming the brain–gut axis (BGA) [95]. Four levels for the control of the BGA are shown: activation of the ENS, including afferent and efferent intrinsic intestinal nerves (afferent nerves send signals from the periphery to the brain; efferent nerves from the brain to the periphery); and extrinsic innervations, whether sympathetic (splanchnic) or parasympathetic (vagus nerve) influences the generation of dIgA and/or the pIgR-mediated trancytosis. NTs, neurotransmitters; NPs, neuropeptides; GCs, glucocorticoids. Epithelial cell types: blue, enterochromaffin cells; green, neuroendocrine cells; red, Paneth cells; yellow, enterocytes. 
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Figure 2. Bidirectional interactions within the gut microbiota/brain axis [126]. A network of specialized target/transducer cells in the gut wall functions as an interface between the microbiota and the host lumen. In response to external and bodily demands, the brain modulates these specialized cells within this network via the branches of the ANS (sympathetic and parasympathetic/vagal efferents) and the HPA axis. Such modulation can be transient, such as in response to transient perturbations, or long lasting such as in response to chronically altered brain output. The microbiota are in constant bidirectional communication with this interface via multiple microbial signaling pathways, and this communication is modulated in response to perturbations of the microbiota or the brain. The integrated output of the gut microbial–brain interface is transmitted back to the brain via multiple afferent signaling pathways including the endocrine (metabolites, cytokines, and microbial signaling molecules) and neurocrine (vagal and spinal afferents). While acute alterations in this interoceptive feedback can result in transient functional brain changes (GI infections), chronic alterations are associated with neuroplastic brain changes. Potential therapies aim to normalize altered microbiota signaling to the ENS and central nervous system. ECC, enterochromaffin cells; FMT, fecal microbial transplant; ICC, interstitial cell of Cajal; SCFA, short-chain fatty acid; SMC, smooth muscle cell. 
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