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Abstract

:

The traditional neuron-centric view of the central nervous system (CNS) is shifting toward recognizing the importance of communication between the neurons and the network of glial cells. This shift is leading to a more comprehensive understanding of how glial cells contribute to CNS function. Alongside this shift, recent discoveries have illuminated the significant role of the human microbiome, comprising trillions of microorganisms, mirroring the number of human cells in an individual. This paper delves into the multifaceted functions of neuroglia, or glial cells, which extend far beyond their traditional roles of supporting and protecting neurons. Neuroglia modulate synaptic activity, insulate axons, support neurogenesis and synaptic plasticity, respond to injury and inflammation, and engage in phagocytosis. Meanwhile, the microbiome, long overlooked, emerges as a crucial player in brain functionality akin to glial cells. This review aims to underscore the importance of the interaction between glial cells and resident microorganisms in shaping the development and function of the human brain, a concept that has been less studied. Through a comprehensive examination of existing literature, we discuss the mechanisms by which glial cells interface with the microbiome, offering insights into the contribution of this relationship to neural homeostasis and health. Furthermore, we discuss the implications of dysbiosis within this interaction, highlighting its potential contribution to neurological disorders and paving the way for novel therapeutic interventions targeting both glial cells and the microbiome.
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1. Introduction


For a long time, neurons have been considered the key players in brain function, while glial cells have been overlooked. However, a growing body of studies has been shedding light on the crucial role of glial cells in regulating neural activity and preserving brain health. This paradigm shift in neuroscience is gradually revealing the true complexity of the brain and challenging our traditional understanding of its workings [1,2,3,4,5]. Emerging evidence is now unveiling the intricate interplay between the composition of our microbiome and the functionality of our central nervous system as well [6,7,8,9,10,11,12]. These findings not only underscore the complexity of brain physiology, but also underscore the profound influence of gut microbiome on cognitive well-being [12,13,14]. As our understanding deepens, the comprehensive view of brain function evolves, highlighting the collaborative interactions of neurons, glial cells, and the microbiome in shaping the functions of our central nervous system, opening new avenues for therapeutical interventions in neurological disorders.



Glia, also known as glial cells or neuroglia, are non-neuronal cells in the central nervous system that include astrocytes, microglia, and oligodendrocytes. They emerge as crucial mediators in this complex dialogue (Figure 1) [15,16,17]. These cells, once viewed primarily as support structures, are now recognized for their active participation in the microbial brain axis, a relatively recent concept that underscores the bidirectional interactions between the brain and the microbiota [18,19,20].



Astrocytes, radial glia, and oligodendrocytes originate from neural cells, while microglia differentiate from blood monocytes during ontogeny. Microglia, the parenchymal macrophages of the central nervous system, make their first appearance in the neuroepithelium during embryonic day 9.5 and then proceed to spread throughout the parenchyma of the CNS. They undergo a gradual process of differentiation, culminating in their final maturation state during the second week of postnatal development [21,22].



In the developmental timeline, neurons typically precede glial cells. Glial cells play a crucial role in neuronal development by offering trophic support vital for neuronal survival. They are also involved in processes such as neuronal migration, axon and dendrite outgrowth, and synaptogenesis [23]. We should acknowledge that there are other types of neuroglia within the CNS such as ependymal cells that line the ventricles of the brain and the central canal of the spinal cord and contribute to the production and circulation of cerebrospinal fluid or radial glial cells, specialized cells in the developing nervous system of all vertebrates [24,25,26]. However, because our understanding of their involvement in microbial CNS communication is very limited, they will not be discussed in this review.



Recent findings have illuminated the substantial contribution of neuroglial cells in orchestrating this crosstalk [20,27]. Astrocytes, for instance, play a crucial role in modulating the neuroinflammatory response and maintaining homeostasis in the brain environment in response to microbial signals from the gut microbiome [7,18,20,28,29]. Microglia, the resident immune cells of the CNS, are now acknowledged for their role in surveilling and responding to microbial threats [30]. In addition, they contribute to modulating the gut microbiome in orchestration with oligodendrocytes [31,32]. Oligodendrocytes, traditionally associated with myelin production, are implicated in shaping the neural environment and influencing microbial interactions [33]. These insights into neuroglial cells’ multifaceted functions challenge traditional perspectives and open new avenues for understanding the intricate relationships within the microbial brain axis. The once-clear boundaries between the central nervous system and the microbial world are now giving way to a more nuanced understanding of the dynamic interplay that influences both neurological health and microbial communities.




2. Microglia: Guardians of Neural Health


Microglia, the resident immune cells of the CNS, play a pivotal role in detecting and responding to microbial activities [30,34]. They are the innate immune cells of the central nervous system (CNS), function as brain macrophages, and are unevenly distributed throughout the brain [23]. Notably, regions such as the hippocampal dentate gyrus with the largest population (12%), substantia nigra, basal ganglia, and olfactory telencephalon in mice harbor significant microglial populations. These cells self-renew over an organism’s lifespan and display variations in size and branching patterns across different layers of the cerebellar cortex due to interactions with neurons and intrinsic mechanisms [23,35,36]. Crucially, microglia play a pivotal role in regulating the neuronal network by facilitating brain development, maintenance, and repair through debris clearance and phagocytosis of pathogens. They undergo distinct morphological and functional stages, with pro-inflammatory microglia (M1 state) releasing cytokines associated with dysfunction upon chronic activation, while neuroprotective microglia (M2 state) engage in tissue repair, extracellular matrix reconstruction and support neuron survival via neurotrophic factors [37,38,39,40,41,42,43,44].



Their dynamic functions extend beyond immune surveillance to include the modulation of neuroinflammation, a critical process in the CNS’s response to microbial activities. For example, through pattern recognition receptors (PRRs), microglia recognize pathogen-associated molecular patterns (PAMPs), initiating immune responses [45,46]. Microglial activation contributes to the orchestration of neuroinflammatory responses and the clearance of invading pathogens as well as controlling the composition of the gut microbiota [34]. Let us delve deeper into how microglia, as the resident immune cells of the central nervous system (CNS), contribute to modulating neuroinflammation through their ability to detect and respond to microbial life.



2.1. Microorganisms and Microglial States


Microglial activation is a dynamic process that can manifest in different states, ranging from a pro-inflammatory (M1) phenotype to an anti-inflammatory (M2) phenotype [47]. M1 microglia are associated with the release of pro-inflammatory cytokines and reactive oxygen species, contributing to neuroinflammation. In response to microbial challenges, microglia may undergo M1 activation to mount an immune response aimed at clearing pathogens. However, dysregulated or prolonged M1 activation can contribute to chronic neuroinflammation and neuronal damage [30,39,48].



However, the significance of these microglial responses is not restricted to the pathological state of the central nervous system. Research has demonstrated that the normal microbiome plays a crucial role in controlling the maturation and activation of microglia, the guardians of neural immunity under homeostatic conditions. Erny et al. [49], in a study published in Nature Neuroscience, highlighted the significant contributions of the host microbiota to microglial homeostasis. They observed that germ-free (GF) mice exhibited widespread defects in microglia, including altered cell proportions and an immature phenotype, resulting in impaired innate immune responses. Temporarily eliminating the host microbiota drastically altered microglia properties, while a limited microbiota complexity also led to defective microglia. Conversely, recolonization with a complex microbiota partially restored microglial features. The study identified short-chain fatty acids (SCFA)—microbial fermentation products—as regulators of microglial homeostasis. Mice lacking the SCFA receptor FFAR2 showed similar microglial defects as seen in GF conditions. These findings underscore the vital role of host bacteria in regulating microglia maturation and function, with complex microbiota offering some remedial potential for microglial impairment [49].




2.2. Pattern Recognition Receptors in Microglia


Microglia express a repertoire of pattern recognition receptors (PRRs), including toll-like receptors (TLRs), nucleotide-binding oligomerization domain (NOD)-like receptors, and scavenger receptors. These receptors enable microglia to recognize pathogen-associated molecular patterns (PAMPs) on microbial surfaces [45,46].



PAMPs are molecular structures possessing specific physicochemical traits, typically found in repetitive or polymeric forms which are recognized by PRRs rather than chemically defined epitopes [46,50]. Among the extensively studied PRRs are toll-like receptors (TLRs). Other membrane-bound PRRs include the scavenger receptor family, the receptor for advanced glycation end products (RAGE), and C-type lectin receptors [51,52]. C-type lectins are specifically expressed on microglia but not on neurons or astrocytes. They play a crucial role in identifying pathogenic invasions and are specified to identify carbohydrates [52,53].



The complement system constitutes another category of extracellular PRRs wherein the membrane signaling components (complement receptors) are distinct from the detection and effector components (soluble complement factors). Furthermore, numerous intracellular PRRs have been identified, capable of recognizing PAMPs within various intracellular compartments [51,54].



Microglia express a wide array of toll-like receptors (TLRs), along with the necessary adaptor molecules for downstream TLR signaling [42]. Upon activation, microglia exhibit an upregulation of TLR expression, consistent with their role as the primary defenders against invading pathogens in the brain. Even with a simplified model using a single artificial ligand, microglia respond to TLR activation by producing various antiviral and antibacterial molecules such as TNF, IFN-β, inducible nitric oxide synthetase, a range of chemokines, and both pro- and anti-inflammatory interleukins, along with promoting cell proliferation. Specific stimulation of microglia via either TLR2 or TLR4 with lipoteichoic acid (LTA) or lipopolysaccharide (LPS), respectively, results in the release of proinflammatory cytokines [42,48,54,55].



When microglia are co-stimulated with two or more TLR ligands, each leading to a submaximal stimulus individually, a synergistic response is induced [56]. Combining different TLR2 or TLR4 ligands or mixing TLR2/TLR4, TLR4/TLR9, and TLR2/TLR9 ligands prompts microglia to release nitric oxide synergistically. This finding holds significance for effective immune responses since many microorganisms express ligands for multiple TLR receptors. For instance, while peptidoglycans (PGN) or LTA from Staphylococcus aureus can activate microglia via TLR2, the presence of TLR2 is not indispensable for recognizing intact gram-positive bacteria. Deleting TLR2 reduces proinflammatory cytokine production in Staphylococcus-aureus-infected CNS tissue [46,50].




2.3. Neuroinflammatory Responses and Microglia


Microglial activation is a key component of the neuroinflammatory response, which involves the recruitment of immune cells, release of inflammatory mediators, and alterations in the local microenvironment. Upon activation of microglia with pattern recognition receptors, several pro-inflammatory cytokines are released that influence neighboring cells, including astrocytes and neurons, further amplifying the neuroinflammatory cascade. Additionally, activated microglia contribute to the breakdown of the blood–brain barrier, facilitating immune cell infiltration into the CNS [38,57].



The acute inflammatory response serves as a crucial defense mechanism against nearby infected, diseased, or damaged cells. Yet, if this response persists or becomes chronic, it can worsen neurodegeneration. Activated microglia represent a pathological hallmark of neurodegenerative disorders such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS), making the modulation of these microglial responses an area of therapeutic focus. In this section, we will delve into the pro-inflammatory signaling pathways of microglia, particularly those relevant to neurodegenerative diseases [38,47].



Microglia also contribute to the resolution of neuroinflammation by transitioning to an anti-inflammatory M2 phenotype. M2 microglia release anti-inflammatory cytokines and growth factors, promoting tissue repair and dampening the pro-inflammatory response. Dysregulation of the transition from M1 to M2 states may contribute to the persistence of neuroinflammation and the development of chronic neurological disorders [44,58]. Normal microbiome plays an essential role in the transition between these states and the general health of the central nervous system [49].



Understanding the nuanced role of microglia in modulating neuroinflammation provides insights into the complex interplay between the CNS and microbial challenges. Targeting microglial functions may hold therapeutic potential for managing neuroinflammatory conditions and maintaining neural health in interactions with pathogenic or commensal microorganisms.




2.4. The Role of Microglia in the Crosstalk in the Microbiome–Brain Axis


In addition to the influence of pathogenic microorganisms on shaping the response and polarity of our microglial cells within the nervous system, recent insights suggest that our resident microbiome also plays a regulatory role in modulating the function of microglia within our central nervous system, particularly regarding the underlying mechanisms of spatial learning and memory impairment associated with microglial M1/M2 phenotypes.



Wu et al.’s study [59] uncovered that disturbances in gut microbiota trigger a shift in microglial phenotype from M2 to M1, accompanied by changes in the pro-brain-derived neurotrophic factor (proBDNF)–p75NTR–mature BDNF (mBDNF)–TrkB signaling pathway. This disruption leads to decreased hippocampal neurogenesis and levels of synaptic plasticity-related proteins (SYN, PSD95, and MAP2), ultimately impairing spatial learning and memory. Notably, certain bacterial strains such as Clostridia, Bacteroides, Lactobacillus, and Muribaculaceae play a significant role in maintaining the balance between microglial M1 and M2 phenotypes, contributing to spatial learning and memory decline following chronic METH exposure. Moreover, fecal microbial transplantation shows promise in alleviating spatial learning and memory deficits by restoring microglial M1/M2 equilibrium and subsequent proBDNF-p75NTR/mBDNF-TrkB signaling in the hippocampi of chronically METH-exposed mice [59].



In another study, Sharma et al. [60] showed that inhibiting microglial activation alone significantly reduces hypertension, accompanied by distinct changes in gut microbial communities and a notable improvement in gut health. It had been shown previously that increased microglial activation and neuroinflammation in autonomic brain regions are linked to sustained hypertension, with minocycline, an anti-inflammatory antibiotic, showing promise in mitigating these effects. To address whether the benefits of minocycline in controlling hypertension lie in its anti-inflammatory or antimicrobial action, they used chemically modified tetracycline-3 (CMT-3), known for its potent anti-inflammatory properties, and demonstrated the critical role of microglia–microbiome interactions [60].



Interestingly, through a comprehensive study, Mossad et al. [61] showed how specific aspects of microglia in aging are influenced by the gut microbiota. They conducted a study comparing microglial transcriptomes in young adult and aged mice housed under germ-free and specific pathogen-free conditions and demonstrated that the microbiota influences age-related changes in microglial gene expression. In aged mice, the absence of gut microbiota was shown to reduce oxidative stress and improve mitochondrial function in microglia. Metabolomic analyses revealed the accumulation of N6-carboxymethyllysine (CML) in microglia of the aging brain, leading to increased reactive oxygen species production and impaired mitochondrial activity. This age-dependent rise in CML levels was validated in humans. Additionally, a microbiota-dependent increase in intestinal permeability in aged mice was linked to elevated CML levels [61].





3. Astrocytes: Orchestrators of Homeostasis


Astrocytes, long regarded as supportive cells, are now recognized for their active involvement in CNS–microbiome communication [18,62,63,64]. Astrocytes are intimately involved in regulating synaptic function and plasticity. By modulating neurotransmitter levels, astrocytes can impact synaptic strength and the balance between excitation and inhibition. The bidirectional communication between astrocytes and neurons allows for the fine-tuning of synaptic transmission, ensuring optimal neural network activity [2,5,15,19,63,65].



Recent studies argue that astrocytes can sense bacterial metabolites and respond by modulating neurotransmitter levels, influencing synaptic function, and contributing to neuroinflammation [7,8,20,66]. This bidirectional communication suggests a potential role for astrocytes in shaping the neural response to microbial challenges and the normal microbiome.



It is conceivable that, upon detecting bacterial metabolites, astrocytes could regulate neurotransmitter levels in the extracellular space and, consequently, regulate neural networks. For instance, it is known that astrocytes uptake the excessive accumulated glutamate from the synaptic cleft via glutamate transporters [64,67,68]. Glutamate is the main excitatory neurotransmitter in our central nervous system [2,69,70]. If bacterial metabolites indeed have an impact on the expression and function of these transporters, such modulation could potentially disrupt the clearance of neurotransmitters, leading to changes in synaptic transmission. However, it remains to be confirmed through empirical testing and experimental validation.



3.1. Sensing and Responding to Bacterial Metabolites


Astrocytes have long been known to react to activators of innate immune responses, such as microbial products, environmental toxins, and various forms of tissue damage. In healthy tissue, astrocytes express numerous receptors, including G protein-coupled receptors (GPCRs) and pattern recognition receptors (PRRs), for pathogen-associated molecular patterns (PAMPs) and damage- or danger-associated molecular patterns (DAMPs). These receptors are capable of initiating innate immune responses, particularly through toll-like receptors (TLRs) among which TLR4 is commonly associated with microglia but is also present in astrocytes [71]. Bacterial metabolites, such as short-chain fatty acids (SCFAs) or some tryptophan metabolites produced by gut microbiota, can cross the blood–brain barrier and reach astrocytes, acting as signaling molecules [7,8,20,66].



Studies have shown that astrocytes respond to SCFAs, which are bacterial metabolites produced by gut bacteria during the fermentation of dietary fiber. SCFAs can modulate astrocytic function and influence neurotransmitter release [27].



Sodium butyrate, an abnormal metabolic product of short-chain fatty acids (SCFAs), has been found to significantly increase the activation of astrocytes, reduce dopamine and 5-HT levels, worsen the decline of dopaminergic neurons, and ultimately exacerbate neuroinflammation in the brains of MPTP-treated mice. The dopaminergic neurotoxin MPTP specifically targets dopamine neurons in the substantia nigra pars compacta [72]. Moreover, in vitro studies have showed that sodium butyrate is able to exert potent anti-inflammatory effects against LPS-induced responses in neural co-cultures comprising microglial cells, astrocytes, and cerebellar granule neurons [73]. Additionally, extracts from myxobacteria who produce various bioactive metabolites, have been found to enhance cellular glutathione levels, which protects human primary astrocytic cultures from oxidative stress [74].



Dysregulation of astrocyte responses to bacterial signals has been implicated in conditions such as neurodegenerative diseases, emphasizing the potential role of astrocytes in shaping the neural response to microbial challenges. Understanding the nuanced ways in which astrocytes sense bacterial metabolites and contribute to neural responses opens new avenues for investigating the impact of the microbiome on brain health. Further research into astrocyte–microbiome interactions holds promise for uncovering therapeutic targets and strategies for managing neurological disorders influenced by dysregulated neural–microbial communication.




3.2. Contribution to the Regulation of Neuroinflammation


Astrocytes actively participate in neuroinflammatory responses. Bacterial metabolites can trigger signaling pathways within astrocytes, leading to the release of pro-inflammatory cytokines and chemokines. After identifying pathogens, astrocytes, along with microglia, promptly release various soluble immune factors, including the well-known inflammatory cytokines interleukin (IL)-1β and IL-6. These responses facilitate the recruitment and activation of leukocytes upon reaching the infection site, a process which is crucial for effectively clearing pathogens. However, excessive or prolonged responses can lead to detrimental effects. Chronic exposure to microbial challenges or dysregulation of astrocyte responses may contribute to sustained neuroinflammation, which is implicated in the pathogenesis of various neurological disorders.



In contrast, Burmeister et al. have demonstrated that IL-19 and IL-24, similar to IL-10, are expressed by astrocytes in response to a bacterial challenge, albeit with a delay, and that they exert an immunosuppressive effect on glial cells [75,76]. Another member of the IL-10 family, IL-20, is also suggested to be produced by cells within the central nervous system (CNS). Studies have shown its expression in glioblastoma cells, and staining associated with IL-20 has been observed in glia-like cells in murine models of ischemic stroke [77]. Additionally, bacterial lipopolysaccharide (LPS) has been found to induce the expression of IL-20 mRNA in mixed glial cell cultures. This effect has been shown to be dependent on myeloid differentiation factor 88 (MyD88) via induction through TLR4 signaling [78]. Notably, the expression of subunits composing type 1 and type 2 IL-20 receptors has been reported in murine astrocytes, suggesting the susceptibility of astrocytes to the immunosuppressive effects of this cytokine [29].




3.3. Astrocytic Interactions with Microorganisms at the Blood–Brain Barrier


Astrocytes are intimately associated with the Blood–Brain Barrier (BBB), with their end-feet processes ensheathing the cerebral vasculature, providing structural support, and participating in BBB integrity maintenance and immune regulation [79]. Astrocytes, as a type of glial cell contributing to BBB, play a crucial role in defending the brain against harmful microorganisms. However, further investigation is needed to explore the implications of communication between the normal microbiome and the astrocytic members of the BBB for the maintenance of brain homeostasis and overall health. Due to their significant role in maintaining the integrity of the BBB, we review their interactions with microorganisms in general.



The blood–brain barrier is a highly specialized interface comprised of endothelial cells, pericytes, and astrocytic end-feet processes. It forms a selective barrier that tightly regulates the exchange of molecules between the bloodstream and the central CNS [80]. Beyond its conventional role in maintaining CNS homeostasis, the BBB also serves as the primary line of defense against invading pathogens, including bacteria, viruses, and fungi.



As mentioned earlier, astrocytes express an array of pattern recognition receptors (PRRs), including toll-like receptors (TLRs) as well as nucleotide-binding oligomerization domain-like receptors (NLRs) and retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs), enabling them to recognize pathogen-associated molecular patterns (PAMPs) derived from invading microorganisms [46,81]. Upon detection of microbial components, astrocytes initiate immune signaling cascades, leading to the activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and the production of pro-inflammatory cytokines, such as interleukin-1β (IL-1β) and tumor necrosis factor-alpha (TNF-α). Additionally, astrocytes release antimicrobial peptides and reactive oxygen species (ROS), contributing to the elimination of microbial pathogens and the containment of CNS infections [82]. Furthermore, astrocyte-derived factors modulate the expression of tight junction proteins in brain endothelial cells, reinforcing the barrier function of the BBB and limiting microbial penetration into the CNS parenchyma [83]. The principal structural components of the blood–brain barrier are the tight junctions found among the endothelial cells of brain capillaries. It is not yet clear if astrocytes within the BBB use the same molecular mechanisms to communicate with metabolites of the microbiome despite their important role as the first line of defense in the brain.




3.4. The Role of Astrocytes in the Crosstalk in the Microbiome-Brain Axis


The gut–brain axis serves as a conduit for communication between the gut microbiota and the CNS. Astrocytes, positioned at the interface between blood vessels and neurons, can integrate signals from the periphery and influence local neural circuits. Through this crosstalk, astrocytes may play a role in translating gut-derived signals into neural responses, influencing behavior and cognitive function.



In addition to our previous understanding of interactions and the harmful effects of microbial toxins, enzymes, and products, emerging research is uncovering the regulatory role of microbiome products in the overall brain health and function. For instance, Rothhammer et al. [20,66] have demonstrated that dietary tryptophan is metabolized by gut microbiota into AHR agonists, which play a role in limiting CNS inflammation by affecting astrocytes. Ampicillin treatment during the recovery phase has been shown to lead to increased EAE scores, while supplementation with tryptophan metabolites such as indole, indoxyl-3-sulfate, indole-3-propionic acid, and indole-3-aldehyde, or the bacterial enzyme tryptophanase, has been shown to reduce CNS inflammation in antibiotic-treated mice. The EAE score refers to the clinical scoring system used in experimental autoimmune encephalomyelitis (EAE), which is an animal model of multiple sclerosis (MS). Individuals with multiple sclerosis (MS) have been shown to exhibit decreased circulating levels of AHR agonists. These findings suggest that interferon-Is produced within the CNS, along with metabolites derived from dietary tryptophan by the gut flora, cooperate to activate AHR signaling in astrocytes, thereby suppressing CNS inflammation [20,66].



Another study has illustrated how the metabolism of amino acids such as tyrosine and phenylalanine by gut microbes, resulting in p-cresol and subsequent conversion to p-cresol glucuronide (pCG) by host enzymes, can profoundly influence components of the blood–brain barrier, including the astrocytic members of BBB [84]. This study examined pCG impact on the cerebral vasculature and brain function both in vitro and in vivo, utilizing male C57Bl/6 J mice to gauge BBB permeability and brain-wide genetic expression changes following pCG treatment. Additionally, the study investigated its effects on a human cerebromicrovascular endothelial cell line, hCMEC/D3, evaluating permeability, electrical resistance, and barrier protein expression. Mice treated with pCG exhibited decreased BBB permeability and significant shifts in brain gene expression. Surprisingly, pCG alone had minimal effects on hCMEC/D3 cells until co-administered with bacterial lipopolysaccharide, which then prevented endotoxin-induced permeability. Further analysis suggested that pCG acts as an antagonist to the primary lipopolysaccharide receptor, TLR4. This highlights pCG’s biological activity at the BBB, countering the effects of circulating lipopolysaccharide. These findings challenge the perception of glucuronide conjugates as mere metabolic byproducts and underscore the intricate communication pathways between gut microbes and the host, particularly in the gut–brain axis [84].





4. Oligodendrocytes: Guardians of Axial Integrity in the CNS Microbial Communication


Oligodendrocytes, primarily known for their crucial role in myelinating axons to facilitate efficient nerve signal transmission, have recently emerged as intriguing players in the intricate dialogue between the CNS and microbial entities [85,86]. While the field is still evolving, studies suggest that oligodendrocytes may participate in CNS–microbiome communication through mechanisms that extend beyond their classical functions.



4.1. Oligodendrocyte Sensing of Bacterial Signals


Oligodendrocytes express a variety of receptors, including toll-like receptors (TLRs) and other pattern recognition receptors (PRRs). These receptors enable oligodendrocytes to detect bacterial signals, such as pathogen-associated molecular patterns (PAMPs), present on the surface of microbes [46]. Upon recognition of bacterial signals, oligodendrocytes may initiate intracellular signaling cascades that could influence their function and interactions with neighboring cells.




4.2. Oligodendrocytes in the Crosstalk in the Microbiome–Brain Axis


Myelin, the fatty substance produced by oligodendrocytes, plays a critical role in insulating axons and facilitating rapid electrical signal transmission. Studies suggest that bacterial signals may modulate oligodendrocyte function, impacting myelin maintenance and integrity. Dysregulation in myelin maintenance due to aberrant responses to microbial signals could potentially contribute to demyelinating disorders or exacerbate existing conditions.



The prefrontal cortex (PFC), located in the frontal lobe, regulates behavior and social interaction. This part of the brain undergoes extended myelination, which is crucial for its role [87]. Studies have shown that socially withdrawn mice exhibit impaired myelination in the PFC, accompanied by reduced expression of major myelin genes, a phenomenon which has been attributed to changes in their gut microbial metabolome [88,89].



Specifically, socially withdrawn mice have been shown to exhibit shifts in their gut microbiome, leading to increased levels of p-cresol, a product of microbial breakdown of dietary tyrosine. P-cresol, known to inhibit oligodendrocyte differentiation in vitro, has been shown to be implicated in the observed myelination deficits [88]. However, p-cresol is not the sole microbial metabolite influencing myelination and behavior. Other studies have explored the role of butyrate, a SCFA produced by gut microbiota through dietary fiber fermentation, in regulating microglial activity [73]. Butyrate, which shares similarities with valproic acid—a mood stabilizing drug known to inhibit oligodendrocyte differentiation—is suggested to directly influence oligodendrocyte progenitor cell (OPC) differentiation and myelination due to its histone deacetylase inhibitory activity [85].



During early life, rapid myelination is crucial, and it has been shown that neonatal gut dysbiosis can disrupt this process by affecting immune responses and neuronal differentiation. Keogh et al. [31] demonstrated that neonatal antibiotic-induced dysbiosis disrupts host–microbe interactions, impairing brain myelination and altering the gut–brain axis. They found that, when neonatal C57BL/6 mice were given antibiotics or water daily from postnatal day 7 until weaning to induce dysbiosis, dysbiosis persisted in adulthood, affecting intestinal physiology and bacterial metabolites. They reported that this led to cognitive deficits and anxiety-like behavior. Gene expression related to myelination and the fact that oligodendrocyte development increased in the prefrontal cortex (PFC) of antibiotic-treated mice were confirmed. Administering the short-chain fatty acid butyrate post-antibiotic treatment restored intestinal physiology, behavior, and myelination, indicating the crucial role of gut microbiota [31].



Not only has the effect of the microbiome in neural myelination been documented, but also the role of local myelination on the microbial composition of the gut has been reported. Bostancıklıoğlu and colleagues explored the correlation between myelin biology and gut microbiome profile [32]. Using 16S rRNA metagenomic sequencing, molecular analysis of myelin biology-associated proteins and behavioral tests, they found that hippocampal myelin damage led to significant gut dysbiosis (p < 0.05), altered memory performance (p < 0.05), and affected emotional responses. Treatment with clemastine (promoting myelin repair) improved gut dysbiosis and behavioral deviations. This research provides animal-based evidence of the direct interaction between glial biology in the hippocampus and gut microbiome profile, suggesting a framework for generating new hypotheses connecting different systems to the gut–brain axis [32,90].



These findings underscore the significance of the microbiome–gut–behavior axis in modulating myelination and social behaviors, highlighting microbial metabolites as critical mediators in gut-microbiota–oligodendrocyte communication.




4.3. Crosstalk among Oligodendrocytes, Microglia, and Microorganisms


Oligodendrocytes are in close proximity to microglia, the resident immune cells of the CNS. Growing evidence demonstrates the role that microglia play in the regulation of myelination by oligodendrocytes [40,91]. Microbial signals can effectively activate microglial cells, and this activation may influence oligodendrocyte function. The crosstalk between oligodendrocytes and microglia could involve immune modulation, where the release of cytokines and other signaling molecules by microglia influences the responses of oligodendrocytes to microbial signals.




4.4. Microbe–Oligodendrocyte Interactions in Neurodegenerative Diseases


The potential impact of oligodendrocyte–microbe crosstalk on neurodegenerative diseases is an area that warrants further exploration. Neurodegenerative disorders, such as multiple sclerosis (MS), involve demyelination and axonal damage [92,93].



Understanding how oligodendrocytes respond to microbial signals may offer insights into the pathogenesis of these diseases and open new avenues for therapeutic interventions aimed at preserving myelin integrity.



Oligodendrocytes not only contribute to myelination, but also play a role in supporting axonal health and integrity. It is conceivable that microbial signals may influence the trophic support provided by oligodendrocytes to axons. Investigating the impact of microbial cues on oligodendrocyte-mediated support for axonal health may unveil novel mechanisms relevant to neuroprotection and disease progression.





5. Neurotransmitter Modulation in Glia–Microbe Interactions


Microorganisms, particularly those residing in the gut, can produce neurotransmitter-like molecules or precursors that impact neurotransmitter levels in the CNS. Bacteria have demonstrated the ability to generate and/or metabolize various mammalian neurotransmitters such as dopamine, norepinephrine, serotonin, and gamma-aminobutyric acid (GABA) [11]. Neuroglial cells, including astrocytes, are equipped with receptors for these molecules, allowing them to potentially sense and respond to microbial signals [94,95,96]. The modulation of neurotransmitter levels by microorganisms may influence synaptic transmission, neuronal excitability, and, ultimately, cognitive and behavioral outcomes which, basically, are regulated by neuroglial cells. While there is growing interest in understanding the interaction of the neurotransmitters that microorganisms produce with the human nervous system, the pathways and molecular mechanisms of these interactions remain to be elucidated. Much of our understanding of microbial neuroactive compound production and their impact on brain function stems from animal studies. However, there is a need to broaden our knowledge and understanding of the interaction between neuroglia and microorganisms in human health and disease.



For example, a neurotransmitter has been found in the roundworm Caenorhabditis elegans, called tyramine, which is produced by gut-dwelling Providencia bacteria [97]. It influences the worm’s sensory choices independently of the worm’s own tyramine production. The bacteria-produced tyramine is likely transformed into octopamine by a host enzyme called tyramine β-hydroxylase. Octopamine then interacts with the OCTR-1 octopamine receptor on specific sensory neurons, affecting the worm’s response to unpleasant smells. The researchers pinpointed the genes responsible for tyramine production in Providencia and found that these genes play a crucial role in influencing the worm’s behavior. Moreover, they observed that C. elegans preferentially selects Providencia bacteria when given a choice of food sources, and this preference relies on the presence of bacterially produced tyramine and the worm’s own octopamine signaling [97]. Various glial cells in C. elegans play specific roles in modulating neuron-based activity and behavior [98]. Cephalic sheath glia are essential for the development, maintenance, and activity of central synapses. Meanwhile, amphid glia are implicated in regulating the sensitivity of sensory synapses. These glial cell types originate from the ectoderm. Additionally, mesoderm-derived glial-like cells in the nerve ring (GLRs) are involved in the circuitry responsible for initiating motor movement in the anterior region of the worm [98].




6. Implications for Neurological Disorders


Understanding the glial-mediated communication between the central nervous system (CNS) and microorganisms, specifically members of our microbiome, has far-reaching implications for the general health and progression of various neurological disorders. Dysregulation of these intricate pathways may contribute to the development and exacerbation of conditions spanning neurodegenerative diseases, mood disorders, and neuroinflammatory conditions [6,8,12,27,31,99,100,101,102]. Here, we delve into specific examples that underscore the role of glial cells and potential microbial influences in these disorders. Glial cells, particularly microglia and astrocytes, play crucial roles in the progression of neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and Huntington’s diseases [43,103,104,105].



Alzheimer’s disease (AD) is a progressive neurodegenerative disease that is characterized, pathologically, by the development of amyloid beta (Aβ) plaques and neurofibrillary tau tangles in the brain [104,106,107]. Research indicates that altering the gut microbiome with antibiotics (abx) reduces amyloid beta (Aβ) plaques and diminishes the proinflammatory microglial response in male APPPS1-21 mice. Chandra et al. [103] revealed that the gut microbiome influences how astrocytes respond to Aβ amyloidosis through mechanisms involving both microglia and other pathways. Their study demonstrated that treating male APPPS1-21 mice with broad-spectrum antibiotics after birth, leading to gut microbiome disruption, decreases the presence of GFAP+ reactive astrocytes and PAAs. This suggests that the gut microbiome plays a role in regulating the induction and recruitment of astrocytes reactive to Aβ plaques [103].



Parkinson’s disease (PD) stands as the second most prevalent neurodegenerative condition globally, marked by the degeneration of dopaminergic neurons in the substantia nigra pars compacta [108,109]. Increasing evidence suggests that oxidative and nitrosative stress in astrocytes contributes significantly to PD development, a phenomenon which can intensify in response to microbial signals. Given their pivotal function in generating antioxidants and neutralizing reactive oxygen and nitrogen species (ROS/RNS), astrocytic oxidative/nitrosative stress emerges as a pivotal factor in the onset of PD [28].



Pioneering studies have revealed the potential role of gut microbiome dysbiosis as a disease biomarker and modifier in PD patients. Since Scheperjans et al.’s initial report on gut microbiota alterations in PD in 2015, subsequent research, including studies by Aho et al., Li et al., Lin et al., and Petrov et al., has further supported this link [105,106,107,108]. However, how this microbiome dysbiosis draws its regulatory impact on astrocytic oxidative/nitrosative stress remains to be elucidated.



Microglial activation, often triggered by microbial components or dysbiosis-related inflammation, has been implicated in the chronic neuroinflammation characteristic of these conditions [110]. Additionally, astrocytes, responding to microbial signals, may contribute to the disruption of synaptic homeostasis and to the accumulation of misfolded proteins seen in these diseases. Exploring the specific neuroglial pathways influenced by microbial factors may unveil novel targets for therapeutic interventions in neurodegenerative disorders.




7. Implications for Health and Disease


Perturbations in the microbial ecosystem, commonly observed in dysbiosis or microbial imbalances, have been shown to impact neuroglial function and contribute to neurological disorders. Understanding the ecological aspects of glial–microbial interactions provides a holistic perspective on the maintenance of neural health. Therapeutic interventions aimed at restoring microbial balance could potentially influence neuroglial responses, offering novel strategies for managing neurological disorders influenced by dysregulated neural–microbial communication.



Incorporating the evolutionary and ecological dimensions of microorganisms’ impacts on the human nervous system, including the vital role of microglia, astrocytes, and oligodendrocytes, enriches our understanding of the intricate relationship between the microbial world and the evolution of the human brain. This broader perspective opens avenues for interdisciplinary research at the intersection of microbiology, neuroscience, and evolutionary biology, fostering insights into the complex dynamics shaping brain health and disease.




8. Future Directions


The field of glia–-microbiome crosstalk is rapidly evolving, and future research should delve into the intricacies of the modulatory effects exerted by microorganisms on the CNS through neuroglial cells. Elucidating the molecular mechanisms, identifying specific microbial components involved, and understanding the functional consequences of this bidirectional communication will be crucial for developing targeted interventions for neurological disorders. Elucidating the mechanisms and consequences of this crosstalk holds promise for developing novel therapeutic strategies for neurological disorders and advancing our understanding of the dynamic interplay between the nervous system and the microbiome.
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