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Abstract

:

The brain is traditionally viewed as an immunologically privileged site; however, there are known to be multiple resident immune cells that influence the CNS environment and are reactive to extra-CNS signaling. Microglia are an important component of this system, which influences early neurodevelopment in addition to modulating inflammation and regenerative responses to injury and infection. Microglia are influenced by gut microbiome-derived metabolites, both as part of their normal function and potentially in pathological patterns that may induce neurodevelopmental disabilities or behavioral changes. This review aims to summarize the mounting evidence indicating that, not only is the Gut–Brain axis mediated by metabolites and microglia throughout an organism’s lifetime, but it is also influenced prenatally by maternal microbiome and diet, which holds implications for both early neuropathology and neurodevelopment.
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1. Introduction


The gastrointestinal tract houses a diverse community of trillions of bacteria that exist in a symbiotic relationship with their host organism. These commensal bacteria influence the host through facilitation of digestion, immune system modulation, and influencing neurologic function and behavior [1,2,3]. Additionally, the gut microbiome has been demonstrated to be vital for the establishment of the blood–brain barrier (BBB), as germ-free (GF) mice were found to have brain vascular endothelium that were highly permeable to macromolecules and recovered selective permeability upon colonization with non-pathogenic gut microbiome or through exposure to short chain fatty acid metabolites of gut bacteria [4].



Microglia are immune cells native to the brain, which have an important role in modulating inflammation in the brain, neurogenesis, and synaptic architecture. These cells are the most abundant immune-related cells in the brain [5]. The brain is considered a relatively immunologically privileged site due to lack of lymphatic drainage and its reduced ability to present antigens to induce immune responses. However, the central nervous system (CNS) [6] does possess an array of unique cells, associated with the innate immune system, that serve a central role in mounting immune responses within the CNS [6]. Microglial cells, specifically, are prevalent in brain parenchyma. Augmentation or inhibition of immune responses have known clinical impact in controlling a host of neurodevelopmental or neurodegenerative diseases. For instance, it has been shown that SGLT2 inhibitors can reduce neuroinflammation and be neuroprotective by downregulating microglia that have been activated by bacterial factors; however, these studies were on adults who are well beyond early neurodevelopment [7]. It is becoming increasingly known that gut bacteria release certain factors similar to those seen in acute inflammatory states. Therefore, the modulation of these bacteria, the control of the factors released, the progressive development of the microbiome, and its associated bacteria and factors are likely to have an important role to play in early childhood neurodevelopment. This is becoming an increasingly important field, as, in children, who have not achieved full neurodevelopment and therefore are more prone to neurological insult, the microbiome may shape cognitive outcomes, impacting psychiatric illnesses, overall morbidity, and other behavioral factors. The aim of this literature review is to dissect the embryological development of microglia in the context of maternal and prenatal microbiomes and their overall impact on global neurodevelopment and associated conditions via Gut–Brain signaling.




2. Embryologic Characteristics and Development of Microglial Cells


Microglia are derived from primitive myeloid progenitor cells originating from the yolk sack on embryonic day 7.5 (E7.5) via stimulation by colony stimulating factor 1 receptor (CSF-1R). These primitive cells penetrate the CNS via pial surfaces and the fourth ventricle [8]. This represents a developmental path distinct from that of the hematopoietic macrophage cells present in the rest of the body such as red pulp macrophages, subcapsular sinus macrophages, alveolar macrophages of the lungs, and Kupffer cells of the liver. Microglial cells are maintained throughout the organism’s lifespan, independent of hematopoietically derived macrophages [8,9]. Evidence supporting this yolk sack origin, as distinct from other macrophage lineages, is that 30% of primitive yolk sac macrophages can be labeled early in embryonic development when exposed to tamoxifen, and when the organism is assayed for these labeled cells at different points of embryonic, fetal, and newborn development it reveals consistently a 30% proportion of labeled microglial cells in brain [10] (Figure 1).




3. The Effect of Microglial Cells on Neurodevelopment


It is understood that the early brain possesses an abundance of neurons with a plethora of unneeded synaptic connections, which are progressively pruned via early sensory stimulation and motor activity to establish a network that is functional and efficient. This culling and shaping of neuronal connections takes place in designated areas of the brain in accordance with various critical periods—times in which specific stimuli are required [15,16]. This ensures both appropriate physiologic and neurologic development and aids in meeting developmental milestones. For example, in the visual system, if kittens’ eyes are sutured shut in the early months of life there is a marked drop in the number of neuronal cells that are stimulated by those eyes. This study revealed that 6 days of suturing the eyes was equivalent to a 3–4-month physiologic monocular setback [17]. This indicates that lack of sensory stimulation is a significant driving factor in neurodevelopment. Given what is known about microglia, this process is likely to be mediated by microglia.



Microglia are a vital actor during these periods, in a region-specific manner, driving maturation of neural architecture. Microglia appear to survey the extracellular medium for stimuli to induce synaptic pruning. These stimuli vary by region of the brain involved and include complement factor 3 in retinal ganglion cells, IL-33 in the reticular thalamic nucleus, and fractalkine (CX3CR1) in the hippocampus [16,18,19]. Thus, as the thalamus is commonly referred to as the ‘relay center of the brain’ and the hippocampus is known for memory formation, any interaction between gut metabolites and neurologic cell-receptor pathways may result in alterations to memory-forming ability, and thought, motor, and sensory-signaling ability as a result of over, under, or aberrant synaptic pruning.




4. Influence of Microglia on Neuropathology


The importance of microglia-driven synaptic pruning is exemplified by the neuropathology observed when it is disrupted. Autism Spectrum Disorder (ASD) refers to a grouping of communication impairments and atypical behaviors [16]. The cause of ASD is incompletely understood at this time but is believed to be multifactorial, with neuroinflammation (and thus innate immune system activation) being thought to play a strong role in the development of ASD. Autopsy of individuals with ASD, in comparison to matched controls, have revealed significantly higher densities of microglial cells in the fronto-insular cortex, visual cortex, dorsolateral prefrontal cortex, and cerebellum, indicating these cells either play a role in the progression of this syndrome or their proliferation is stimulated by a separate driver [20,21,22,23]. In mice that have overexpression of translation initiation factor eIF4E, there is noted increase in microglial density and phagocytic activity, yet reduced motility and synaptic engulfment [24]. This leads these mice to have higher synaptic density and autism-like behaviors, specifically in male mice vs. female mice.



As previously mentioned, microglia appear to function as “gardeners” of the early brain, pruning little-utilized synapses, but they also continuously monitor the extracellular medium for signs of injury, infection, or cellular derangement to protect the CNS via modulation of inflammation, stimulation of neurogenesis, and clearing of cellular debris [25]. As the microbiome and microglia are both constantly developing from birth to death, maturing the gut, immune system, and neurodevelopment, any interaction between the two can result in such derangements or syndromes.




5. Development of Human Microbiome


The adult microbiome has been immensely studied; it has been found that the average adult microbiome is made up of over 400 species of bacteria [26,27]. An infant’s microbiome is immature and weakened, going through complex development as it progresses through new illnesses or environmental exposures into adulthood. Understanding the development of gut microbiomes is becoming increasingly important in concurrent research into cognitive development. Studies have been conducted that show that an infant’s microbiome goes through exponential development over the course of the first few years of life, eventually leading to an extensive, stable gut by the age of three [26]. Throughout these first three years of life, the infant’s microbiome experiences successive growth with several shifts between different bacterial taxonomies [26].



Major factors in the establishment and maintenance of the infant microbiome reside in both maternal and infant factors. Maternal exposures, such as infection, stress, and obesity, play a critical role in the establishment of the microbiome of the neonate after birth. Infant factors, such as mode of delivery, antibiotic exposure, and infant nutritional intake, are additional vital contributors. Mode of delivery is an integral contributor to the establishment of the gut microbiome. Infants who have been born vaginally have their initial gut flora similar to that of their mothers vaginal and anal flora, consisting heavily of Lactobacillus, while those born via cesarean section have their initial gut flora closely resembling bacteria heavily colonized on the skin surface, such as Staphylococcus [26]. Infants who were born via cesarean section have been found to have less diversity in their intestinal flora, and these changes in the gut microbiome can be seen until the age of seven [26]. Salminen et al. conducted a study in 2004 which assessed differences in intestinal flora of seven-year-old children who were born vaginally versus those who were born by cesarean section; results signified that there are significantly more Clostridium species in those who were born vaginally, signifying that changes in the microbial gut continue beyond delivery [28].



Antibiotic exposure in utero and throughout the formulation of the gut microbiome alters the trajectory and inhabitants of the gut bacteria. Studies conducted by Aloisio et al. in 2014 demonstrated that newborns whose mothers were found to be group B Streptococcus (GBS) positive and received antibiotic prophylaxis had counts of Bifidobacteria that were significantly decreased compared to the control group whose mothers did not receive prophylactic antibiotics for GBS [29]. The use of antibiotics in utero and thereafter leads to alterations in the gut microbiome and a delay in the establishment of commensal flora.



Diet composition from birth and into adulthood has a radical influence on the development of the gut microbiome [30]. Harmsen et al. conducted a study in 2000 which showed infants who were breastfed have a predominance of Bifidobacteria, while those infants who were bottle fed displayed a predominance of E. coli, staphylococcus, and clostridium [31]. There have been cited associations between the infant diet, and establishment of its microbial gut, and the development of conditions such as atopy, inflammatory bowel disease, obesity, and metabolic disorders throughout a person’s lifetime [26,32,33]. The transition from breast milk or formula to solid food leads to major alterations in the gut flora shown by a heavy increase in enterobacteria and enterococci [30]. The increase in enterobacteria and enterococci was more significant within infants who were breastfed. Following the introduction of solid food, the population size and makeup of the gut microbiome more closely resembled that of an adult [30]. After the age of three, when the microbial gut resembles that of an adult, alterations in the intestinal flora directly correlate with that of alterations in the makeup of one’s diet [34].




6. Microbiome Influence on Microglia


As noted above, microglial cells may have a myriad of interacting signals, to activate, deactivate, proliferate, or senesce, that are dependent on the specific areas of the brain affected or being affected [16,18,19]; however, microglia may also be influenced by factors outside of the CNS. This external influence may be part of normal neural development or represent pathologic disruption of physiologic microglial activity. In particular, the gut microbiome is an expansive ecosystem consisting of trillions of individual organisms comprising thousands of species of bacteria, each metabolically active and interacting with the host digestive system [35,36]. This diverse microbial community serves its’ host by maturing the intestinal mucosa, facilitating breakdown of enteral macromolecules for ease of absorption, maturation of innate immune cells, and production of a myriad of metabolites that appear to have systemic or organ-specific physiologic effects on the host [37,38,39,40]. Recent studies have demonstrated that gut microbiota does have a role in influencing normal neurodevelopment. Germ-free (GF) mice, which lack normal enteric gut commensal bacteria, have been shown to develop increased motor activity and decreased behavioral indicators of anxiety, with normal behavioral phenotypes being restored following intestinal colonization [41].



In addition to their previously mentioned roles in the development of neuroarchitecture, microglial cells modulate neuroinflammation via pro- and anti-inflammatory chemokines and cytokines [42]. In a study done by Alleva et al. in 1997, it was found that lupus-prone mice had early dysregulation of neuropsychiatric symptoms, such as anhedonia and despair, due to loss of effective TNF-α signaling. This same study linked loss of effective TNF-α production to an increase in dysfunctional cytokines, such as IL-1 and IL-6, which was hypothesized to cause the seen effects [43]. This indicates that, in mice predisposed to immune dysfunction, disruption of cytokine pathways, as is seen in gut dysbiosis, results in altered signaling of the CNS. Once the blood–brain barrier (BBB) was damaged, two separate studies found that IL-1, TNF-α, and IL-6 could diffuse across and cause increased expression of immune cell receptors, such as ICAM-1 and VCAM-1, in the brain parenchyma [44]. Subsequently, this resulted in recruitment of microglia and astrocytes, resulting in cytotoxicity [45,46]. Figure 2 is a diagram of how the gut and brain interact, and exemplifies the expanded pathway by which inflammatory markers have a direct impact on neuromodulation, often resulting in an inflammatory state in the brain. This state can be both detrimental and beneficial to both ongoing and future development, depending on context of current physiology. It is important to mention that damage to intestinal barriers may also result in counter-regulatory measures or signaling.



In the study by Ballok et al., mice with uncontrolled lupus were seen to have damage to the hippocampus because of gliosis, or enlargement and proliferation of the microglial cells, while immunosuppressed mice had comparatively less degeneration than the uncontrolled mice. This same study also examined the brain of a patient with lupus and found a similar reduction in neuronal density in the hippocampal area [45]. More specifically to microglial cells, a recent review from 2022 described microglial cells as “sensors” for microbiota-derived molecules such as lipopolysaccharide (LPS), short chain fatty acids (SCFA), and tryptophan derivatives. As microglia serve in the role of patrolling brain parenchyma and surveying for signs of injury or infection, it is particularly the acute phase reactants from the microbiome that trigger inflammation [46].



The effects of microbiome metabolites on the microenvironment and behavior via microglial cell interactions are not limited to modulation of inflammation. SCFAs (acetate, propionate, and butyrate) are metabolites synthesized from glucose by fecal microbiota through well-established mechanisms [48]. In mice that have experienced thrombotic stroke, those that received supplementation with SCFAs had subsequent improved recovery of motor function of their affected limb compared to those not supplemented. Additional investigation in these mice demonstrated a modulation of CNS lymphocyte and microglial function via the supplementation of SCFAs, leading to post-stroke recovery [49].



In humans, the clinical importance is most noted primarily around children with different social structures. The term “sociobiome” refers to the environmental and social factors that influence diet. Interestingly, infants with older siblings have higher counts of facultative anaerobes and lower levels of clostridia spp. and E. Coli [50]. Other social factors, such as income and diet, may also, therefore, play a role clinically; however, given this complexity, there are currently no studies comparing the microbiomes of different social and economic spheres and associated factors, and thus on their downstream impact on microglia.




7. Influence of Maternal Diet during Pregnancy on Microglia and Resulting Effects on Fetal Neurodevelopment


In this paper we have discussed studies that have illustrated the interconnected nature of neurodevelopment and microglial cells as well as how gut microbiome influences those same CNS innate immune cells. In this section we will discuss the influence the prenatal maternal microbiome appears to have on fetal microglia, and thus fetal and perinatal neurodevelopment. Despite the womb being viewed as a sterile environment, it is known that microbiome-derived molecules are able to penetrate the placenta and enter fetal circulation [51].



A healthy diet for expecting mothers consists of proteins, carbohydrates, fats, vitamins, minerals, and lots of water. It is understood that the previously listed nutrients are transmitted to the fetus via the placenta. We know that the maternal diet is the primary source of nutrition for the developing fetus, but how much influence does maternal diet have on fetal neurodevelopment as well? In a review paper by CS Rosenfeld 2021, they discuss thoroughly the relationship between maternal diet-induced immune activation throughout gestation and its effect on the formation of neurodevelopmental disorders in offspring [52]. During normal embryonic development, microglia progress through distinct phases of differentiation with differing gene expression and phenology. The lack of maternal microbiomes during these periods of development influences transcriptomes of microglial cells in the fetal brain, particularly ly86 and Aoah, which are a part of a normal response to LPS. This indicates that maternal microbiota may be needed to prepare developing fetal microglia on how to react to postnatally acquired microbiota [53,54]. In a study conducted by Bordeleau et al., they found that a maternal high-fat diet (mHFD) will result in increased maternal immune activation—evidenced by increased circulating levels of interleukin (IL)-6. In addition to this, they found that the morphology of microglia was altered and there were increased microglial interactions with other cells, such as astrocytes, most notably in the hippocampus of mHFD-exposed male offspring. This could have implications for future memory retention or loss. It was also noted there were decreased microglia-associated extracellular space pockets [55]. Extracellular space is important in allowing for long-distance extra-synaptic communication. Therefore, a decrease in space pockets may cause a decrease in the volume or ability of neurotransmitter communication between neurons. In a subsequent study in 2021, Bordeleau et al. found that offspring of mothers with mHFD also had increased density of myelin in the corpus callosum, but with reduced area of cytosolic myelin channels, which are channels within oligodendrocytes hypothesized to serve the metabolic needs of neurons and facilitate efficient neuronal communication [56,57]. This was concurrent with noted reduction in the density of mature lysosomes in the microglia of the corpus callosum, as well as increased synaptic density. Behaviorally, these mice exhibited alteration in social memory and sensorimotor deficits, indicating that mHFD reduced the phagocytic microglial capacity of their offspring and led to dysfunction of normal myelination and behavioral changes [57].



In a separate study analyzing the effects of a maternal high-fat diet, Winther et al. analyzed the effects of this type of diet on the offspring’s emotional behavior in adulthood. They found that a high-fat maternal diet led to offspring mice exhibiting a phenotype more prone to anxiety in an elevated plus maze. Along with the behavioral changes, they found significantly higher mRNA levels of hippocampal cytokine TNF-α mRNA as well as monocyte-chemoattractant protein-1(MCP-1), both pro-inflammatory markers. Both of these molecules were found to be associated with this behavior change. MCP-1 is a chemokine that is increased by the stimulation of TNF-a. TNF-a is an activator of immune cells, specifically microglia and astrocytes. As a result of this activation, microglia produce nitric oxide, which results in loss of neurons by diffusion through membranes and intracellular damage. The authors’ results suggest stress-axis pathways in the hippocampus may contribute to the anxiogenic effects noted in offspring of mHFD [58].



One study hypothesized that a maternal diet causing obesity will predict offspring peripheral and central inflammatory outcomes. They hypothesized that this is caused by the maternal diet’s effects on maternal adiposity, where increased fat storage results in increased inflammatory markers leading to a maternal inflammatory state. The data they collected suggested that the maternal diet and adiposity directly predict amygdala microglial counts in offspring. Maternal adiposity was found to influence offspring peripheral inflammatory outcomes based on maternal inflammatory state [59,60]. The influence on amygdala counts, could, in theory, significantly influence behavioral outcomes, particularly emotional traits, as seen in the anxiogenic phenotype demonstrated in mHFD by Winther mentioned previously [58]. From a metabolic perspective, a study done with maternal western-high-fat diet fed to baboons, the microbiome was shifted in the high-fat group and was shown to cause epigenetic changes that would predispose offspring to fibrosis patterns, oxidative stress, and non-alcoholic fatty liver disease. This suggests that the offspring of mothers with a high-fat diet are likely to be more at risk of metabolic disease.




8. Conditions Associated with Maternal Diet and Microbiome


Maternal diet and microbiome can have profound lifelong implications on the health outcomes of offspring. These include, but are not limited to, immune system activation, allergen exposure, neurological development, and metabolism. Many studies have examined the association between the microbiome and allergy and asthma incidence. Exposure to environmental antigens has been shown to impact the maternal and fetal microbiome. Gao et al. attributed these associations to the “farm effect,” antibiotic use, dietary fiber, and psychological stress. The “farm effect” refers to consumption of unpasteurized cow’s milk and exposure to other antigens found in agrarian settings. All of these types of exposures alter maternal and fetal microbiomes and subsequent inflammatory responses in the infant’s life [61]. Other studies further examined the role of developing a gut microbiome diversity necessary for a healthy immune system by exposure to microbes through vaginal delivery and breast milk [62]. Wang et al. analyzed a cohort of breast-fed infants and compared fecal samples from those who developed signs of allergies versus those with no signs. The study found that there were different populations of bacteria in the two groups, further linking the maternal microbiome and breast milk microbiota with fetal immune system and allergy development [63].



Perhaps the most consistent takeaway from studies examining any potential conditions associated with maternal diet and microbiome is that the maternal microbiome is critical for modulation of inflammatory markers. Fonseca et al. used mice treated with Lactobacillus johnsonii supplementation to study the effects of microbiome on immune system reaction to respiratory syncytial virus (RSV). Maternal mice given treatment had offspring with fewer inflammatory cytokines and inflammation following RSV infection [64]. Other conditions associated with pro-inflammatory states included sleep deprivation. Mice were again used in a study to explore the effects of sleep. Yao et al. reported that sleep deprivation leads to neurological inflammation and psychological disturbances in mothers. Pro-inflammatory cytokines, such as IL-1β and TNF-α, were found in much higher levels in sleep-deprived maternal offspring [65]. As mentioned earlier, these cytokines result in recruitment of astrocytes when in the CNS.



Many studies have shown a connection between autism spectrum disorder (ASD) and other neurological disorders such as schizophrenia, attention deficit hypersensitivity disorder (ADHD), anxiety, depression, and epilepsy [66,67,68]. One review reported on the connection between gut dysbiosis and chronic inflammatory states that can negatively impact neurodevelopment of the fetus, potentially leading to neuropsychiatric disorders such as ASD, anxiety, and depression [66]. Iannone et al. described how gastrointestinal dysfunction and distress in patients with ASD is quite common. This study also correlated the severity of psychotic symptoms in schizophrenia with the number of modifications to the gut microbiome [67]. Another mouse study mimicked viral infection by injecting mice with an immunostimulant or cytokines. It found that maternal immune activation alters the neuronal gene expression and development in fetuses. Defects in the dopaminergic system follow patterns seen in schizophrenia. The immune activation also impaired the patterns of dendritic spine formation, which altered the excitatory/inhibitory balance of the limbic system, which was associated with similar pathology in patients with ASD [68].




9. Conclusions


A number of recent studies have provided evidence that neurodevelopment and neuropathology is profoundly affected by bacterial molecules derived from the gut microbiome. The Gut–Brain axis acts through a myriad of pathways, but the one focused on in this article is that of the CNS-specific phagocytes, microglia. This cell type is vital for synaptic maturation in the developing brain and for monitoring of the extracellular CNS environment; it responds to cytokines released in response to gut microbiomes, such as TNF-a and IL-1, which have been proven to result in conditions such as anxiety and motor dysfunction. Additionally, maternal microbiomes have been shown to increase expression of such cytokines, which then cross the placenta and can cause the same phenomenon but starting prenatally. When microbiomes are restored, often these symptoms or conditions have been shown to resolve. New evidence has demonstrated that this axis is also important prenatally. Maternal microbiome metabolic activity and inflammatory state has the capacity to influence the microglia of developing fetuses, both via priming microglia for future interaction with postnatally acquired commensal bacteria and on influencing microglial transcriptional activity. This may represent an area for the development of interventional strategies to combat maternal gut dysbiosis and thus promote typical neuroarchitecture in the developing fetus and reduce the risk of future neurodevelopmental disorders. Future studies are required to robustly elucidate the interaction between maternal microbiome and the developing fetal innate immune system. Other future directions could include additional controlled mouse model studies involving diets beyond high fat, incorporating different byproducts and biomarkers known to have implications in common neuropathology. Additionally, this work could serve to further emphasize and solidify the importance of diet on global growth and development in pre and postnatal life.
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Figure 1. Both in vivo and in vitro, microglia appear to be dependent on Interleukin-34 (IL-34) for stimulation to proliferate. IL-34 is a cytokine that serves as one ligand to the receptor CSF-1R, which is central to signaling for proliferation and development of mononuclear phagocyte cells [11]. This cytokine is strongly expressed in mouse brains during embryogenesis, and strongly correlates with the proliferation of mononuclear phagocytic cells [12,13]. Additionally, IL-34 induces microglia to produce insulin degrading enzyme (IDE) and heme oxygenase-1 (HO-1), which are associated with clearing oligomeric amyloid Beta and defend against reactive oxygen species, respectively [14]. 
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Figure 2. Microbiota influence on microglia. Microbe-associated molecular proteins (MAMPs) are produced by bacteria in the colon. MAMPs travel through tight junctions within the intestinal wall and activate mac