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Abstract
The bacteria, viruses, and fungi that 

reside in our gut, referred to as our 

gut microbiota, are associated with 

a wide variety of health and disease 

conditions. Our microbiota consist of 

symbionts, beneficial microbes that 

promote health, and pathobionts. If given the opportunity 

to grow unchecked, these microbes could cause disease. 

In a healthy gut, the symbionts outweigh the pathobionts. 

A disruption of the symbiont-pathobiont balance, referred 

to as dysbiosis, occurs in many diseases ranging from 

gut-associated diseases to neurologic conditions. Although 

most human studies are correlative and thus unable to 

determine if dysbiosis has a causative role in disease pro-

gression, many experiments in animals have shown clear 

contributory roles for gut bacteria in health and disease. 

This article will focus on the role of the gut microbiota in 

brain health and disease and the cutting-edge technologies 

used to study gut bacteria-host interactions.

Dysbiosis Is Associated with Neurologic 
Disease in Humans

There are an estimated 100 trillion bacteria that reside in 

the human gut. Therefore, it is unsurprising that gut dys-

biosis influences diseases of the gastrointestinal tract such 

as colon cancer, ulcerative colitis, Crohn’s disease, and 

irritable bowel syndrome.1 Indeed, patients with any  

of these diseases have altered gut microbiota compared  

to healthy controls. Furthermore, mouse studies have shown  

a causative role for certain bacteria inducing Crohn’s dis-

ease2 or exacerbating colorectal cancer progression.3 While 

the link between gut bacteria and gut-related diseases is 

unsurprising, the link between gut bacteria and neurologic 

conditions, at first, seemed counterintuitive. Why should 

bacteria in the gut affect diseases of the brain? 

One of the first clues to suggest that gut bacteria may 

play a role in neurologic disease came from patient symptoms.  

Children with autism also have an increased risk of gas-

trointestinal symptoms,4 and the majority of Parkinson’s 

patients have constipation, often even 

years before the onset of neurologic  

symptoms.5 Bacterial analyses of feces 

show that patients with autism,6  

Parkinson’s,5 and multiple sclerosis7  

all have disrupted microbiota compared 

to healthy controls. However, whether 

gut dysbiosis contributed to disease or was a result of dis-

ease remains unknown.  

Is Dysbiosis a Cause or Effect of Neuro-
logic Disease in Humans? Using Mouse 
Models to Identify Mechanisms

Early evidence suggesting gut bacteria can influence 

neurologic disease came from the mouse model of multiple 

sclerosis (MS).8,9 MS is a demyelinating disease in which the  

protective myelin sheaths around the nerves are damaged.  

The disease causes many symptoms including altered vision,  

muscle weakness, poor coordination, and altered sensation. 

In the mouse model of MS, called experimental autoimmune 

encephalomyelitis (EAE), the immune system is stimulated  

to attack the myelin sheaths in the nervous system, and mice 

become paralyzed. Interestingly, oral treatment with a 

polysaccharide isolated from human commensal bacteria,  

Bacteroides fragilis, can prevent EAE development. The 

outer membrane of B. fragilis contains polysaccharide A  

(PSA) that when purified can induce dendritic cells in 

the gut to stimulate regulatory T cells to produce IL10, 

which controls the immune response. Treatment with PSA 

protects from both the mouse model of colitis10 and EAE 

progression,8 suggesting that bacteria in the gut can affect 

neurologic disease via the immune system.

B. fragilis proved to have protective effects for neurologic  

disease once again in the mouse model of autism.11 In 

humans, the risk of autism increases if the mother had a 

severe enough infection to be hospitalized during preg-

nancy.12 This risk of autism can be recapitulated in mice. 

If pregnant mice are infected with a pathogen, the pups 

show signs of autism such as decreased sociability and 

increased repetitive motions. Interestingly, the autistic 
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pups also have an altered microbiota and increased gut 

inflammation and permeability, mimicking the increased 

incidence of irritable bowel syndrome in patients with autism. 

Oral administration of B. fragilis after birth corrected the 

microbiota, gastrointestinal symptoms, and behavioral 

symptoms in autistic pups suggesting that gut bacteria can 

affect behavioral disorders and can potentially be used as 

a treatment in autism. Certain bacterial metabolites were 

altered in autistic pups, and these metabolite changes were 

reversed with B. fragilis treatment suggesting that bacterial 

metabolites play a role in autism progression.11 However, 

the mechanism by which these metabolites contribute to 

the development of autism remains unknown. 

Another recent study demonstrated a role for the gut  

microbiota in Parkinson’s disease.13 Patients with Parkinson’s 

disease display many motor deficits such as tremors, difficulty 

initiating movement, and difficulty balancing. The disease  

is associated with aggretates of the neuronal protein alpha- 

synuclein (α-syn).5 Mice with the α-syn genetic mutation to 

increase α-syn aggregates display Parkinson’s like motor 

symptoms. These symptoms can be objectively measured 

by timing how long a mouse walks across a beam or how 

long it takes a mouse to remove a piece of tape from its 

nose. Furthermore, these mice also have constipation and 

a different microbiota than wild type mice. Interestingly, 

when the α-syn mutant mice were raised in a germ-free 

(no bacteria, viruses, or fungi) isolator, the Parkinson’s 

symptoms were ameliorated suggesting that the microbiota 

may contribute to Parkinson’s development. Furthermore, 

α-syn mutant mice colonized with feces from Parkinson’s 

patients displayed worse symptoms than α-syn mutant 

mice colonized with healthy control feces. Analysis of the 

differences in bacterial species between the Parkinson’s 

and healthy feces showed an increase in butyrate-producing  

bacteria in the Parkinson’s patients’ microbiota. Orally, 

gavaging butyrate to germ-free mice worsened the Parkin-

son’s symptoms.12 This study showed that the gut bacteria 

that produce butyrate worsen Parkinson’s symptoms and 

suggest that drugs targeting certain bacteria may ameliorate 

many Parkinson’s symptoms. 

How Does the Gut Microbiota Influence 
Neurologic Disease?

The studies described above are only a few of the many 

studies in mice linking neurologic disease and the gut microbi-

ota. Other studies have shown effects of bacteria in mouse 

models of pain,14 depression and other mood disorders,15 

viral encephalitis,16 and Alzheimer’s disease.17 While several  

studies show a causative role for gut bacteria in promoting 

or protecting from neurologic disease, few have identified 

the mechanism by which gut bacteria affect the nervous 

system. Those studies that have connected the dots recognize  

the immune system as the mover of information from the 

gut to the brain. For example, B. fragilis stimulates regula-

tory T-cells to protect from autoimmune diseases in mice 

such as colitis10 and EAE.9 In the mouse model of autism, 

maternally derived interleukin 17 (IL17) released by Th17 

cells was necessary to cause autism in the pups, suggesting 

the immune system plays a causative role in autism devel-

opment.18 In the brain, microglia are immune-derived cells 

that are necessary for synaptic pruning. The microglia of  

germ-free mice display disrupted gene expression and mor-

phology in the brain.19 In the mouse model of the Parkinson’s  

study, microglia morphology was altered in the α-syn mutant 

mice colonized with conventional microbiotas or fed the 

bacterial metabolite butyrate.13 Because neurologic disease 

is complex and the etiology isn’t fully understood, the links 

between the microbiota and neurologic disease are even less 

well established. On the other hand, understanding how 

the gut microbiota influences neurologic disease, likely via 

the immune system, might shed light on how neurologic 

disease develops. 

Can We Promote a Healthy Gut Microbiota 
Through Diet?

While B. fragilis in mice can protect from a model of colitis,10 

autism,11 and MS,9 it appears to be just the tip of the iceberg. 

The human microbiota harbors 500 to 1,000 species. A recent 

study shows the immunological effects of 53 bacterial strains 

in mice suggesting many different bacteria could have ben-

eficial immunological effects on disease.20 

There are several approaches to increase the good bacteria  

living in our gut. One approach is to eat foods that promote  

the growth of certain good bacteria. A recent study showed 

that a high-fiber diet alters the gut microbiota toward fiber 

metabolizing bacteria.21 Mice on a high-fiber diet were pro-

tected from Citrobacter rodentium infection, an infection 

that gives symptoms similar to pathogenic E. coli infection 

in humans. Even daily alterations between high-fiber and 

low-fiber diets were enough to change the ratios of the 

different gut bacteria.21 Beneficial bacteria that metabolize 

fiber have been shown to protect from colitis in mice by 

stimulating regulatory T-cells.22,23 However, the recent  

Parkinson’s paper shows that butyrate, a metabolic byproduct  

of fiber degradation, enhances disease symptoms.13 Many 

other studies have shown that high-fat diets alter the microbi-

ota (summarized in reference 24), though these studies are 

confounded by the weight gain associated with a calorically 

higher diet and thus are unable to distinguish between 

being fat and eating fat. It appears that different diets will 

be necessary for different health and disease states.

Another way to alter the gut microbiota is to take probiotics. 

Unfortunately, for every probiotic study that seems promising, 

there is another one that shows no effect, though many 

probiotics have been demonstrated effective in mice. The  

discrepancy between the mouse and human studies is most 

likely due to diet. Mice raised in research animal facilities 

are given the same diet every day. Therefore, if a beneficial  
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bacterium was found to have an effect in mice, it can survive 

in the gut based on the mouse chow. In humans, a person 

might be missing a beneficial bacterium because they aren’t 

eating the right diet to promote its growth. Therefore, taking 

a probiotic pill won’t help because the diet does not support 

the growth of that bacterium. Therefore, animals that are 

given the same food every day might fare better with pro-

biotics than humans. Additionally, many of the identified 

“good” bacteria are difficult to grow in large enough quan-

tities or grow in a media that is toxic to humans making 

them poor candidates for probiotics.

Another approach to promoting the benefits of a good 

microbiota is to identify the molecules on the bacteria that 

promote the health effects and administer those molecules 

as drugs. For example, the capsular polysaccharide A on  

B. fragilis was found to stimulate the immune system to  

protect against the mouse model of colitis10 and MS.9 Though 

B. fragilis is a human commensal, it is unknown what diet is  

necessary to promote its growth. Instead, immunologically 

its active molecule can promote the desired immune effects 

in mice and in human cells in vitro. Identifying and synthe-

sizing the active molecules on bacteria may prove to be the 

most efficient way to alter the gut microbiota to promote 

healthy states.

Cutting-Edge Technologies to Study Gut 
Bacteria-Host Interactions

How do we identify the molecule that protects from disease  

once a probiotic bacterium has been identified? The traditional  

approach is to fractionate bacteria and administer the dif-

ferent fractions to mice to determine which fraction has the 

desired protective effect. Although this may sound simple, 

the route of administration is important. Sometimes the 

active fraction will only protect if given orally, other times 

rectally, and other times by injection. Testing the fractions 

and routes of administration quickly escalates into a large 

study using many mice, which is why very few molecules  

have been discovered. To speed up the drug discovery process,  

the Wyss Institute at Harvard Medical School has created 

organs on chips for in vitro drug testing in a variety of organs 

such as gut, bone marrow, lung, blood brain barrier, and 

kidney.25-31

The gut-on-a-chip system co-cultures the human colon  

cancer cell line, Caco2, with a microbiome.25,26 In this system, 

Caco2 cells form villi made up of goblet cells, enterocytes, 

and crypts composed of stem cells and Paneth cells25,26  

when cultured in a microfluidic chip with media that 

continually perfuse the chip. The benefits of this system 

are that: 1) when the chips were put on flow, the epithelial 

layer formed villi that differentiated into different types of 

epithelial cells, thus modeling a gut more accurately than 

cell lines cultured in static conditions; 2) the gut-on-a-chip 

is germ-free during maturation, obviating the need for 

extensive microbial containment systems and colonies; and  

3) a microfluidic system provides a stable gradient of oxygen 

required for co-culture of aerobic mammalian cells with 

anaerobic microbiota, which is not feasible in Transwell or 

other current in vitro cultures. Utilizing this system, whole 

bacteria and different fractions of bacteria can be tested 

directly on the gut epithelial cells to identify the active 

fraction and then the route of administration can be tested 

in the animal.

Conclusions
There is no doubt that the gut microbiota contributes to  

health and disease in both animals and humans. In humans,  

neurologic diseases such as Parkinson’s and autism often 

co-occur with gastrointestinal symptoms, and patients with 

these diseases show dysbiosis of the gut microbiota. In mice, 

gut bacteria have shown to exacerbate Parkinson’s disease 

and to protect from autism and the mouse model for MS. 

While the mechanisms by which gut bacteria influence 

neurologic disease are being investigated, evidence suggests  

that the gut-brain link is at least partially mediated by the 

immune system. Diet, probiotics, and pharmaceuticals can 

all influence the microbiota, immune system, and potentially 

disease outcome, though the mechanisms by which these 

interventions influence the microbiota and disease must be  

investigated further. Novel technologies such as microfluidic  

gut-on-a-chip methods are currently being utilized to identify  

the mechanisms and molecules by which gut bacteria 

stimulate the immune system to protect from and combat 

neurologic disease. The emerging role of the gut microbiota 

in neurologic diseases has opened an exciting window of 

opportunity for treatment of complex neurologic diseases. 

In order to treat the brain, it seems we must treat the gut.
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