Feature

HOW GUT BACTERIA
ALTER THE BRAIN

Researchers are starting to work out how the
microbiome influences the brain. That could be
key for treating Parkinson’s disease and other
disorders. By Cassandra Willyard

n 2006, soon after she launched her own
laboratory, neuroscientist Jane Foster
discovered somethingshe felt sure would
set her field abuzz. She and her teamwere
working with two groups of mice: one with
a healthy selection of microorganismsin
their guts, and one that lacked a microbi-
ome. They noticed that the mice without
gut bacteria seemed less anxious than their
healthy equivalents. When placed in a maze
with some open paths and some walled-in ones,
they preferred the exposed paths. The bacteria
inthegutseemedtobeinfluencingtheir brain
and behaviour.

Foster, at McMaster University in Hamilton,
Canada, wrote up the study and submitted it
for publication. It was rejected. She rewrote it
and sent it out again. Rejected. “People didn’t
buyit. They thoughtit wasanartefact,” shesays.
Finally, after three years and seven submissions,
she got an acceptance letter'.

John Cryan, a neuroscientist at University
College Corkinlreland, joined the field about
the sametime as Foster did, and knows exactly
how she felt. When he began talking about the
connections betweenbacterialivinginthe gut
and the brain, “Ifelt very evangelical”, he says.
Herecalls one Alzheimer’s disease conference
atwhichhepresentedin2014.“I've never given
atalkinaroomwhere there was less interest.”

Today, however, the gut-brain axis is a
feature at major neuroscience meetings, and
Cryansays heisnolonger “this crazy guy from
Ireland”. Thousands of publications over the
past decade have revealed that the trillions of
bacteriainthe gut could have profound effects
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onthebrain, and might be tied to awhole host
of disorders. Funders such as the US National
Institutes of Health are investing millions of
dollarsin exploring the connection.

Butalong with thatexplosion ofinterest has
come hype.Some gut-brainresearchers claim
orimply causal relationships when many stud-
ies show only correlations, and shaky ones at
that, says Maureen O’Malley, a philosopher at
the University of Sydney in Australia who stud-
iesthefield of microbiomeresearch. “Haveyou
found an actual cause, or have you found just
another effect?”

Inrecentyears, however, the field has made
significant strides, O’Malley says. Rather than
talking about the microbiome asawhole, some
research teams have begun drilling down to
identify specific microbes, mapping out the
complex and sometimes surprising pathways
that connect them to the brain. “That is what
allows causal attributions to be made,” she
says. Studies in mice — and preliminary work
inhumans — suggest that microbes cantrigger
or alter the course of conditions such as Parkin-
son’s disease, autism spectrum disorder and
more (see ‘Possible pathways to the brain’).
Therapies aimed at tweaking the microbiome
could helptopreventor treat these diseases, an

ideathatsomeresearchersand companiesare
already testing in human clinical trials.

It is early days, but the prospect of new
therapies for some of these intractable brain
diseases is exciting, says Sarkis Mazmanian,
amicrobiologist at the California Institute of
Technology in Pasadena — particularly given
howmuch easieritistomanipulatethe gut than
the brain. Getting therapies into the brain has
been along-standing challenge, he says, “but
you cansure as hell change the microbiome”.

Tangle transmission

In 1817, the English surgeon James Parkinson
described some of the first cases of the “shak-
ing palsy” that would come to be known as
Parkinson’s disease. One individual had devel-
oped numbness and prickling sensations in
both arms. Parkinson noticed that the man’s
abdomen seemed to contain “considerable
accumulation”. He dosed the man with a laxa-
tive, and ten days later his bowels were empty
and his symptoms were gone.

Parkinson might have beenontosomething.
Some people who develop the disease experi-
ence constipation long before they develop
mobility problems. And many researchers
haveembraced theideathat the disease begins
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THEEFFECT OF THE
MICROBIOME COULD
EXPAND WELL BEYOND
WHERE THE MICROBES
ACTUALLY LIVE.

inthe gut, atleastin some cases.

To understand the idea, it’s useful to know a
little about the disease. The hallmark symptoms
of Parkinson’s —tremors, stiffness and slowness
of movement — appear as the neurons respon-
sible for coordinating motionbeginto die. Why
these neurons die isn’t fully understood, but a
protein known as a-synuclein seems to have a
keyrole.Inpeoplewith Parkinson’s disease, the
protein misfolds. The first misfolded protein
causes more to misfold, until harmful clumps
knownasLewybodies begintoforminthebrain.

What triggers this cascade? In 2015, Robert
Friedland, aneurologistat the University of Lou-
isville in Kentucky, proposed a new theory. He
hadread that gut bacteria can produce proteins
that have a similar structure to the misshapen
a-synuclein proteins, so he posited that bacte-
rial proteins might be providing atemplate for
misfolding®. And when he and his colleagues
fed rats a particular strain of Escherichia coli
that produces one of these clumping proteins,
called curli, in the gut, they saw more a-synu-
cleinaccumulationin the animals’ brains®. Work
published last year by Mazmanian and his team
supports Friedland’s theory*.

It’s not yet clear how that signal in the gut
reachesthebrain, but onelikely conduitis the
vagus nerve. The vagus connects the brainstem
to many organs, including the colon, making
it the longest of the twelve cranial nerves that
carry signals between the brain and the rest
ofthe body. “It’s really a highway,” Cryan says.
Andresearchin humans and animals suggests
thatithasacrucialrolein ferryingatleastsome
messages between the gut and the brain.

Inthe1970s,acommontherapy for stomach
ulcerswastoremoveallor part ofthe nerveto
curb acid production in the stomach. But in
recent decades, researchers noticed astrange
side effect: people who had undergone this
procedure seemed to be less susceptible to
Parkinson’s disease’.

In a study in mice, injecting misfolded
a-synuclein into the gut produced it in the
brain. Butifresearchers first removed the vagus
nerve, no a-synuclein appeared in the brain®.
Theinjected a-synuclein itself seems to stay
in the gut, but Valina Dawson, a neuroscien-
tist at Johns Hopkins University in Baltimore,
Maryland, who was an author on the study,
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POSSIBLE PATHWAYS TO THE BRAIN

Scientists are starting to explore how gut microbes can influence the brain. Experiments, mostly in mice,
have identified ways in which the microbiome might be involved in some cases of Parkinson’s disease, autism
spectrum disorder and other conditions. Studies also suggest that microbes could help in some situations.

A strain of Escherichia coli in the gut makes a protein
called curli, which can prompt other proteins, including
one called a-synuclein, to misfold. Some researchers
suspect that these misfolded proteins transmit the error

Misfolding
transferred to
brain a-synuclein

up the vagus nerve to the brain, where misfolded
a-synuclein is linked to disease symptoms.
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The bacterium Akkermansia muciniphila
makes a molecule called nicotinamide,
also known as vitamin B3, that seems to
travel to the brain and improve symptoms
of motor neuron disease in mouse models.

Bloodstream

Autism spectrum disorder

Studies in mice suggest an infection in
pregnancy can set off a cascade of
activity. In the mother’s gut, segmented
filamentous bacteria stimulate T-helper
17 cells — part of the immune system.
They produce immune molecules that
travel to the fetus’s brain and provoke
autism-like behaviour.

thinks that there might be a domino effect:
misfolded proteins transmit the error up the
vagus nerve until proteinsin the brain eventu-
ally misfold. Mazmanianand his colleagues are
now conducting experiments to see whether
the curliproteininthe gut canstillprompt Par-
kinson’s symptoms in mice that have had the
vagus nerve severed.

Because misfolded proteins are a hall-
mark of several other conditions that affect
the brain, including Alzheimer’s disease and
motor neuron disease (amyotrophic lateral
sclerosis, or ALS), Friedland says thatbacterial
proteins could beimplicated in these diseases,
too. Dawson finds the idea plausible, but says
that bacterial amyloids aren’t the only factor
to consider. Parkinson'’s, for example, is a
complex disease that presents differently in
different people. Still, she says, “this could be
one way to get things started.”

Hastening decline

Proponents of the gut-brain link say that the
microbiome could do more than just trigger
some cases of neurodegenerative disease: it
could also have effects on its severity. Eran
Elinav, an immunologist at the Weizmann
Institute of ScienceinRehovot, Israel,and at the
German Cancer Research CenterinHeidelberg,
was struck by the differences in how ALS can
develop: some people with the disease progress
slowly, and others deteriorate rapidly. Elinav
wondered whether the microbiome helps to
explain those differences, so he and his team
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began working with one of the most common
ALS mouse models. When they wiped out the
microbiome with antibiotics, or used mice
thatlacked amicrobiome frombirth, they saw
amuch more rapid progression of the disease
than in mice with a normal microbiome’.

Theteam compared gutbacteriain ALS mice
with those of their healthy littermates, and
found several microbial species that seemed
to be linked to disease. They painstakingly
transplanted those species, one by one,
into another group of mice without any gut
bacteria, identifying two species that made
ALS symptoms worse, and one that seemed
to make them better. “And then we asked our-
selves, ‘how does this strain that only lives in
the gutimpact so amazingly a disease which
is focused at the brain?”” Elinav says.

The culprits could be bacterial metabolites
—small molecules produced by bacteria that
can enter the bloodstream and travel around
the body. At least half of all small molecules
in the blood are “either made by microbes or
modulated by microbes”, Elinav says. He and
his team analysed the metabolites produced
by the beneficial microbe, and administered
one, amolecule called nicotinamide — also
known as vitamin B3 — to mice prone to ALS.
They found that the molecule entered the
brain and improved their symptoms’. “We
could provethat thereisabacterium, we could
prove thatthereisaproduct of thebacterium,
and we could prove that it was swimming to
the right target organ and doing something
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favourable to disease course,” he says.

When they compared the microbiomes of
people with ALS and those of their unaffected
family members, they saw less nicotinamide
in the individuals with ALS”. The metabolite is
readily available as a supplement, and Elinav
says heand his colleagues are planning a clinical
trial withiit.

Atleastone group has already tested vitamin
B3 asatreatment for ALS in asmall trial, albeit
aversion combined with another compound.
They administered it to participants with ALS
for four months. Thoseinthetreatmentgroup
showed some improvement, but nearly all of
the people in the placebo group declined in
health®.

“Thisisjustthe beginning,” Elinav says. Many
morebacteriaand metabolites exist, and every
cellinthebodyis opentotheir effects. Once you
realize that, he says, “you start understanding
that the effect of the microbiome could expand
well beyond where the microbes actually live”.

Generational effects

The effect could even pass from one genera-
tionto the next. Take autism spectrumdisorder
(ASD). The causes are still poorly understood,
but infections in a mother during pregnancy
seem to increase the risk of ASD in her child,
according to epidemiological studies. For
example,inaSwedish cohort of nearly 1.8 mil-
lion people, those whose mothers had been
hospitalized for any infection during preg-
nancy had a79% higher risk of being diagnosed
with ASD®.

Research in mice also supports the link. To
mimicaninfection, researchersinject pregnant
mice with double-stranded RNA, which the
body seesasaviralinvader. Their pups exhibit
more repetitive behaviours and anxiety than
dothoseborntomotherswhoweren’tinjected,
andinteract less with other mice — symptoms
that mirror those of people with ASD™.

Gloria Choi, a neuroscientist at the Massa-
chusetts Institute of Technology’s Picower
Institute for Learning and Memory in Cam-
bridge, and her husband and collaborator Jun
Huh, an immunologist at Harvard Medical
School in Boston, wanted to know why. They
zeroedinonatype of cell that defends against
bacteria and fungi by producing molecules
called cytokines. When Choiand Huhmimicked
an infection in their mice, these cells, called
T-helper 17 cells, became hyperactive, churn-
ing out a particular type of cytokine called
IL-17. This molecule travelled into the brains
ofthe developing pups, probably through the
placenta, and then bound to brain receptors.
This seemed to have a profound effect on the
animals: the researchers found that the adult
offspring showed increased neural activity,
which caused their autism-like behaviours".

But “not every pregnant woman who is
infected or hospitalized during pregnancy nec-
essarily has children with neurodevelopmental
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disorders or autism”, Huh says. There must be
something tipping the mother’simmune sys-
tem towards this overactive state. Choi and
Huh focused on a collection of long, thin gut
microbes known as segmented filamentous
bacteria, which had previously been shown
to promote the formation of T-helper 17 cells.
Whenthey treated pregnant mice with an anti-
biotic tokill these bacteria and then stimulated
animmuneresponse, the pups didn’t develop
any behavioural differences™.

Choi and Huh, keen to know whether
the coronavirus pandemic could lead to an
increased risk of ASD, are collecting samples
from pregnant women who are infected with
SARS-CoV-2 and cataloguing the bacteria in
their guts and levels of IL-17 in their blood.
Giventhat the coronavirus, like any other infec-
tion, activatesthe mother’simmune system, it
is plausible that SARS-CoV-2 couldincrease the
risk of altered brain development and poten-
tially psychiatric disorders, says David Amaral,
whostudies ASD at the University of California,
Davis. Researchers have not yet found evidence
insupport of this theory.

Mauro Costa-Mattioli, a neurobiologist at
Baylor College of Medicine in Houston, Texas,
is also studying the relationship between
bacteria and ASD. But rather than looking at
microbes that cause the disorder, he has found
one that might treat its symptoms.

Costa-Mattioli stumbled on this bacte-
rium by accident about five years ago. At the
time, he was working on mice with offspring
that have autism-like symptoms. When those
mice were housed with neurotypical ones
(and ate their excrement, as all mice are wont
todo), their ASD-like behaviours disappeared.
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Costa-Mattioli and his colleagues worked out
that the affected mice were missing a particu-
lar species of bacterium: Lactobacillus reuteri.

Theytested L. reuteriin several other mouse
models, and the bacteriumwas able toreverse
some of the ASD-like behavioursin every one.
And, just as with the Parkinson’s work, the
researchers could block the effect in mice if
they severed the vagus nerve®,

Exactly what type of signal L. reuteri sends
isn’t yetknown. The team has found that some
strains of L. reuteri canreverse the behaviours
while others cannot, and the researchers are
now workingto discover which of its genes are
involved. If they find the gene that produces a
key metabolite, “we canjust putitinanybacte-
riaand now we may have apotential treatment”,
Costa-Mattioli says. That strategy has yet to
be tested.

Onegroupinltalyisalready trying L. reuteri
asatherapy in 80 children with ASD. Partici-
pants will take L. reuterior aplacebo tablet for
six months, and have their symptoms moni-
tored. Costa-Mattioliis hoping to launch his
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THESE ARE
EXTRAORDINARY CLAINS,
WHICH SHOULD REQUIRE
EXTRAORDINARY
EVIDENCE.

Segmented filamentous bacteria in the gut (green) overstimulate the immune system of
pregnant mice that have an infection, altering the fetus's brain development.
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own trial soon.

Whether it willwork remains to be seen, but
Kevin Mitchell, a neurogeneticist at Trinity
College Dublin, doesn’t yet find the mouse
studies persuasive. And he sees the discussion
oftherapeutic potential as premature and “a bit
irresponsible”, he says, given the complexity
of the condition.

Meanwhile, researchers are exploring
more brain maladies, including Alzheimer’s
disease and depression. Gut microbes might
even influence how the brain recovers after
injury. Corinne Benakis, a neurobiologist at
thelnstitute for Stroke and Dementia Research
at Ludwig Maximilians University of Munich
in Germany, and her colleagues treated mice
with antibiotics to wipe out some of their gut
bacteriabeforeinducingastroke. They found
thatantibiotics could reduce the severity of the
brain damage™.

In each of these diseases, many mechanis-
tic questions remain. Researchers in the field
acknowledge that they have yettofleshoutthe
pathways frommicrobe to brain. And the tricki-
eststep will be validating these animal findings
in humans and moving into trials. “These are
extraordinary claims, which should require
extraordinary evidence,” says Mitchell.

Butthere’salso enormousinterest —and not
just from academics. In February 2019, Axial
Therapeutics in Waltham, Massachusetts,
a company co-founded by Mazmanian to
develop therapies for neurodegenerative and
neuropsychiatric diseases, raised US$25 mil-
lion in financing. Another company, Finch
Therapeutics in Somerville, Massachusetts,
whichis developing anoral microbiome drug
for ASD, announced in September that it had
raised $90 million.

Cryan has watched the data pile up since
his talk on the subject was met with stony
silence. He finds the mounting evidence
convincing, and sees enormous promise in
microbiome-based therapies. “Unlike your
genome, which you can’tdo much about except
blame your parents and grandparents, your
microbiomeis potentially modifiable. And that
givesgreatagency to patients,” he says. “That’s
really exciting.”

Cassandra Willyard is a science journalist in
Madison, Wisconsin.
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Correction

This Feature erroneously located McMaster
University in Toronto. It is in Hamilton,
Canada.
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