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K
atya Gavrish is searching for new 

brain drugs in a seemingly un-

likely place: human stool samples. 

An earnest and focused micro-

biologist who trained in Russia 

and loves classical music, she’s 

standing in front of a large anaero-

bic chamber in a lab at Holobiome, 

a small startup company here. She 

reaches into the glass-fronted chamber 

through Michelin Man–like sleeves to begin 

to dilute the sample inside. That’s the first 

step toward isolating and culturing bacteria 

that Gavrish and her Holobiome colleagues 

hope will produce new treatments for de-

pression and other disorders of the brain 

and nervous system.

The eight-person company plans to capi-

talize on growing evidence from epidemio-

logical and animal studies that link gut bacte-

ria to conditions as diverse as autism, anxiety, 

and Alzheimer’s disease. Since its founding 

a mere 5 years ago, Holobiome has created 

one of the world’s largest collections of hu-

man gut microbes. The company’s CEO, Phil 

Strandwitz, cannot yet say exactly what form 

the new treatments will take. But the targeted 

ailments include depression and insomnia, 

as well as constipation, and visceral pain like 

that typical of irritable bowel syndrome—

conditions that may have neurological as 

well as intestinal components. Strandwitz, a 

mild-mannered Midwesterner with a Ph.D. 

in microbiology, isn’t prone to visionary 

statements, but neither is he short on ambi-

tion: He predicts the first human trial will 

start within 1 year.

The allure is simple: Drug development 

for neuropsychiatric disorders has lagged 

Mounting evidence that gut bacteria influence the 
nervous system inspires efforts to mine the microbiome for brain drugs

By Elizabeth Pennisi, in Cambridge, Massachusetts; Photography by Ken Richardson

MEET THE PSYCHOBIOME

FEATURES

Newly isolated bacteria 

grown on agar plates or 

their products could 

act as “psychobiotics.”
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for decades, and many existing drugs don’t 

work for all patients and cause unwanted 

side effects. A growing number of research-

ers see a promising alternative in microbe-

based treatments, or “psychobiotics,” a term 

coined by neuropharmacologist John Cryan 

and psychiatrist Ted Dinan, both at Univer-

sity College Cork. “This is a really young and 

really exciting field with a huge amount of 

potential,” says Natalia Palacios, an epidemio-

logist at the University of Massachusetts, 

Lowell, who is looking into connections be-

tween gut microbes and Parkinson’s disease.

Some researchers prefer a less hurried 

approach focused on understanding the 

underlying biology. But Holobiome and 

a few other companies are eager to cash 

in on the burgeoning, multibillion-dollar 

market that has already sprung up for 

other microbial therapies, which aim to 

treat conditions including intestinal dis-

orders, allergies, and obesity. Those com-

panies are pushing ahead despite many 

unresolved questions about how psycho-

biotic therapies might actually work and 

the potential dangers of moving too fast. 

“There’s a gold rush mentality,” says Rob 

Knight, a microbiologist at the University 

of California (UC), San Diego.

OVER THE PAST 20 YEARS, the recognition 

that the microbes living inside us outnum-

ber our body’s own cells has turned our view 

of ourselves inside out. The gut microbiome, 

as it’s known, weighs about 2 kilograms—

more than the 1.4-kilogram human brain—

and may have just as much influence over 

our bodies. Thousands of species of microbes 

(not only bacteria but also viruses, fungi, 

and archaea) reside in the gut. And with as 

many as 20 million genes among them, those 

microbes pack a genomic punch that our 

measly 20,000 genes can’t match. Gut bac-

teria can make and use nutrients and other 

molecules in ways the human body can’t—a 

tantalizing source of new therapies.

The brain is the newest frontier, but it’s 

one with an old connection to the gut. The 

ancient Greeks, for example, believed mental 

disorders arose when the digestive tract pro-

duced too much black bile. And long before 

microbes were discovered, some philoso-

phers and physicians argued that the brain 

and gut were partners in shaping human 

behavior. “What probably happens is that 

our brain and our gut are in constant com-

munication,” says Cryan, who over the past 

decade has helped drive efforts to decode 

those communications.

Epidemiological researchers have turned 

up intriguing connections between gut and 

brain disorders. For example, many people 

with irritable bowel syndrome are also de-

pressed, people on the autism spectrum tend 

to have digestive problems, 

and people with Parkinson’s 

are prone to constipation.

Researchers have also 

noticed an increase in de-

pression in people taking 

antibiotics—but not antiviral 

or antifungal medications that 

leave gut bacteria unharmed. 

Last year, Jeroen Raes, a 

microbiologist at the Catholic 

University of Leuven, and col-

leagues analyzed the health 

records of two groups—one 

Belgian, one Dutch—of more 

than 1000 people participat-

ing in surveys of their types 

of gut bacteria. People with 

depression had deficits of the 

same two bacterial species, 

the authors reported in April 

2019 in Nature Microbiology.

Researchers see ways in 

which gut microbes could in-

fluence the brain. Some may 

secrete messenger molecules 

that travel though the blood to 

the brain. Other bacteria may 

stimulate the vagus nerve, 

which runs from the base of 

the brain to the organs in the 

abdomen. Bacterial molecules 

might relay signals to the va-

gus through recently discov-

ered “neuropod” cells that sit 

in the lining of the gut, sens-

ing its biochemical milieu, in-

cluding microbial compounds. 

Each cell has a long “foot” that 

extends outward to form a 

synapselike connection with 

nearby nerve cells, including 

those of the vagus.

Indirect links may also ex-

ist. Increasingly, researchers 

see inflammation as a key 

factor in disorders such as 

depression and autism. Gut 

bacteria are key to proper 

immune system develop-

ment and maintenance, and 

studies show that having 

the wrong mix of microbes 

can derail that process and 

promote inflammation. And 

microbial products may in-

fluence what are known as enteroendocrine 

cells, which reside in the lining of the gut 

and release hormones and other peptides. 

Some of those cells help regulate digestion 

and control insulin production, but they 

also release the neurotransmitter serotonin, 

which escapes the gut and travels through-

out the body.

Although the mechanisms 

remain elusive, animal stud-

ies by Cryan and others 

have bolstered the idea that 

gut microbes can influence 

the brain. Rats and mice 

given fecal transplants from 

people with Parkinson’s, 

schizophrenia, autism, or de-

pression often develop the 

rodent equivalents of those 

problems. Conversely, giving 

those animals fecal trans-

plants from healthy people 

sometimes relieves their 

symptoms. The presence or 

absence of certain microbes 

in young mice affects how 

the mice respond to stress as 

adults, and other mouse stud-

ies have pointed to a role for 

microbes in the development 

of the nervous system.

At their lab, Cryan, Dinan, 

and their colleague Gerard 

Clarke think the amino acid 

tryptophan, which some gut 

bacteria produce, could be a 

causal link. Microbes or the 

body’s own cells can convert 

tryptophan into serotonin, 

a neurotransmitter impli-

cated in depression and 

other psychiatric disorders. 

Cells also turn tryptophan 

into a substance called kyn-

urenine, which reacts fur-

ther to form products that 

can be toxic to neurons. 

Changes in the microbiome 

might tip the production of 

those various substances in 

a way that impairs mental 

health, Cryan says. Research 

has shown, for example, 

that people with depression 

convert tryptophan into 

kynurenine more readily 

than into serotonin.

Cryan’s group has amassed 

scores of papers and reviews 

that have helped solidify the 

case for microbial effects on 

several psychological and 

neurological disorders. But 

teasing effective fixes out of 

those links will be difficult, Clarke says: “It 

is one thing to know that a particular aspect 

of host physiology is influenced by our gut 

microbes and quite another to bend this in-

fluence to our will.”

Clarke’s group collaborates and consults 

with many companies and has tested some 

potential psychobiotics for stress manage-

It takes guts
Bacterial residents of the 

intestines may influence 

neurons and the brain 

through several routes.

Substances secreted by 

microbes into the gut may 

infiltrate blood vessels for a 

direct ride to the brain. 

Microbes prompt neuropod 

cells in the gut lining to 

stimulate the vagus nerve, which 

connects directly to the brain.

More indirectly, microbes 

activate enteroendocrine cells

in the gut lining, which send 

hormones throughout the body.

Even more indirectly,

gut microbes influence immune 

cells and inflammation,

which can affect the brain.
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ment in healthy volunteers. But he sees a 

long road to treatments. “It will be impor-

tant to understand better and more pre-

cisely the mechanisms at play.”

HOLOBIOME ISN’T AS PATIENT. Strandwitz 

founded the company in 2015 while still a 

graduate student in Kim Lewis’s microbio-

logy lab at Northeastern University. “He 

very politely told me that he would join 

the lab only if I helped him start a com-

pany once he graduated,” recalls Lewis, 

who is famous for discovering and work-

ing to commercialize new antibiotics from 

soil microbes. Lewis agreed, but he fig-

ured it would be 10 years or more before 

Strandwitz would have his own company. 

Lewis was wrong: It only took 4 years.

At Northeastern, Strandwitz learned 

what he calls the “art of cultivation” from 

Gavrish, who was working with Lewis on 

isolating soil microbes. At the time, only 

about 25% of gut bacteria could be grown in 

the lab. Gavrish, who specializes in isolat-

ing and describing new microbial species, 

taught Strandwitz to manipulate nutrients 

and use antibiotics to give slow-growing, 

picky bacteria a chance to survive in culture 

instead of being outcompeted by more ag-

gressive species. He began to track down 

growth factors to keep recalcitrant species 

going. Now, Strandwitz says, “We have in 

culture about 70%” of the known human 

gut microbes. If true, it’s a figure few other 

labs can match.

One growth factor Strandwitz identified 

turned out to be the key to launching his 

entrepreneurial dreams. He and colleagues 

isolated a bacterium that couldn’t survive 

on typical culture media and required an 

amino acid called gamma-aminobutyric 

acid (GABA) to thrive. GABA is a neuro-

transmitter that inhibits neural activity in 

the brain, and its misregulation has been 

linked to depression and other mental 

health problems.

The researchers reasoned that if this gut 

microbe had to have GABA, some other mi-

crobe must be making it. Such GABA pro-

ducers might be a psychobiotic gold mine. 

Strandwitz and colleagues began to add gut 

microbes one at a time to petri dishes con-

taining the GABA eater. If the GABA eater 

thrived, the scientists would know they’d 

found a GABA producer. They discovered 

such producers among three groups of bac-

teria, including Bactereroides. They quickly 

filed a patent for packaging those bacteria—

or their products—to treat people with de-

pression or other mental disorders.

Before publishing those findings, the 

group teamed up with researchers at Weill 

Cornell Medicine who were doing a brain 

scan study of 23 people diagnosed with 

depression. They found that people with 

fewer Bacteroides bacteria had a stron-

ger pattern of hyperactivity in the pre-

frontal cortex, which some researchers 

have associated with severe depression. 

The collaboration reported its findings 

on 10 December 2018 in Nature Microbio-

logy, along with the discovery of GABA-

producing bacteria.

Holobiome further discovered that the 

bacteria produce GABA in the rat digestive 

tract, which may increase GABA levels in 

the brain. And it found that GABA produc-

ers reduced learned helplessness—a symp-

tom of depression—in those animals. One 

of Strandwitz’s co-authors, microbial eco-

logist Jack Gilbert at UC San Diego, is also 

testing the therapeutic potential of GABA-

producing bacteria in rats. His group and 

Holobiome have both observed that treated P
H

O
T

O
: 

K
E

N
 R

IC
H

A
R

D
S

O
N

Published by AAAS

Corrected 11 May 2020. See full text. 

on M
ay 12, 2020

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://science.sciencemag.org/


SCIENCE   sciencemag.org 8 MAY 2020 • VOL 368 ISSUE 6491    573

rats are more likely to stay longer on an 

uncomfortably warm surface—a test of vis-

ceral pain tolerance—perhaps because el-

evated GABA calms them. The findings are 

unpublished, but they’ve persuaded Gilbert 

to investigate whether those bacteria can 

also reduce anxiety in rats. “It’s clear they 

do have a neuromodulatory effect,” he says.

GABA is too big to reach the brain by slip-

ping across the blood-brain barrier, a cellular 

defense wall that limits the size and types of 

molecules that can get into the brain from 

blood vessels. Instead, the molecule may 

act through the vagus nerve or the entero-

endocrine cells. Some researchers might 

question why bacteria would be any more 

beneficial than GABA-boosting drugs. But 

Strandwitz says the bacteria may do more 

than simply boost GABA. He notes that 

they produce molecules that may have 

other effects on the brain and body, thereby 

addressing other symptoms of depression. 

He and Gilbert are unfazed by those un-

certainties. “If we can show an influence, 

without any side effects, I don’t see any 

reason for not going forward with clinical 

trials,” Gilbert says.

At Holobiome, Strandwitz and col-

leagues have identified and ranked 30 

promising GABA-producing bacteria, in-

cluding the ones Gilbert is testing. Now, the 

company is enlisting an outside manufac-

turer to figure out which GABA-producing 

bacteria are best suited to produce in 

large enough quantities to test in people. 

The researchers hope to complete regula-

tory and ethical reviews in 

time to start human trials 

by early 2021. “We’ve been 

able to progress at this 

rate because we know our 

microbiology,” Strandwitz 

says. The initial target con-

ditions are insomnia and 

irritable bowel syndrome 

with constipation.

Ultimately, Holobiome 

does not know whether 

its best products will be a 

single bacterial species, a 

group of species, or a com-

pound made by bacteria. 

“For now, live bugs work 

the best,” Strandwitz says. 

He suggests a consortium 

of bacteria that includes a 

wider range of species than typical pro-

biotics will be more versatile and able to 

treat multiple aspects of, say, depression.

HOLOBIOME IS ALREADY LOOKING beyond 

GABA producers. Thousands of newly iso-

lated microbes wait in frozen vials at the 

company’s headquarters for their psycho-

biotic potential to be explored. “Whenever 

we see someone publishes a new paper 

on the microbiome, we can check if we 

have those bacteria and replicate the ex-

periments,” says Holobiome’s Stephen 

Skolnick, who recently joined the company.

A key tool for those experiments is a “gut 

simulator,” a series of flasks connected by 

tubing, with several portals for adding mi-

crobes and for monitoring what’s happen-

ing inside. By allowing a mock microbiome 

to develop from different combinations of 

bacteria, sometimes with mammalian cells 

in the mix, the researchers can investigate 

newly isolated microbes and their prod-

ucts. If the scientists see promise, they can 

quickly pivot to thinking about additional 

products to develop.

Skolnick took the lead on obtaining a 

patent for Holobiome’s use of queuine—

a vitaminlike molecule only produced 

by certain gut microbes—to improve 

mental well-being. The body uses queu-

ine to build neurotransmitters such as 

dopamine, serotonin, and melatonin. 

Whether adding queuine producers or 

the molecule itself to the gut might help 

people with mental illness isn’t clear, but 

Strandwitz says he’s excited about the idea.

“It’s been amazing to witness the tremen-

dous growth in the microbiome gut-brain 

field,” says UC Los Angeles biologist Elaine 

Hsiao. Like Strandwitz, she is an enthusi-

ast, having helped start two companies to 

develop microbial therapies for several dis-

orders, including epilepsy and autism.

Other researchers fear 

entrepreneurship is out-

racing science. Knight says 

venture capitalists are fund-

ing startups developing 

almost any microbiome-

based therapies. Some con-

cepts are “very promising 

and are supported by a lot 

of evidence,” he says, but 

others aren’t, and they’re 

still getting money. Knight 

says investors see an op-

portunity in eager patients. 

(Raes says he gets almost 

daily emails from depressed 

people seeking help.)

Microbial therapies won’t 

necessarily meet the same 

standards of efficacy as reg-

ular drugs. To be marketed as a pharmaceu-

tical, a treatment has to pass muster with 

the U.S. Food and Drug Administration, or 

its equivalent in other countries, through 

clinical trials that prove its effectiveness 

against specific diseases. Most microbiome 

treatments so far are marketed as probi-

otics, for which regulatory thresholds are 

lower, at least in the United States—as are 

limits on the health claims that a manufac-

turer can make. Holobiome is developing 

both types of products.

The field still faces considerable scien-

tific questions, too. Besides the correlative 

nature of much of the research and the 

usual questions of whether animal studies 

will translate to humans, there’s also the 

sheer complexity of the human microbiome, 

says Beatriz Peñalver Bernabé, a systems 

reproductive biologist at the University of 

Illinois, Chicago. “I don’t think that it will 

be ‘one thing fits all.’ We will need to look 

for specific strains and dosages for different 

people.” And, she adds, new theories and 

models are needed to predict how those 

strains will affect the individual’s particular 

microbiome community.

Despite the obstacles, Gavrish remains 

confident that some strains she’s grow-

ing in the anaerobic chamber will lead to 

treatments. After all, she says, the connec-

tion between gut microbes and the human 

brain has deep evolutionary roots. “I truly 

believe you can harness the power of a 

million years of signaling by gut bacteria to 

help people.” j

“It is one thing 
to know that a 

particular aspect of 
host physiology 

is influenced by our 
gut microbes 

and quite another 
to bend this 

influence to our will.” 
Gerard Clarke, 

University College Cork
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At Holobiome, 

Stephen Skolnick tests 

whether bacterial 

cells can make 

GABA, an important 

neurotransmitter. 
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