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The gut microbiota influences stress response and behavior of the host

Nobuyuki Sudo
Department of Psychosomatic Medicine, Graduate School of Medical Sciences,
Kyushu University, Fukuoka, Japan

Brief curriculum vitae : Born in Fukuoka. Graduated from Faculty of Medicine, Kyushu
University in 1988. Assistant Professor of Kyushu University from 1997 to 2003. Associate
Professor of Kyushu University from 2003 to 2008. Professor of Kyushu University from
2009 to present. Major Research Fields: To elucidate the role of gut microbiota in stress-re-

lated diseases.

Abstract : FRecently, there is increasing interest in the role of gut bacteria in
maintaining the health of the host. It has also become apparent that the gut mi-
crobiota plays a major role in brain development and function.

We reported for the first time in 2004 that gut microbes influence the devel-
opment of the hypothalamic-pituitary-adrenal (HPA) reaction Y which is a
central integrative system crucial for successful physiological adaptation to
stress. Elevation in plasma ACTH and corticosterone in response to restraint
stress was substantially higher in germ-free (GF) than in specific pathogen free
(SPF) mice. The exaggerated HPA stress response in GF mice was reversed
by reconstitution with Bifidobacterium infantis, but not with Bacteroides vulga-
tus. This indicated that exposure to gut microbes was a critical environmental
determinant that regulated development of the HPA stress response. These re-
sults taken together provided strong evidence for a novel link between gut mi-
croorganisms and the brain. This concept has now been integrated into an elab-
orate interaction between the microbiota, gut, and brain. Recently, several

o including our own, have shown that gut microorgan-

independent groups*
iIsms can affect the behavioral phenotype of the host. In fact, our behavioral
analyses based on marble-burying and open-field behavioral tests showed that
GF mice were more active and anxious than SPF mice. However, such behav-
loral phenotypes of GF mice were reversed by reconstitution with either SPF
feces or a single strain of bacteria that is a predominant microbiota in the hu-
man gut. Thus, these results indicate that the gut microbiota plays a crucial
role in the development of brain systems that determine the HPA stress re-

sponse and behavioral phenotypes of the host.



In this lecture, I'd like to talk about signaling between the gut microbiome
and the brain with respect to the effect of gut microbes on the HPA axis re-
sponse and host behavior, based on our series of animal experiments. I'd also
like to discuss certain molecules that may play an important role in this signal-

ing.
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Microbial Endocrinology : Why the Intersection of Microbiology and
Neurobiology Matters to Health and the Design of Probiotics

Mark Lyte
Towa State University College of Veterinary Medicine
Ames, Iowa, USA

Brief curriculum vitae : Born in USA (1954). Graduated from Fairleigh Dickinson Univer-
sity with a Bachelor of Science degree in Clinical Laboratory Sciences in 1976. Board cer-
tified in clinical laboratory medicine (1976) and responsible for laboratory clinical sciences
at major hospital 1976-77. Master's degree in Membrane Research, Weizmann Institute of
Science, Israel (1979) and Ph.D. in Membrane Research and Cell Biology, Weizmann Insti-
tute of Science (1983). Postdoctoral fellowships at the Medical College of Virginia (1983-
85) and University of Pittsburgh School of Medicine (1985-86). Assistant Professor Uni-
versity of Wisconsin-Milwaukee (1986-88), Associate and Full Professor, Minnesota State
University-Mankato (1988-2005), Full Professor Texas Tech University Health Sciences
Center (2005-2015), Full Professor Iowa State University College of Veterinary Medicine
(2015-present).

Major Fields of Studies : Role of stress in disease and health and development of interdis-

ciplinary field of microbial endocrinology.

Prize awarded : Joseph Susman Memorial Award for Surgical Infectious Disease (2002),
Finalist NIH Director's Pioneer Award (2008), NIH Distinguished Speaker (2014).

Abstract : Microbial endocrinology represents the intersection of two seemingly
disparate fields, microbiology and neurobiology, and is based on the shared pres-
ence of neurochemicals that are exactly the same in the host as well as in the
microorganism. The ability of microorganisms not only to respond to but also to
produce many of the same neurochemicals that are produced by the host, such
as during periods of stress, has led to this evolution-based mechanism being
shown to have a role not only in the pathogenesis of infectious disease and ho-
meostasis, but also in the functional capacity of probiotics to influence the host
principally through the microbiota-gut-brain axis.

The study of stress and how it relates to the pathogenesis of infectious dis-



ease provides just one example of the reasons why microbial endocrinology can
provide mechanistic insights into how sharing of an evolutionary-based common
language of neurochemical signaling between host and microbe can affect host
homeostasis and disease susceptibility. For example, the neurophysiological re-
sponse of an animal to stress involves the production of a number of stress-relat-
ed neurochemicals including the catecholamines. It is generally believed that
such neurochemicals belong exclusively to the animal kingdom and that any role
such neurochemicals play in the infective process is largely confined to host
physiology and immunology-related responses. This, however, is wholly incorrect
as many of the bacterial species that are known to cause infections possess the
capacity to not only recognize neurochemicals produced by the host in response
to stress, but also synthesize the very same neurochemicals. Given this, infec-
tious microorganisms are capable of directly responding to the neurochemical
outflow resulting from a stress event and initiating pathogenic processes. Micro-
bial endocrinology has now been shown to explain a wide variety of infections
including the development of biofilms in the hospital setting.

Additionally, the recognition of the existence of a microbiota-gut-brain axis
that can influence behavior and cognition has opened new avenues by which mi-
crobial endocrinology-based mechanisms can be applied. This is particularly rele-
vant to the study of the mechanisms by which probiotics may function to influ-
ence behavior since probiotics are capable of production of large quantities of
neurochemicals. This talk will also examine the possible mechanisms by which
probiotics can influence such microbiota-gut-brain communication with specific
attention addressing possible neurochemical-based communication between the
probiotic microorganism and host neuronal elements that influence behavior and
brain development. A specific framework for the selection of probiotics based on
microbial endocrinology will be presented.
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Effects of probiotics on the gut-brain interaction in animal models

Mitsuhisa Kawali
Yakult Central Institute, Yakult Honsha Co. Ltd.

Brief curriculum vitae : Born in Aichi, 1965. Graduated from Department of Veterinary
Medicine, Faculty of Agriculture, Gifu University in 1991. Entered Pfizer Japan Inc in 1991
and engaged in pharmaceutical R&D until 2007. Completed Doctorial Course of the United
Graduate School of Veterinary Sciences, Gifu University and received a PhD degree in
Veterinary Science in 2005. Joined Yakult Honsha, Co. Ltd. in 2007. Associate Chief Re-
searcher

Maijor field studies : Research on the effects of probiotics on the neuroendocrine system

Abstract : Recently, the subject of interest concerning the effects of intestinal
microbiota and probiotics on human physiological functions has been expanding
from physiological homeostasis involving immunomodulation to psychological
homeostasis involving the neuroendocrine system, for example the relationship
of microbiota to anxiety and depression. Several investigators have worked
with animals to show that probiotics and intestinal microbiota reduce stress re-
activity by modulating the neuroendocrine system or have positive effects on
behavior and cognitive function under stressful conditions”? . In humans, Lacto-
bacillus caser Shirota (LcS), a probiotic that is known to have a role in immu-
noregulation as well as normalization of intestinal microbiota, has also been
shown to have positive psychological effects by improving mood disturbances® v

We have been conducting basic research to investigate these novel functions
of LcS and its mechanism of action in the brain using animal stress models. Our
current results demonstrate that LcS intake reduces stress-induced excitation
of the neuroendocrine system via the paraventricular nucleus (PVN). The af-
ferent vagal nerves from the gastrointestinal tract seems to be involved in

56 Our results suggest that LcS affects

modulating the changes in the brain
neurotransmission in the brain directly and/or indirectly through interactions
with the gut-brain axis.

Daily intake of probiotics promotes the health of the gut, a major site of neu-
ro-endocrine-immune responses as well as digestion and absorption. Together
with the newly proposed hypothesis of action mechanism through the gut-brain

axis, we expect that probiotics will enhance the body's resilience to maintain



physiological and psychological homeostasis and help achieve ‘healthy intes-

tines for longevity.
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Abstract : Probiotics are widely consumed as components of fermented foods
such as yogurt and have a salubrious effect on the gut environment. Recent in-
tensive research reveals that the microbiota affects our behavior and emotions
through the brain-gut-microbiota axis ; therefore, members of the microbiota
are called “mind-altering microorganisms.” We investigated the effects of probi-
otics on both stress-induced physical symptoms and stress biomarkers, through
the improvement of gut health. To this end, we conducted double-blind, place-
bo-controlled trials involving healthy medical students, who were undertaking
an authorized nationwide examination for academic advancement'’ . We re-
peated the trials annually for 3 consecutive years with different groups of sub-
jects and performed a pooled analysis of the data. For 8 weeks until the day be-
fore the examination, two groups, containing 70 subjects each, consumed
Lactobacillus casei strain Shirota (LcS)-fermented milk or placebo milk daily.
The total score for abdominal dysfunction and the number of genes with more
than 2Z-fold change in expression in leukocytes were significantly suppressed in
the LcS group compared to the placebo group during the observed period. Fur-
thermore, the 16S rRNA gene amplicon sequences demonstrated that the LcS
group had a significantly higher number of species, a marker of the alpha diver-



sity index, in their gut microbiota, and a significantly lower percentage of Bacte-
roidaceae than did the placebo group2> )

Our findings suggested that the daily consumption of probiotics such as L.
caser strain Shirota prevented stress-related physical symptoms in healthy sub-
jects exposed to stressful situations. Moreover, we showed that probiotics sup-
pressed changes in both the levels of gene expression in leukocytes and the
levels of the salivary stress marker, cortisol. Some preliminary studies in animal
models suggest that stimulation of the gastric vagal nerve may be a possible
mechanism underlying the effectiveness of LcS in attenuating stress
responses >’ . However, further research is needed to clarify the effects of LeS
on the autonomic nervous system in healthy subjects. Probiotics are generally
considered delicious and safe for consumption. We expect that fermented milk-
based drinks will be recognized as anti-stress foods that contribute to the main-
tenance of good health.
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Abstract : Our research focuses on brain metabolism, particularly in the con-
text of brain development and plasticity. Advances in research on the gut mi-
crobiota of children has stimulated interest in how the gut microbiota might in-
fluence brain development. Here we propose a hypothesis that a key mediator
between gut microbiota and the brain is in the metabolic state of the body (Goy-
al et al. 2015). By influencing the metabolic state of a child, the gut microbiota
might significantly affect brain metabolism, its access to nutritional resources,
and ultimately its development. We will discuss the metabolic needs of a devel-
oping brain, the developing gut microbiota and its influence on metabolism and
growth, and early evidence in how abnormal gut microbiota might influence
brain metabolism. We will end with proposals for future efforts to more fully
test this hypothesis and its potential implications.

Metabolic needs of the developing brain

The adult human brain is unique in its metabolic requirements, consuming
approximately 20% of the body's resting caloric consumption despite compris-
ing just 2% of the body's typical weight (Raichle & Mintun 2006). A young
child’ s brain is far more expensive, requiring nearly 50% of the body s total
resting glucose consumption (Chugani et al. 1998 : Kennedy & Sokoloff 1957 :



Goyal et al. 2014). Our research has found that much of this glucose consump-
tion is consumed in excess of oxygen utilization, i.e. via aerobic glycolysis (Goyal
et al. 2014). Aerobic glycolysis in the developing brain is required to initially
build biomass including neurites and glia, and subsequently provides the build-
ing blocks for new synapses in the course of synaptic proliferation and plastici-
ty that flourishes during early brain development. The metabolic needs of the
developing human brain peak between the ages of 5 and 10 and gradually de-
cline thereafter (Chugani et al. 1998 : Goyal et al. 2014). The effects of pertur-
bations to the provision of these metabolic needs are not yet well understood,
but several studies demonstrate cognitive impairments in children who previ-

ously suffered from severe malnutrition (e.g. Waber et al. 2014) .

Gut microbiota development and childhood malnutrition

Research from Professor Jeffrey Gordon and others has shown that the gut
microbiota undergo stereotypical changes over the first few years of life
(Yatsunenko et al. 2012 ; Smith et al. 2013 ; Subramanian et al. 2014). Severely
malnourished children harbor significant alterations in their gut microbiota,
which has an immature appearing ecology (Subramanian et al. 2014 ; Blanton
et al. 2016). The gut microbiota from severely malnourished young children re-
capitulates an impaired growth phenotype when transplanted into sterile gnoto-
biotic mice, which can then be prevented by transplanting ‘healthy gut micro-
biota (Blanton et al. 2016). These results indicate an important interaction
between diet and gut microbiota in developing and establishing a healthy or un-
healthy metabolic state in a child.

Gut microbiota and brain metabolism

An early / preliminary study of brain metabolism was performed in 6 germ-
free mice, 3 of whom were transplanted with typical intestinal microbiota at 4
weeks of age (Matsumoto et al. 2013). Though a pilot study, this revealed sig-
nificant differences in brain metabolites associated with glycolysis and amino
acids between the germ-free and transplanted mice. A more recent study simi-
larly found differences in amino acids and citrate between gnotobiotic mice
transplanted with healthy donor or stunted / undernourished donor microbiota
(Blanton et al. 2016). While these results remain preliminary, they suggest that
gut microbiota might have a causal effect on brain metabolism, and point to fu-
ture efforts that will help reveal important microbiota-gut-brain interactions..
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Abstract : Depressive disorder is a stress-induced condition, which has been
suggested to have bidirectional interactions with the gut microbiota. Probiotics
such as Bifidobacterium and Lactobacillus are suggested to mitigate stress re-
sponse. Animal models of depression have shown abnormalities in the gut such
as Increased gut permeability, and the probiotics ameliorate their depres-

3 However, there have been

sion-like behaviors and altered stress responses '
only a few studies that have directly investigated the gut microbiota of the de-
pressed patients4‘5> )

We examined whether bacterial counts of Bifidobacterium and Lactobacillus
are reduced in patients with major depressive disorder (MDD) than in healthy
controls ®’ . Bacterial counts in fecal samples were estimated in 43 patients and
57 controls using bacterial rRNA-targeted reverse transcription-quantitative
polymerase chain reaction (Yakult Intestinal Flora-SCAN ; YIF-SCAN®) .
The patients had significantly lower Bifidobacterium counts and tended to have
lower Lactobactllus counts than the controls. Individuals whose bacterial counts
below the optimal cut-off point (953 and 6.49 log,, cells/g for Bifidobacterium
and Lactobacillus, respectively) were significantly more common in the
patients than in the controls for both bacteria. Using the same cut-off points, we
observed an association between the bacterial counts and irritable bowel



syndrome. Frequency of fermented milk consumption was associated with high-
er Bifidobacterium counts in the patients. Our results provide direct evidence,
for the first time, that individuals with lower Bifidobacterium and/or
Lactobacillus counts are more common in patients with MDD compared to con-
trols.

" on depressive disorder from

In line, a recent randomized controlled study’
Iran reported beneficial effects of probiotics (combination of Lactobacillus aci-
dophilus, Lactobacillus casei, Bifidobacterium bifidum) on depression severity
and metabolic parameters of the patients. Collectively, the use of gut microbiota

in the diagnosis and treatment of depressive disorder seems to be promising.
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Abstract : Parkinson's disease (PD) is characterized by alpha-synucleinopathy
that affects all levels of the brain-gut axis including the central, autonomic, and
enteric nervous systems. Recently, a role of the gut microbiota, both commensal
and pathogenic organisms, in the brain-gut axis interactions has been increas-
ingly recognized. Dysregulation of the brain-gut-microbiota axis in PD may be
associated with gastrointestinal manifestations frequently preceding motor
symptoms, as well as with the pathogenesis of PD itself, supporting the hypoth-
esis that the pathological process is spread from the gut to the brain. The im-
pact of the gut microbiota on the bidirectional communication between the cen-



tral nervous system (CNS) and the gastrointestinal tract involves
immunological, neuroendocrine, and direct neural mechanisms.

The gut microbiota is known to upregulate local and systemic inflammation
due to lipopolysaccharides (LPS) from pathogenic bacteria and synthesis of
pro-inflammatory cytokines. Excessive stimulation of the innate immune system
resulting from gut dysbiosis and/or small intestinal bacterial overgrowth and
increased intestinal permeability may produce systemic and/or CNS inflamma-
tion, while activation of enteric neurons and enteric glial cells may contribute to
the initiation of alpha-synuclein misfolding. In fact, alpha-synuclein aggregates
are present in both the submucosal and myenteric plexuses of the enteric ner-
vous system (ENS) | prior to their appearance in the brain, indicating a possi-
ble “prion-like” spread. Additionally, the adaptive immune system may be dis-
turbed by bacterial proteins cross-reacting with human antigens via the
molecular mimicry pathway. The gut bacteria are also able to synthesize nu-
merous neurotransmitters and neuromodulators such as y -aminobutyric acid,
serotonin, dopamine or short-chain fatty acids. The direct neural communication
between the gut and the brain occurs via the vagus nerve, as bacteria can stim-
ulate afferent neurons of the ENS.

There is a growing body of evidence confirming that the gut microbiota al-
terations precede or occur during the course of PD. The gut microbiota compo-
sition in PD patients has been recently associated with clinical phenotypes of
the disease. In addition, the age-related changes in the gut microbiota, in partic-
ular a decreased diversity of species, may be linked to the age-related neurode-
generation. High prevalence of small intestinal bacterial overgrowth in PD has
been also reported. Moreover, some specific pathogens, including Helicobacter
pylor: and Mycobacterium paratuberculosis, have been postulated as potential
triggering factors. However, the causal relationship between the qualitative and
quantitative changes of gut microbiota and the pathogenesis of PD remains un-
clear. Importantly, some genetic risk factors may play a crucial role in the in-
teractions between the brain-gut-microbiota axis with respect to gut inflamma-
tion. Surprisingly, epidemiological data indicate that the risk of PD is lower in
smokers and coffee drinkers. Cigarette and coffee consumption, like fiber-rich
diet, may alter the microbiota composition in a way that mitigates intestinal in-
flammation lowering the risk for PD.

A better understanding of the brain-gut-microbiota axis interactions should
bring a new insight in the pathophysiology of PD. The close relationship be-



tween gut dysbiosis, intestinal permeability and neurological dysfunction sug-

gests that the gut microbiota modification with probiotics, prebiotics, or even

fecal microbiota transplantation, may provide a promising therapeutic option in

PD.
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