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SUMMARY

The gut microbes, collectively called microbiota, are linked to the brain through a bidirectional system that involves the vagus
nerve, the immune system, and various neurotransmitters. Stress response, memory functions, social behavior, and mood are
modulated by microbiota. Furthermore, microbiota play a role in the development of the central nervous system. These features,
established largely in rodent studies, have informed hypotheses about the role of microbiota in human psychiatric disorders.
Microbiota affect phenomena that are known to be parts of the depression phenotype, such as exaggerated response to stress and
inflammatory features. Furthermore, the role of microbiota in neurodevelopment and in the modulation of social behavior suggests
the possibility of its role in autism spectrum disorder and in schizophrenia. If altered, microbiota play a role in psychiatric disorders,
then efforts to normalize the gut microbial population by the ingestion of probiotics (live bacteria) could have antidepresssant or
antipsychotic effects. Testing such hypotheses in translational human studies is a matter of future research.
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Introduction

"Can the bacteria in your gut explain your mood?"
Ten years ago, that question would have sounded like a
joke. Not anymore. The quoted question is in fact the
title of a full-scale review by P.A. Smith, published in
The New York Times on June 23, 2015. The subtitle:
"The rich array of microbiota in our intestines can tell
us more than you might think.”” We agree.

It has become clear that the gut microbes, collec-
tively called the gut microbiota, (and their genes, collec-
tively called the gut microbiome) exert effects on the
brain and vice versa. Some of the effects of microbiota
can be emulated by the ingestion of probiotics (live
bacteria, some of which may have health benefits).
Effects of microbiota on behavior of rodents have been
extensively examined, and preliminary studies in hu-
mans have emerged. The US National Institute of
Mental Health is inviting grant applications to study
basic mechanisms of gut-brain interactions.

In summary, this line of research has captured the
interest of the scientific community and the public in the
US and elsewhere. As far as we know, nothing has been
published about this topic in the Czech scientific
literature. Here we provide a mini-review.

The gut microbiota

Fetal gut is sterile. Its initial colonization during and
after birth is sourced by the maternal microbiota. The
microbiota in the adult human gut consist of approxi-
mately 1kg of bacteria, viruses, protozoa, fungi, and
archaea. Microbiota's essential functions include food
digestion, fighting pathogens, and synthesis of vitamins.
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There is a complex bidirectional communications
network between the gut and the central nervous
system, some of which depends on the activation of the
vagus nerve. The immune system transduces the effects
of microbiota on the brain.

On the other hand, germ-free (GF) mice have an
overactive response of the hypothalamus-pituitary-adre-
nal axis (HPA) to stress (Sudo et al. 2004). Moreover,
GF mice also exhibited reduced brain-derived neuro-
trophic factor (BDNA) expression levels in the cortex
and hippocampus.

The reduced BDNF expression in the cortex and the
hippocampus found by Sudo et al. (2004) would be ex-
pected to yield memory impairments. Indeed, such im-
pairments were found in GF mice (Gareau et al. 2011).

Microbiota affect the levels of neurotransmitters that
modulate numerous aspects of brain activity. It influen-
ces the metabolism of tryptophan, the precursor of
serotonin. Various gut microorganisms can produce
dopamine, norepinephrine, gamma-aminobutyric acid
(GABA), and acetylcholine (Lyte 2013). More details
concerning the gut microbiota and the brain can be
found elsewhere (e.g. Mayer et al. 2014, Sampson &
Mazmanian 2015).

Microbiota and mental disorders

Depression

Hypothalamus-pituitary-adrenal (HPA) axis hyper-
activity in response to stress and in resting condition has
been, until recently, the most extensively studied
abnormality associated with major depressive episodes.
It appears to be associated with melancholia, psychosis,
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and suicide risk. As mentioned above, hyperactive HPA
stress response was observed in GF mice (Sudo et al.
2004). The exaggerated HPA stress response by GF
mice was reversed by treatment with Bifidobacterium
infantis. Importantly, the enhanced HPA response of GF
mice was partly corrected by reconstitution with faeces
of control mice at an early stage, but not at a later stage,
which therefore indicates that exposure to microbes at
an early developmental stage is required for the HPA
system to become fully susceptible to inhibitory neural
regulation. Thus, microbiota can affect the postnatal
development of the HPA stress response in mice (Sudo
et al. 2004). The response was reversed by a probiotic,
suggesting a role of microbiota in the modulation of
stress response.

Stress results in an alteration of gut barrier function.
This may lead to the passage of various molecules, and
perhaps bacteria (Sudo et al. 2004), from the gut into
the bloodstream. The immune system responds by a
pro-inflammatory reaction, generating high levels of
pro-inflammatory interleukins I1L-1 and IL-6 (Dinan et
al. 2013).

It is noteworthy that individuals with major depres-
sion have significantly higher concentrations of IL-6 in
comparison with controls, as demonstrated by a meta-
analysis of 16 studies (Dowlati et al. 2010). In contrast,
some antidepressants, including selective serotonin
reuptake inhibitors, have negative immunoregulatory
effects by increasing relative amounts of IL-10, a
cytokine that suppresses inflammation. These results
were obtained by incubating diluted whole blood from
17 normal volunteers with fluoxetine (Maes et al. 2005).
Perhaps similarly, immunoregulatory effects of pro-
biotic organisms are thought to be mediated, in part, by
the synthesis of IL-10 (Dinan et al. 2013).

Thus, simplifying a very complex picture, HPA
hyperactivity characterizes depression, and this hyper-
activity may be mediated by a pro-inflammatory reac-
tion to stress set off by anomalous microbiota. If so,
probiotics might have antidepressant effects (Dinan &
Cryan 2013). Systematic controlled studies of probiotics
for the treatment of major depression have not yet been
published.

The selection of the appropriate probiotic for such
treatment trial should be governed by an effort to find
out what differences, if any, exist between the
"depressed” microbiota and those observed in healthy
controls. The probiotic tested in such trial should aim at
correcting those differences. Thus, an initial approach
facilitating the design of such studies could be an
investigation of the microbiota in depressed patients.

At least one study of the microbiota in depression
has already been done. In Finland, the compositions of
microbiomes in the fecal samples of 37 depressed
patients and 18 controls were examined (Naseribafrouei
et al. 2014). Several types of microorganisms were
significantly over- or underrepresented in the samples of
depressed patients. The interpretation of these results
seems difficult, particularly because of the very large

variety of microorganisms present. This interesting
pioneering study awaits replication in larger samples of
human subjects.

Another initial approach to studies of probiotics in
depression is to test their effects on mood in normal
volunteers. Healthy volunteers (N=66) participated in a
double-blind, placebo-controlled, randomized parallel
group study (Messaoudi et al. 2011). A probiotic formu-
lation containing Lactobacillus helveticus R0052 and
Bifidobacterium longum R0175 was administered for 30
days. The subjects' mood was assessed with several rating
scales. The probiotic significantly reduced psycho-
logical distress, somatization, depression, and anger-
hostility.

In another study, for a 3-week period, either a pro-
biotic milk drink containing Lactobacillus casei Shirota
or a placebo, were consumed daily by 132 healthy
volunteers (Benton et al. 2007). Mood and cognition
were measured at baseline, and after 10 and 20 days of
consumption. When those in the bottom third of the
depressed/elated dimension at baseline were considered,
they selectively responded by reporting themselves as
happy rather than depressed after taking the probiotic.
An unexpected and possibly chance finding was that the
consumption of probiotic resulted in a slightly-poorer
performance on two measures of memory.

In summary, a theoretical basis for a probiotic
treatment trial in major depression is being built up.

Obsessive-compulsive disorder (OCD)

A hypothesis proposed that stress and antibiotics are
the mechanisms by which gut microbiota are altered
before the onset of OCD symptoms (Rees 2014). The
author proposes a novel explanation of the OCD symp-
toms that occasionally develop as a part of the PANDAS
(Pediatric autoimmune neuropsychiatric disorders asso-
ciated with streptococcal infections). It is currently
believed that these symptoms are explained by group A
beta-hemolytic streptococcal infections. However, the
author proposes that the symptoms are instead caused
by antibiotics that are administered as treatment of the
infection, but inadvertently alter microbiota.

Furthermore, stressful life events known to trigger
OCD, such as pregnancy, are recast to show the possi-
bility of altering gut microbiota prior to onset of OCD
symptoms. Suggested treatment for OCD would be the
re-introduction of beneficial bacteria modifying the gut
microbiome, thereby ameliorating OCD symptoms
(Rees 2014).

Neurodevelopmental disorders

Animal models demonstrate the effects of micro-
biota on social behavior. The GF mice showed signi-
ficant social avoidance indicated by a lack of the normal
preference for time spent in a chamber containing a
mouse versus the alternative empty chamber (Desbonnet
et al. 2014). This was accompanied by reduced
preference for novel social situations, where GF mice
did not demonstrate the normal increase in time spent
investigating a novel over a familiar mouse, which
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resembles social cognition deficits observed in patients
with neurodevelopmental disorders. Colonization of the
gut reversed the observed social avoidance, but it had no
effect on preference for social novelty. This indicates
that although the effects of GF rearing on the preference
for social novelty are permanently established in the
pre-weaning period, the development of social
avoidance in GF mice is more amenable to microbial-
based interventions (probiotics) in later life. Analogous
findings were reported for various social interactions
between the mice (Desbonnet et al. 2014). These data
clarify the importance of microbiota for the develop-
ment and execution of normal social behaviors.

A mouse model that displays some features similar
to human autism spectrum disorder (ASD) exists, and
these mice were treated with the human commensal
Bacteroides fragilis (Hsiao et al. 2013). The treatment
altered microbial composition, and ameliorated defects
in communicative, stereotypic, anxiety-like and sensori-
motor behaviors. These findings support a gut-micro-
biota-brain connection and identify a potential probiotic
therapy for ASD and perhaps other human neuro-
developmental disorders (Hsiao et al. 2013).

Taken together, studies by Desbonnet et al. (2014)
and Hsiao et al. (2013) offer insights into the patho-
genesis of neurodevelopmental disorders marked by
alterations of sociability. Such disorders include ASD,
schizophrenia spectrum disorders, and perhaps other
illnesses and syndromes. It appears that abnormalities in
the functioning of the gut-microbiota-brain axis may
underlie the sociability problems that are the hallmark
of these disorders. If so, probiotic treatment could be a
potentially useful treatment of problems such as negative
symptoms of schizophrenia, whose resistance to currently
available pharmacological interventions is legendary.

A theoretical review points out that the pathogenetic
pathway marking the development of schizophrenia
involves the intestinal tract (Nemani et al 2015). This
pathway may be influenced by the gut microbiota. The
review suggests that some schizophrenia patients may
benefit from a gluten and casein-free diet, and that
antibiotics and probiotics might also have a therapeutic
potential.
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