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Abstract—Current concepts concerning the social behavior of microorganisms inhabiting the human gastro-
intestinal (GI) tract and their role in the formation of integrated supracellular structures and in intercellular
communication in the host–microbiota system are reviewed. The analysis of the literature data and of the
results obtained by the authors indicates an important role of neuromediators (biogenic amines, amino acids,
peptides, and nitric oxide) in intra- and interspecies microbial communication, as well as in the microbiota–
host dialogue. The role of this dialogue for human health, its effect on the human psyche and social behavior,
and the possibility of construction of probiotic preparations with a target-oriented neurochemical effect are
discussed.
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INTRODUCTION
In terms of a concept that has received much atten-

tion in biology in recent decades, populations of uni-
cellular organisms are to be regarded as analogs of
multicellular organisms. The capacity of microorgan-
isms to engage in collective activities (social behavior),
to exchange information (communication), and to
form associations composed of many individual cells
(social, or biosocial, systems) can manifest itself in
such systems. Microorganisms form colonies on sub-
strata, biofilms at phase boundaries, and suspensions
and local aggregations (microcolonies, f locs, and
larger formations) in a liquid medium. In the litera-
ture, the term “sociomicrobiology” was coined with
respect to the subfield of microbiology that is con-
cerned with communication and collective behavior in
microorganisms (Sekowska et al., 2009). Importantly,
social phenomena and their analogs occur both in
free-living unicellular organisms (bacteria, fungi,
microalgae, and protozoans) and in cell layers formed
by tissues of various plants and animals.

Biofilms are the most ubiquitous form of microbial
social structures. They are “matrix-enclosed micro-

bial accretions that adhere to biological or non-bio-
logical surfaces” (Hall-Stoodley et al., 2004, p.95),
which are formed at interphase boundaries and may
consist of cells belonging to a single species or, alterna-
tively, to different species, genera, and even kingdoms
(Nikolaev and Plakunov, 2007). Microbial biofilms
are characterized by structural heterogeneity, which is
in many cases associated with functional differentia-
tion among the cell types they comprise, advanced cell
behavior coordination, a unitary developmental cycle
(ontogeny) of the whole system, and capacity for
reproduction and regeneration upon injury, i.e. by the
properties that are typical of an organism (Sumina,
2006; Karatan and Watnick, 2009).

Coordination of cell behavior in various organiza-
tional types of microbial biosocial systems (colonies,
biofilms, suspensions, etc.) was shown to depend on a
number of different channels of intercellular communi-
cation, implicating contact, chemical, and presumably
distant physical interaction (Nikolaev, 2000; Worth-
ington et al., 2012). As regards microorganisms, signal
molecule-based interactivity has been particularly well
characterized (Aaronson, 1981; Khokhlov, 1988; Ole-
skin et al., 2000; El’-Registan et al., 2006; Nikolaev
et al., 2006; Khmel’, 2006).1 Corresponding author (e-mail: aoleskin@rambler.ru).
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Of paramount importance is chemical communi-
cation. Special attention should be given to its subtype
based upon quorum sensing (QS) systems. QS systems
regulate a wide variety of bacterial population density-
dependent processes. An increase in population den-
sity results in increased concentrations of bacterial
autoinducers released by the cells and eliciting specific
responses. In gram-negative bacteria, the autoinducer
function is performed by N-acylated homoserine lac-
tones (N-AHLs), also referred to as autoinducers-1
(AIs-1). They activate expression of the operons that
control the development of the biofilm phenotype,
persister cell formation, antibiotic synthesis, biolumi-
nescence, and a large number of other processes,
including, importantly, the synthesis of the autoin-
ducer per se (Khmel’, 2006; Zaitseva et al., 2014).

In gram-positive bacteria, oligopeptides function
as QS autoinducers; they are recognized by two-com-
ponent receptor complexes (Karatan and Watnick,
2009). For instance, a thiolactone ring-containing
peptide (AIP) downregulates biofilm formation upon
binding to the response regulator protein (AgrC) in
Stapylococcus aureus.

In some QS systems, 2-methyl-2,3,4,5-tetrahy-
droxyhydrofurane (AI-2) is the autoinducer; several
optical isomers of AI-2 were described (reviewed,
Shpakov, 2009). This signal molecule, which influ-
ences Pseudomonas aeruginosa virulence and biofilm
formation in patients with lung cystic fibrosis, is syn-
thesized by the normal oro-pharyngal microbiota that
stimulates infection (Duan et al., 2003). In a large
number of enterobacteria, AI-2 functions as an inter-
species signal agent (Zaitseva et al., 2014).

Saprophytic and pathogenic E. coli strains, Klebsi-
ella pneumonia, Enterobacter cloacaceae, Shigella spp.,
and Salmonella spp. contain QS systems that depend
on autoinducer AI-3 (Sircili et al., 2004; Walters et al.,
2006). AI-3 is an aromatic compound; its receptors
are histidine kinases QseC and QseE that control the
activation of transcription of the genes that are respon-
sible for f lagellar motility (flhDC) and virulence
(LEE) of the pathogenic strain E. coli O157:H7
(Clarke et al., 2006; Hughes et al., 2009; Shpakov,
2009).

Density-dependent regulators of a different chem-
ical type belong to alkylhydroxybenzenes (alkylresorc-
inols and tyrosol); they are synthesized by many bac-
teria and yeasts. Unlike QS autoinducers, these regu-
lators control transition of a culture to the stationary
phase; they convey messages concerning not the min-
imal necessary cell number per medium volume (the
quorum) for carrying out a specific process, but the
maximal possible cell number (El’-Registan et al.,
2006).

At specific concentrations, alkylhydroxybenzenes
(AHBs) suppress the growth of microbial cultures and
biofilms (Martyanov et al., 2015) and induce cell dif-
ferentiation and the development of dormant bacterial

forms (El’-Registan et al., 2006). The mechanism of
action of AHBs is based upon their ability to modify
the structure and activity of cell biopolymers (proteins
and the DNA), to increase the microviscosity of bio-
logical membranes, and to influence ion transport and
the cell’s water balance (Bukharin et al., 2005; El’-
Registan et al., 2006; Nikolaev et al., 2006). Impor-
tantly, AHBs affect the activity of cell innate immunity
effectors (Deryabin et al., 2013a, 2013b) and the func-
tional and operational stability of antibodies (Dery-
abin et al., 2010).

However, there is another group of low molecular
weight regulators that includes various chemical
agents. They are synthesized in symbiont–parasite-
containing systems by both the host organism and the
microbiota. These agents perform a common func-
tion, which is reflected in the term neuromediators
applied to all of them. This review is mainly focused on
the synthetic activity of the host and the microbiota
with respect to neuromediators, as well as on their
diversity and functional roles in terms of the develop-
ment of microbial populations and the ongoing symbi-
otic microbiota–host dialogue.

SYMBIOTIC MICROBIOTA
Symbiotic microorganisms inhabit various niches

of an animal organism. In humans, they are present on
the skin, the eye conjunctiva, and the mucosa of the
upper airway and the uro-genital tract. However,
they are particularly abundant and diverse in the gas-
tro-intestinal (GI) tract. In the large intestine,
the concentration of microbial cells can be as high as
1012/ cm3, and their total number is at least 1014 cells,
i.e., about ten times the number of the cells of an adult
human individual. Up to 10000 microbial species can
be detected in the GI tract of an adult human individ-
ual. Only 700–1000 species are culturable. The total
weight of the microbial biomass is over 1.5 kg. Among
the 160–300 microbial species that dominate the
microbiota, only 18 are detected in all tested individu-
als, 57 in 90%, and 75 in 50% of the tested subjects.
The microbiota is dominated by the Cytophaga–Fla-
vobacterium–Bacteroides (phylum Bacteroidetes) and
the Clostridium–Eubacterium (phylum Firmicutes)
groups, with each group accounting for approximately
30–40% of all microorganisms detected in the large
intestine. Actinobacteria, Proteobacteria, Fusobacteria,
and Cyanobacteria are comparatively less abundant. In
many individuals, large numbers of methanolgenic
and methane-oxidizing archaea are present (Clarke
et al., 2014; Shenderov, 2014a).

It was reported that human individuals can be clas-
sified into three “bacteriotypes” that are characterized
by the predominance of representatives of one of the
genera, Prevotella, Bacteroides, or Ruminococcus, in
their large intestine (Clarke et al., 2014). The microbi-
ota of the GI tract exists in the planktonic form (in the
gut lumen) or as a biofilm on the surface of the intes-
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tinal epithelium and inside the mucosa of intestinal
crypts (i.e., depressions in the surface of the mucosa)
(Kaper and Sperandio, 2005).

Despite the constant influence of various environ-
mental stress factors on the symbiotic microbiota, GI
microbiota of each individual is relatively stable in
time, in terms of its composition (O’Mahony et al.,
2014). However, massive doses or repeated adminis-
tration of antibiotics, antiseptics, antihistamine prepa-
rations, antidepressants, and tranquilizers, as well as
the ingestion of heavy metal salts, pesticides, and
other toxic compounds, result in harmful alterations in
the whole ensemble of the microbiota (i.e., in dysbio-
sis). Enriching food in fructans, in contrast, can pro-
mote the proliferation of useful bacteria, including
those of the genus Bacteroides (Norris et al., 2013;
Shenderov, 2014a).

In the mammalian (human) organism, the micro-
biota operates as a specific microbial organ that is
directly or indirectly involved in virtually all physio-
logical functions and in the metabolic, behavioral, and
communicative responses of the macroorganism.

Using germ-free and conventional (laboratory-
bred) animals as models and also conducting studies
with humans provided compelling evidence that sym-
biotic microbiota is implicated in metabolic, defen-
sive, and trophic activities and in the operation of the
immune system (Verbrugghe et al., 2012; Shenderov,
2014a; O’Mahony et al., 2014; Guarner, 2014). The
recently revealed ability of the intestinal microbiota to
exchange chemical messages with the brain and,
therefore, to influence its development and function-
ing has additionally contributed to our knowledge
regarding the multifarious effects of low molecular
weight compounds of microbial origin on the ani-
mal/human organism. The microbiota of the GI tract
provides the host organism with vitamins and short-
chain fatty acids as well as with polypeptides, biogenic
amines, and amino acids; a large number of these
compounds function as neuromediators or are
involved in their synthesis.

It is becoming increasingly apparent that the nor-
mal operation of the brain does not only depend on the
host organism, but is also influenced by the symbiotic
microbiota. Since bacteria can both recognize and
synthesize neuroendocrine hormones, we should
agree with Wenner (2008) that “if you mess around
with the gut microbes, you mess around with brain
chemistry in major ways.” The interaction between
the GI microbiota and the mammalian brain was doc-
umented in a large number of works (Asano et al.,
2012; Norris et al., 2013; Lyte, 2013; Stilling et al.,
2014). The American researcher Mark Lyte (2010),
one of the founders of microbial endocrinology, the
field of science dealing with the role of hormones and
neuromediators in intermicrobial interaction and the
host macroorganism–microbiota dialogue, empha-

sized the following aspects of the interactivity between
the GI microbiota and the nervous system:

(1) The host’s nervous system exerts a significant
influence on the “microbial organ.”

(2) The microbial organ, in its turn, is involved in
the maintenance of the adequate functional state of
the organism and its neuropsychological and meta-
bolic homeostasis in health and disease.

(3) The microbiota of the GI tract collectively per-
forms its functions, influences other organs in the host
organism, and responds to the substances secreted by
them; therefore, the symbiotic microbiota satisfies the
criteria implicit in the conceptual definition of the
term “organ” (Lyte 2010, 2011, 2013; Clarke et al.,
2014).

The intestinal microbiota interacts directly with the
enteric nervous system (ENS). The ENS incorporates
at least 0.5 million neurons and auxiliary cells such as
astroglia, which secure the diffusion barrier between
gut capillaries and ENS ganglia. Taking into account
our expanding knowledge concerning the role of the
GI microbiota in terms of the health and psyche of
human individuals, it was suggested to change the
popular term “gut–brain axis” to the term “microbi-
ota–gut–brain axis” (Shenderov, 2008; Oleskin and
Shenderov, 2013; Lyte, 2010, 2011, 2013; Stilling et al.,
2014). Norris et al. (2013) attribute the host’s gustatory
and dietary preferences to the nutritional require-
ments of the GI microbiota. The symbiotic microbiota
can influence emotions associated with food choice
and intake by regulating the operation of the dopami-
nergic system and affecting feelings of satiety or hun-
ger. These feelings involve neuropeptides whose syn-
thesis is under the influence of short-chain fatty acids
of microbial origins.

Importantly, the symbiotic microbiota of the
human organism, like a sensitive tuning fork, is
responsive not only to various exogenous factors and
agents but also to changes in the physiological and,
notably, psychological state of the host (Stilling et al.,
2014). For example, emotions of anger and fear mark-
edly increase the percentage of Bacteroides fragilis
subsp. theaiotaomicron cells in the microbiome of the
large intestine (Hawrelak, 2004). In the feces of chil-
dren suffering from autism, a disorder that impedes
their interaction with the environment and disrupts
social behavior, increased numbers of cells of the spe-
cies Anaerofustis stercohominis, Anaerotruncus coli-
hominis, Clostridium bolteae, and Cetobacterium some-
ria are contained (Valyshev and Gil’mutdinova,
2006). In Alzheimer disease, the antigens of Trepo-
nema socranskii and T. pectinovorum are present in the
brain cortex, the subcortical structures (the pons and
the hippocampus), and the trigeminal ganglia (Haw-
relak, 2004). Experimental stress in macaque infants
was accompanied by a significant decrease in the
number of lactobacilli and increase in that of Shigella
and Campylobacter species (Hawrelak, 2004). Accu-
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mulation of opportunistic pathogens and a decrease in
the number of bifidobacteria and lactobacilli were
observed in cosmonauts during a long-term space
flight, which was attributed to social stress developing
in a closed compartment (Valyshev and Gil’mutdi-
nova, 2006).

In its turn, the microbiota influences the host’s
physiological state. Consumption of fermented dairy
products that contain the cells and metabolites of
bifidobacteria and lactobacilli improves health and
psyche because the deteriorated microbial ecological
situation (intestinal dysbiosis) is ameliorated and the
activity of the brain areas that respond to serotonin
and are involved in human cognitive capacities is opti-
mized (O’Mahony et al., 2014). Probiotics based on
Lactobacillus helveticus R0052 and Bifidobacterium
longum R0175A considerably attenuated psychological
stress and suppressed anxious behavior in animals and
humans (Lyte, 2011). Conversely, an increase in Heli-
cobacter pylori content in the gastric and duodenal
mucosa under stress resulted in active gastroduodenal
ulcers (Murrison, 2001). Deterioration of the micro-
bial ecology of the GI tract is attended by the onset
and progression of diseases associated with the meta-
bolic syndrome (Shenderov, 2008). This can be illus-
trated by obesity development in germ-free mice after
transplanting the GI microbiota of obese individuals
to them, as well as by weight decrease after transplant-
ing the microbiota of mice which have lost weight
because of a surgical bypass in their stomach (Clarke
et al., 2014). Individuals with autistic spectrum disor-
ders (autism per se and Asperger syndrome) are char-
acterized by a decrease in the number of bifidobacteria
in the GI microbiota and an increase in that of clos-
tridia and other potential pathogens (de Thiji et al.,
2014).

The influence of the GI microbiota on the human
organism and its neuropsychological status is largely
mediated by the microbial impact on the hypothala-
mus–pitiutary–adrenals axis. Modification of the
functioning of this axis by microbial neuroactive com-
pounds predisposes individuals to depression, anxiety,
the bipolar disorder (with alternate periods of mania
and depression), emotional burnout, and chronic
fatigue. Normalizing the intestinal microbiota, espe-
cially by means of bifidobacteria-based probiotics,
decreases the risk of the aforementioned neuropsy-
chological disorders. For instance, administering
Bifidobacterium infantis to germ-free mice at an early
age reduced their stress response to the normal level,
approximating that of conventional animals (Clarke
et al., 2014).

EFFECT OF NEUROMEDIATORS 
ON THE INTESTINAL SYMBIOTIC 

MICROBIOTA
The brain is the central regulator of human psychi-

cal activity and social behavior. Its normal functioning

requires neuromediators, i.e., the substances that
transmit messages between nervous cells (neurons) or
from a neuron to a muscular of glandular cell that car-
ries out the neuron’s command. Neuromediators are
subdivided into the following groups: (1) biogenic
amines, including catecholamines (dopamine, nor-
epinephrine, and epinephrine), serotonin, histamine,
and others; (2) amino acids (aspartic, glutamic, and γ-
aminobutyric acid, glycine, and others); (3) peptides
such as endorphins, enkephalins, dynorphins, sub-
stance P, etc.; and (4) “gasotransmitters” including
nitric oxide, carbon monoxide, and hydrogen sulfide.
Many neuromediators are multifunctional agents:
they combine the roles of neuromediators, hormones,
and local tissue factors (histohormones). Some neuro-
mediators perform communicative and regulatory
functions in diverse taxa of animals (Dubynin et al.,
2003), plants (Roshchina, 1991, 2010), fungi
(Buznikov, 1987, 2007), and protozoans (Roshchina,
2010), which enables us to use the more general term
biomediators (Roshchina, 2010).

In the authors’ opinion, biomediators should also
include resorcinols (alkylhydroxybenzenes, AHBs).
They represent multifunctional signal/regulatory
compounds that can be found in representatives of
various kingdoms in nature (El’-Registan et al., 2006).
Recently, much attention has been given to the biome-
diators that are involved in regulating the activities not
only of eukaryotes but also of a large number of pro-
karyotic organisms. Experimental data were presented
which suggest that AHB-dependent systems represent
a new mechanism of controlling the activities of cell
effectors of innate immunity. A prerequisite for this
mechanism is a bimodal pattern of AHB activity with
respect to their structure and concentrations (Derya-
bina et al., 2010, 2013a, 2013b). This review is focused
upon the biomediators that regulate the functioning of
the bacteria which interact with the human organism
in health and disease, as well as on the operation of the
supracellular systems formed by them (Table 1).

Catecholamines

Catecholamines (dopamine, norepinephrine, and
epinephrine) are hydroxylated derivatives of the amino
acid tyrosine. Dopamine and norepinephrine com-
bine the functions of neuromediators and hormones
(norepinephrine is an adrenal hormone, while dopa-
mine is a hypothalamic hormone which downregu-
lates lactation in females; these two substances also
function as neuromediators, whereas epinephrine is
an adrenal hormone performing no major neuromedi-
ator function). Catecholamines are also released into
the intestinal lumen by the neurons of the enteric ner-
vous system (Freestone et al., 2007). The catechol-
amine level in the bloodstream increases under stress.
Under these conditions, norepinephrine and epineph-
rine exert a stimulatory influence on the cardiac func-
tion. Dopamine is involved in maintaining the normal
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Table 1. Effects of neuromediators on microbial populations and associations

Neuromediators Effects Subjects and sources

Biogenic amines

Catecholamines (dopamine, 
norepinephrine, epinephrine)

Stimulation of growth and, 
in pathogens, of virulence, 
and adherence to host cells

Escherichia coli (commensal and pathogenic 
strains), Shigella and Salmonella species, 
Pseudomonas aeruginosa (Lyte and Ernst, 1993; 
Freestone et al., 1999, 2007; Anuchin et al., 2008);
Bordetella pertussis, B. broncioseptica, (Freestone 
and Lyte, 2008);
Aeromonas hydrophila (Kinney et al., 1999);
Helicobacter pylori, Haemophilus influenza, 
Klebsiella pneumonia (reviewed, Shpakov, 2009);
Listeria monocytogenes (Verbrugghe et al., 2012), 
Campylobacter jejunii (Lyte et al., 2004), Staphylo-
coccus epidermidis (Cogan et al., 2003), Saccharo-
myces cerevisiae (Malikina et al ., 2010)

Additional effects of individual 
catecholamines:

Dopamine Inhibition of cell aggregation E. coli K-12 (Anuchin et al., 2008)

Norepinephrine Stimulation of cell aggregation E. coli K-12 (Anuchin et al., 2008)

Serotonin Growth stimulation Commensal (Oleskin et al., 1998a; Anuchin et al., 
2008) and, to a lesser extent, pathogenic (M. Lyte, 
personal communication) strains of E. coli, 
Enterococcus faecalis (Strakhovskaya et al., 1993); 
Rhodospirillum rubrum (Oleskin et al., 1998a); 
Polyangium sp. (Oleskin et al., 1998a); Candida 
guillermondii (Strakhovskaya et al., 1993); 
Saccharomyces cerevisiae (Malikina et al., 2010; 
Oleskin et al., 2010)

Stimulation of cell aggregation E. coli K-12 (Oleskin et al., 1998; Anuchin et al., 
2008), Polyangium sp. (Oleskin et al., 1998a).

Growth inhibition Chlamydia (Rahman et al., 2005)

Virulence attenuation Candida albicans (Mayr et al., 2005)

Histamine Growth stimulation E. coli К-12 (Anuchin et al., 2008), S. cerevisiae 
(Malikina et al., 2010)

Stimulation of cell aggregation E. coli K-12 (Anuchin et al., 2008)

Neuromediator amino acids

Aspartate Regulation of colony macro- and 
microstructure

E. coli (Budrene and Berg, 1991, 2002; Mittal et al., 
2003)

Growth inhibition E. coli M-17 (Vakhitov and Sitkin, 2014)

Glutamate Growth stimulation E. coli M-17 (Vakhitov and Sitkin, 2014)

GABA Stimulation of virulence and germ 
tube formation

C. albicans (Reyes-García et al., 2012)

Neuropeptides

Dynorphin Stimulation of virulence P. aeruginosa (Zaborina et al., 2007)

[Met]5-Enkephalin Growth inhibition P. aeruginosa, Staphylococcus aureus, Seratia marc-
escens (Zagon and McLaughlin, 1992)
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level of locomotive activity and the active wakeful
state; it also promotes pleasure-seeking behavior
(hedonic behavior) (Berridge and Robinson, 1998).

In the literature, there is a considerable body of evi-
dence of the stimulatiory effect of catecholamines on
the growth of various microorganisms (Lyte, 1993,
2010, 2011; Freestone et al., 2007). Pretreating Salmo-
nella enterica var. typhimurium with norepinephrine in
vitro increased the proliferation rate of this pathogen
in various tissues of experimentally infected pigs (Ver-
brugghe et al., 2012). This finding may explain why
cold stress in mice—which is accompanied by release
of catecholamines into the bloodstream (Previne
et al., 1970)—as well as administering norepinephrine
to the animals (Williams et al., 2006) increased the
frequency of Salmonella infection. Gangrene with a
fatal outcome was reported to develop in some patients
to whom epinephrine was administered (published in
1929, cited according to: Lyte, 2011).

The stimulation of bacterial growth by catechol-
amines in an animal organism can be due to both the
direct and the indirect effect of these compounds on
microorganisms. Norepinephrine and other catechol-
amines suppress the synthesis and excretion of immu-
noglobulin A, decreasing the antimicrobial activity of
the local immune system (Lyte, 2010, 2011). By stim-
ulating peristalsis and bile release, catecholamines
accelerate the transit of a food bolus through the GI
tract and ion transfer through the intestinal epithe-
lium. Therefore, physicochemical conditions are cre-
ated in the GI tract that stimulate the growth of some
representatives of the intestinal microbiota, e.g., of
bacteria belonging to the genus Bacteroides (Ver-
brugghe et al., 2012).

A direct stimulatory effect of catecholamines on
microbial growth was revealed in vitro for a wide vari-
ety of pathogenic, opportunistic, and saprotrophic
bacteria, including Yersinia enterocolitica, a number of

enterotoxic and enterohemorrhagic strains of E. coli,
Shigella spp., Salmonella spp., Pseudomonas aerugi-
nosa (Freestone et al., 2007), Bordetella pertussis,
B. bronchiseptica, (Freestone and Lyte, 2008), Aero-
monas hydrophila (Kinney et al., 1999), Helicobacter
pylori, Haemophilus influenza, Klebsiella pneumonia
(Shpakov, 2009), Listeria monocytogenes (Verbrugghe
et al., 2012), Campylobacter jejunii (Cogan et al.,
2008), some E. coli symbiotic strains (Freestone et al.,
2007; Anuchin et al., 2008), and the yeast Saccharo-
myces cerevisiae (Malikina et al., 2010; Oleskin et al.,
2010).

When applied at high concentrations, catechol-
amines can produce a cytotoxic effect, which is
attributed to their ability to induce oxidative stress.
Apart from suppressing the growth of yeasts (S. cerevi-
siae, Pichia pastoris, Candida albicans, etc.), high con-
centrations of dopamine (and 6-hydroxydopamine)
killed yeast cells. Addition of antioxidants (ascorbate
and glutathione) to the cultivation medium relieved
the inhibitory and toxic effect of dopamine (Mac-
readie et al., 2010).

Catecholamines promote adherence of the GI
microorganisms to the intestinal mucosa and forma-
tion of adherence-enabling type I pili in symbiotic
E. coli strains, attachment of Staphylococcus epider-
midis to skin cells, and biofilm formation by these
microorganisms (Lyte, 2010, 2011). Apart from cell
proliferation, catecholamines stimulated toxin and
adhesin formation in an enterotoxic E. coli strain
(Freestone et al., 2007). Under these conditions, other
pathogenic bacteria also increased their virulence and
capacity for colonizing the GI tract (Lyte et al., 1996;
Clarke et al., 2006; Shpakov, 2009). The adherence of
the cells of the enterohemorrhagic E. coli strain
O157:H7 in the presence of norepinephrine increases
because of its capacity for induction of expression of
F5 pili, which are involved in attaching bacterial cells

α-Melanocyte-stimulating 
hormone

Growth inhibition S. aureus (Shireen et al., 2015)

Substance P Antimicrobial effect Many gram-positive and gram-negative bacteria 
and yeast; the data are discordant (see text)Neuropeptide Y

Gasotransmitter

Nitric oxide:
Low (nanomolar) concentrations

Inhibition of biofilm formation 
and acceleration of biofilm dis-
persal

P. aeruginosa (Barraud et al., 2006), S. marcescens, 
Vibrio cholerae, E. coli (pathogenic strain 
BW20767), Staphylococcus epidermidis, Bacillus 
licheniformis, C. albicans (Barraud et al., 2009a)

High (micro- and millimolar) 
concentrations

Stimulation of biofilm formation, 
cytotoxic and stressor effects

P. aeruginosa (Barraud et al., 2006);
Azospirillum brasilense, Neisseria gonorrhoeae 
(reviewed: Medinets et al., 2015);
Mycobacterium tuberculosum (Robinson et al., 2014)

Neuromediators Effects Subjects and sources

Table 1. (Contd.)
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to the intestinal mucosal epithelium (Verbrugghe
et al., 2012).

In studies with the mouse model, it was established
that partial removal of the liver, which results in
increasing the norepinephrine concentration in the
intestinal lumen, stimulated Pseudomonas aeruginosa
adherence to the intestinal mucosa (Freestone et al.,
2007).

The effects of catecholamines varied depending on
their concentrations and the taxonomic position of the
tested microorganisms. Norepinephrine, epinephrine,
and dopamine stimulated the growth of Vibrio para-
haemolyticus and V. mimicus, but not V. vulnificus and
V. cholera (Nakano et al., 2007); norepinephrine
inhibited the growth of Mycoplasma hyopneumoniae by
suppressing the expression of the genes required for
proliferation (Oneal et al., 2008). Dopamine drasti-
cally stimulated proliferation of the yeast S. cerevisiae;
conversely, norepinephrine produced little effect in
this system (Malikina et al., 2010). When added to a
solid medium, dopamine and norepinephrine differed
in terms of their effect on microcolony formation in
E. coli K-12: norepinephrine stimulated and dopa-
mine inhibited this process (Anuchin et al., 2008).

Two different hypotheses can be invoked to
account for the catecholamine effects. According to
the first of them, these compounds can chelate ferric
iron, removing it from the lactoferrin and transferrin
of the blood serum and other biological f luids. Cate-
cholamine-bound iron becomes available to microor-
ganisms that use specific carriers—siderophores such
as enterobactin (Lyte et al., 1996; Sandrini et al.,
2010)—to transfer it into the cell. As a result, the
growth of iron-dependent strains of E. coli, Salmonella
enterica var. enteritidis, Campylobacter jejuni, Borde-
tella bronchiseptica, P. aeruginosa, Listeria monocyto-
genes, and coagulase-negative staphylococci is stimu-
lated (Verbrugghe et al., 2012).

In accordance with the more popular alternative
hypothesis, the catecholamine effects on bacteria
should be interpreted in terms of quorum-sensing
communication (Clarke et al., 2006; Bansal et al.,
2007). It is assumed that catecholamines operate as
autoinducer AI-3 analogs. Like AI-3, they bind to his-
tidine kinases QseC and QseE. Therefore, they can be
regarded as functional analogs of the receptors of
eukaryotic cells even though they differ from eukary-
otic receptors (known as G proteins) in structural
terms (Clarke et al., 2006; Hughes et al., 2009). The
genes related to the histidine kinase gene (qseC) were
revealed, apart from Haemophila influenza and repre-
sentatives of the genera Salmonella and Shigella, in a
large number of bacteria that are of no relevance to the
human organism, including Erwinia carotovora, Thio-
bacillus denitrificans, Psychrobacter sp., and the fungus
Aspergillus nidulans (Shpakov, 2009). This suggests
that such receptors may be involved in controlling the
development of microbial communities.

In light of the available data, it seems likely that, by
interacting with autoinducer AI-3 and catechol-
amines, microbial receptor systems contribute to the
“talk” among microbial cells and to the chemical
“dialogue” between the microbiota and the host
organism. Stress agents and catecholamine synthesis-
promoting factors may influence the abundance,
composition, and operation of the microbiota of the
GI tract and, presumably, of other mucous mem-
branes and of the skin of mammals, including the
human species. Moreover, AI-3 molecules synthe-
sized by symbiotic bacteria can modify the effector
systems of host cells and those of the microbial com-
munities inhabiting the host organism. During the
course of long-term co-evolution of the host organism
and the microbiota, neuroactive substances of pro-
karyotic and/or eukaryotic origins became an integral
part of the “alerting system” used by both the host
cells and pathogenic or opportunistic bacteria (Trueba
and Ritz, 2013). Antagonists of adrenergic and dopa-
minergic receptors are of potential medical interest.
For instance, andenergic receptor antagonists can
inhibit the AI-3-, epinephrine-, or norepinephrine-
dependent quorum-sensing cascade in the pathogenic
strain E. coli EHEC, preventing the expression of its
virulence genes. These antagonists can become a new
class of antimicrobial preparations (Clarke et al.,
2006).

Serotonin
Serotonin (5-hydroxytryptamine), a derivative of

the amino acid tryptophan, combines the functions of
a neuromediator and a histohormone. As a neurome-
diator, it is involved in inhibiting neuronal excitation
by limiting the intensity of stimulus perception and
activating the sleep centers of the brain (Dubynin
et al., 2003). Outside the central nervous system, sero-
tonin is implicated in regulating blood pressure,
immunity, thrombocyte aggregation, and the func-
tioning of a number of other organs and systems. Lym-
phocytes, monocytes, macrophages, and other cells of
the immune system and of the ENS contain multiple
receptors to serotonin (O’Mahony et al., 2014). Sero-
tonin also serves as the key mediator of the microbi-
ota–gut–brain axis by regulating GI secretory activity,
peristalsis, vascular tone, and pain perception.

Serotonin slightly stimulated the growth of Aero-
monas hydrophila at very high concentrations (Kinney
et al., 1999) and caused a statistically significant
increase in the growth of Enterococcus faecalis (Strak-
hovskaya et al., 1993), Escherichia coli, Rhodospirillum
rubrum (Oleskin et al., 1998), and the yeasts Candida
guillermondii (Strakhovskaya et al., 1993) and S. cere-
visiae (Malikina et al., 2010; Oleskin et al., 2010).

The capacity of serotonin for acceleration of
plant growth (radish seed germination) (Roshchina,
1991) is attributed to its chemical similarity to auxin,
or 3-indoleacetic acid, a plant hormone. In studies



8

MICROBIOLOGY  Vol. 85  No. 1  2016

OLESKIN et al.

with S. cerevisiae, a photo- and radioprotective effect
of serotonin was established (Fraikin et al., 1985).

Serotonin at a concentration of ~1 μM stimulated
cell aggregation and microcolony formation in E. coli
K-12 (Oleskin et al., 1998; Anuchin et al., 2008),
R. rubrum, and the myxobacterium Polyangium sp.
(Oleskin et al., 1998). At concentrations of 25–
100 μM and above, in contrast, serotonin caused de-
aggregation of E. coli and Polyangium sp. cells, sup-
pressed formation of the intercellular matrix, and
inhibited the growth of the aforementioned bacteria
(Oleskin et al., 1998). Interestingly, serotonin sup-
pressed the development of intracellular chlamydia
(Rahman et al., 2005) and attenuated the virulence of
Candida albicans (Mayr et al., 2005).

The stimulatory effect of serotonin on pro- and
eukaryotic cells can be hypothetically attributed to the
presence of receptors to serotonin and, presumably, to
related compounds (e.g., indole) in them. The inhibi-
tory effect of high concentrations may be nonspecific:
serotonin can behave as a membrane uncoupler, simi-
lar to bacterial d2 factors (unsaturated fatty acids)
(Bukharin et al., 2005; El’-Registan et al., 2006).

Histamine

Histamine, a derivative of the amino acid histidine,
combines the functions of a neuromediator and a his-
tohormone (a local inflammatory factor). Histamine
is actively produced by microorganisms; it is present in
various food items (Shenderov, 1998). Histamine
stimulates biomass accumulation, cell aggregation,
and colony formation in E. coli K-12 (the maximum
effect is attained with ~0.1 μM histamine), as well as
cell proliferation in S. cerevisiae (Anuchin et al., 2008;
Malikina et al., 2010; Oleskin et al., 2010).

Neuromediator Amino Acids

Neuromediator amino acids stimulate (glutamic
and aspartic acid) or inhibit (γ-aminobutyric acid and
glycine) the activity of the nervous system and pro-
duce diverse effects on the functioning of the animal
organism. Importantly, microorganisms utilize amino
acids as nutrient substrates, including those active as
neuromediators.

The specific regulatory influence of neuroactive
amino acids is exemplified by the data that glutamate
(along with lysine, methionine, and succinate) stimu-
lates and aspartate (along with lactate and formate)
inhibits the growth of the probiotic strain E. coli M-17.
Under the same conditions, aspartate, in contrast,
produced a stimulatory effect on the strain E. coli BL
(Vakhitov et al., 2000; Vakhitov and Sitkin, 2014).
Overall, the effects of these autoregulators vary
depending on their dose, the tested strain, the culture
growth phase, and medium composition.

The neuromediator γ-aminobutyric acid (GABA),
apart from inhibiting the spreading of impulses in the
brain and regulating the operation of the ENS,
decreases the production of pro-inflammatory cyto-
kines and immune cell proliferation (Auteri et al.,
2015). GABA stimulates expression of the pathogenic
factors of C. albicans, which manifests itself in the
intensification of the synthesis of phospholipase B1-
encoding mRNA, germ tube formation, and subse-
quent hypha development; in combination, these
events contribute to the development of infection
(Reyes-Garcia et al., 2012).

Peptide Neuromediators
Peptide neuromediators predominantly perform

the function of neuromodulators: they increase or
decrease the efficiency of other neurotransmitters in
transferring the impulses across synapses. Opiates
(endophines, enkephalins, and dynorphins) bind to
specific receptors (that also bind morphine, heroin,
and a number of other drugs) and block the transfer of
impulses, including those involved in pain perception.
Opiates are pain relievers and “pleasure substances”
(causing euphoria).

Studies with the strain Pseudomonas aeruginosa
PAO1 (with a pyocyanin synthesis-controlling QS sys-
tem) revealed that dynorphin and its analog U50,488
(i) increased pyocyanin production and the antagonis-
tic activity of P. aeruginosa with respect to Lactobacil-
lus plantarum and L. rhamnosum, which form a part of
the GI microbiota, and (ii) influenced the synthesis of
virulence factors and biofilm formation in P. aerugi-
nosa (Zaborina et al., 2007). Elevated opiate concen-
trations in the GI tract in response to stress activate the
QS system of P. aeruginosa, which results in decreased
colonization resistance of the intestine and therefore
in a sharp increase in P. aeruginosa abundance (Shpa-
kov, 2009).

The opioid factor [Met]5-enkephalin, which decel-
erates cell proliferation in vertebrate tissues, can
inhibit the growth of P. aeruginosa, Staphylococcus
aureus, and Serratia marcescens (Zagon and
McLaughlin, 1992). S. aureus possesses receptors to
[Met]5-enkephalin that is present in the culture liquid
at a concentration of up to 1.6 ng/mL.

It was suggested that opiates had been performing
their growth-modifying function millions of years
before the emergence of higher animals with their
complex nervous system (Zagon and McLaughlin,
1992).

Neuropeptides that influence microbial
growth include substance P and neuropeptide Y,
which consist of 12 and 36 amino acids, respectively.
Substance P is present in the hypothalamus, the
amygdala, and the gray matter of the brain (which
contain receptors for it); it is involved in pain percep-
tion, anxiety development, stress, the stimulation of
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GI motility, and the inhibition of the secretory activity
of GI glands. Neuropeptide Y functions as a neu-
rotransmitter in brain cells and the peripheral nervous
system and produces a vasoconstrictor effect. In con-
trast to substance P, it mitigates anxiety and stress and
relieves pain. Apart from the neuromediator action,
peptides P and Y exert antimicrobial effects with
respect to various gram-negative and gram-positive
bacteria, as well as fungi; these effects vary depending
on the tested strain and the peptide concentration
applied; the data presented in different works are
partly discordant (see, e.g., Kowalska et al., 2002;
Hansen et al., 2005; El Karim et al., 2008).

α- and β-defensins, α-melanocyte-stimulating
hormone (α-MSH), and other peptides with neuro-
mediator functions also exert an influence on the
microbiota (de Freitas Lim et al., 2014; Shireen et al.,
2015). For example, α-MSH suppresses the growth of
S. aureus (Shireen et al., 2015). The macrophage- and
polynuclear leucocyte-produced peptide LL-37
(catelicidin) stimulates the quinolone-dependent QS
system that is involved in virulence factor synthesis in
P. aeruginosa and concomitantly enhances the toler-
ance of P. aeruginosa to the antibiotics ciprofloxacin
and gentamycin (Stempel et al., 2013).

Nitric Oxide

Nitric oxide (NO) is a gasotransmitter that exhibits
a variety of neuromediator and regulatory activities. In
the animal (human) organism, NO functions as a reg-
ulator of gene transcription and post-translation mod-
ification. It is involved in cell proliferation and differ-
entiation as well as in apoptosis. NO dilates blood ves-
sels, lowers blood pressure (vasodilator effect), and
stimulates intestinal peristalsis, penial erection, and
the development of the retina tissue. As a neuromedi-
ator, nitric oxide is implicated in memory operation
and learning processes.

NO formation involves NO synthases that catalyze
conversion of the amino acid arginine to citrulline
with the liberation of an NO molecule. Vertebrates
possess several types of NO synthases (endothelial,
neuronal, and inducible NO synthases). Activation of
the inducible NO synthase proceeds under the influ-
ence of microbial metabolites and inflammatory cyto-
kines that are formed during infection and upon tissue
injury (Althaus and Clauss, 2013; Tinajero-Trejo et al.,
2013).

When applied at nanomolar concentrations, NO
predominantly performs regulatory functions,
whereas its higher (micro- and millimolar) concentra-
tions are toxic to both mammalian cells and microbial
symbionts. Blood immune cells (macrophages)
release NO and exert a cytotoxic effect on tumor cells
and other kinds of foreign cells. By interacting with
protein FeS groups, NO binds to cytochrome hemes.
Interaction with molecular oxygen and superoxide

radical yields toxic compounds, such as NO2, N2O3,
and especially ONOO– (peroxynitrite) that inactivate
the thiol groups of organic molecules and react with
the tyrosyl residues of proteins and the nitrogenous
bases of the DNA (Tinajero-Trejo et al., 2013; Robin-
son et al., 2014). Apart from immune cells, NO is syn-
thesized by hepatocytes, vascular endothelium cells,
and others. NO production enables the cells to destroy
pathogenic protozoans, helminths (James, 1995), and
bacteria (Chen et al., 2015).

During bacterial infection, pathogens neutralize
NO by oxidizing it to nitrate with NO dioxygenase or
reducing it to nitrous oxide or ammonia/ammonium
with various types of NO reductases (Medinets et al.,
2015). Microbial cells are also capable of eliminating
NO-caused damage. A mutant strain of Mycobacte-
rium tuberculosis with an impaired DNA excision
repair system (with a mutant uvrB gene) exhibited
enhanced sensitivity to NO and decreased virulence
(Robinson et al., 2014). Potentially, a new generation
of antibacterial preparations can be developed. They
will disrupt NO detoxification and repair systems in
pathogenic microorganisms and, therefore, facilitate
their elimination by nitric oxide produced by the host
cells in the inflammation area or intentionally deliv-
ered to the infection focus.

High NO concentrations stimulate biofilm forma-
tion in Pseudomonas aeruginosa, which is interpreted
in the literature in terms of the stressor effect of NO,
since it is assumed that biofilms are formed in
response to stress (Barraud et al., 2006).

Pediococcus acidilactici (strains S2 and S3) and
Lactobacillus plantarum (strain T119) that were iso-
lated from fermented dairy items, pickled food, and
silage synthesized cytotoxic NO concentrations
(about 50 μM) (Gündoĝdu et al., 2006) that can inac-
tivate some antibiotics, e.g., acridines, by nitrosylating
them (Medinets et al., 2015).

Similar to eukaryotes, prokaryotes use NO as a reg-
ulatory agent at low (nanomolar) concentrations.
Unlike high concentrations of NO, low concentra-
tions inhibited biofilm formation in P. aeruginosa
(Barraud et al., 2006, 2009b), S. aureus (Schlag et al.,
2007), and Nitrosomonas europea (Ramirez-Mata
et al., 2014). Nitric oxide also stimulated the f lagellar
motility of P. aeruginosa (Barraud et al., 2006). Treat-
ing the biofilms of P. aeruginosa (Barraud et al., 2006),
Serratia marcescens, Vibrio cholerae, E. coli, Staphylo-
coccus epidermidis, Legionella pneumophila, She-
wanella woodyi (Ramírez-Mata et al., 2014), Bacillus
licheniformis (Barraud et al., 2009a), and the yeast
Candida albicans (Barraud et al., 2009a) with NO
donors (sodium nitroprusside, S-nitroso-N-acetyl-
penicillamine, or S-nitroso-L-glutathione) results in a
decreased area of the biofilms. The inhibitory effect of
low NO concentrations on biofilm formation is
attributed to its interaction with cyclic diguanylmono-
phosphate (c-di-GMP), one of the main intracellular
regulators of biofilm formation (Barraud et al.,
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2009b). The ability of NO to cause biofilm dispersal
can be regarded as a microecological strategy that pro-
motes the spreading of planktonic cells to new ecolog-
ical niches and successful colonization of the host
organism.

Although low (nanomolar) NO concentrations
inhibit biofilm formation in a large number of micro-
organisms, these NO concentrations, nonetheless,
stimulate the same process in some pathogenic bacte-
ria, e.g., in Neisseria gonorrhoeae (Ramírez-Mata
et al., 2014), and the nitrifiers Nitrosomonas europaea,
Nitrosolobus multiformis, and Nitrospira briensis (Med-
inets et al., 2015). Apparently, the effects of the regu-
latory agent NO vary depending on the taxonomic
position of the microorganisms involved and the con-
ditions to which they are adapted. Of practical interest
is the capacity of low NO concentrations for enhanc-
ing the antimicrobial effect of tobramycin, hydrogen
peroxide, and sodium dodecyl sulfate, which facili-
tates the elimination of harmful microbial biofilms
(Barraud et al., 2006, 2009a).

BIOSYNTHESIS OF NEUROMEDIATORS 
BY SYMBIOTIC MICROORGANISMS

Pioneering studies on the formation of neuromedi-
ators by microscopic organisms were conducted in the
early 20th century; the fungus Claviceps purpurea
(ergot) was the first microorganism shown to produce
histamine (quoted according to: Roshchina, 2010).
Subsequently, in the late 20th century, reports on the
production of indole and catecholamines by other
eukaryotic microorganisms, including protozoans,
were published (Buznikov, 1987). It was approxi-
mately in the same historical period that the capacity
of Enterococcus faecalis for serotonin synthesis was
revealed (Strahkovskaya et al., 1993). Production of
this amine was also  established in a number of bacte-
ria that inhabit the intestines of parasitic nematodes
(Hsu et al., 1986), and the maximum amounts of sero-
tonin were detected in Staphylococcus aureus. The data
on the synthesis of neuromediators by representatives
of the symbiotic intestinal microbiota, published by
the end of the 20th century, were discussed in a review
by B.A. Shenderov (1998). In recent decades, employ-
ment of new preparative techniques for purifying and
identifying low molecular weight compounds for prac-
tical analytical purposes has resulted in a drastic
increase in the number of research works on microbial
synthesis of various neuromediators.

Microbial Catecholamines
High-performance liquid chromatography

(HPLC) with amperometric detection was used to

identify and quantitatively determine catecholamines
in the cultures of a large number of pro- and eukary-
otic microorganisms (Tsavkelova et al., 2000)
(Table 2). Norepinephrine was present at concentra-
tions of 0.2–2 μM in the biomass of Bacillus mycoides,
B. subtilis, Proteus vulgaris, and Serratia marcescens;
dopamine at concentrations of 0.5–2 μM was found in
the biomass of the majority of the tested prokaryotes.
These catecholamine concentrations considerably
exceed those in human blood, which contains 0.1–
0.5 nM dopamine and 1–2 nM norepinephrine
(Eldrup, 2004). Micromolar concentrations of dopa-
mine were also detected in Morganella morganii
(2.46 mg/L, i.e., ~16 μM), Klebsiella pneumonia
(1.06 mg/L, 6.9 μM), and Hafnia alvei (0.73 mg/L,
4.7 μM) that were isolated from fish products (Özo-
gul, 2004). Most of the tested microorganisms also
contained dihydroxyphenylacetic acid (DHPAA), the
product of oxidative deamination of dopamine
(Tsavkelova et al., 2000). Some researchers are con-
vinced that dopamine is ubiquitous in the world of
pro- and eukaryotic microorganisms: “in bacteria,
fungi, protozoans… dopamine seems present wherever
it is sought” (Vidal-Gadea and Pierce-Shimomura,
2012, p. 440). S. cerevisiae and Penicillium chrysoge-
num contain sufficiently high concentrations of nor-
epinephrine (0.21 and 21.1 μM, respectively)
(Tsavkelova et al., 2000). In B. subtilis, norepinephrine
and dopamine are mainly present outside the cell wall
and not intracellularly. In light of the aforementioned
suggestion that neurotransmitters perform communi-
cative functions, catecholamines presumably serve as
informational molecules with a limited action range,
not only in animals (where they transfer information
from neuron to neuron), but also in prokaryotes.

Using the E. coli model, it was established (Shishov
et al., 2009) that maximum (micromolar) catecol-
amine concentrations accumulate during the lag phase
of culture growth. In light of these data, it should be
suggested that neuromediator amines behave as trig-
gers that activate growth processes and cell division
during the initial phase of the ontogeny of the micro-
bial culture. This is comparable with the effects of
other known autoregulatory compounds. The biomass
of E. coli, S. cerevisiae, Bacillus cereus, and lactobacilli
also contained (i) L-3,4-dihydroxyphenylalanine
(DOPA), the catecholamine precursor in animal cells
and (ii) the products of oxidative deamination of cate-
cholamines (DHPAA and homovanillic acid). Analysis
of the data available in the literature gives grounds for the
suggestion that the metabolic pathways of neuromediator
amines are universal for prokaryotic and eukaryotic
organisms and follow the pattern shown below:

Tyrosine → DOPA → Dopamine → Norepinephrine (products  
DHPAA → Homovanillic acid.

→
  shown) oxidation notof norepinephrine
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Table 2. Production of neuromediators by microorganisms

Neuromediators Subjects Sources

Biogenic amines and their precursor

Dopamine Bacillus cereus, B. mycoides, B. subtilis, Staphylococ-
cus aureus, Escherichia coli, Pseudomonas aerugi-
nosa, Serratia marcescens, Proteus vulgaris, 
Saccharomyces cerevisiae

Tsavkelova et al., 2000; Shishov et al., 
2009; Malikina et al., 2010; 
Oleskin et al., 2010

Morganella morganii, Klebsiella pneumonia, 
Hafnia alvei

Özogul, 2004

Lactobacillus helveticus NK-1, L. delbrueckii subsp. 
bulgaricus

Oleskin et al., 2014a, 2014b

Norepinephrine B. mycoides, B. cereus, B. subtilis, P. vulgaris, S. marc-
escens, E. coli, S. cerevisiae, Pennicilum chrysogenum

Tsavkelova et al., 2000; Shishov et al., 
2009; Malikina et al., 2010; 
Oleskin et al., 2010

L. helveticus 100ash, L. helveticus NK-1, L. casei 
K3III24, L. delbrueckii subsp. bulgaricus

Oleskin et al., 2014a, 2014b

DOPA E. coli K-12, S. cerevisiae, B. cereus Shishov et al., 2009; Malikina et al., 
2010; Oleskin et al., 2010

L. helveticus 100ash, L. helveticus NK-1, L. casei 
K3III24, L. delbrueckii subsp. bulgaricus

Oleskin et al., 2014a, 2014b

Toxoplasma gondii Review: Rohrscheib and Brownlie, 2013

Serotonin S. aureus Hsu et al., 1986

Enterococcus faecalis Strakhovskaya et al., 1993

Rhodospirillum rubrum, B. subtilis, S. aureus, E. coli 
K-12, S. cerevisiae

Oleskin et al., 1998а; Tsavkelova et al., 
2000; Shishov et al., 2009; 
Malikina et al., 2010

Morganella morganii, Klebsiella pneumonia, 
Hafnia alvei

Özogul, 2004

Lactococcus lactis subspecies cremoris MG 1363,
L. lactis subspecies lactis IL 1403, Lactobacillus 
plantarum NCFB2392

Özogul et al., 2012

L. helveticus 100ash Oleskin et al., 2014a, 2014b

Histamine Morganella mogranii, Proteus vulgaris, P. mirabilis, 
Klebsiella sp., Enterobacter aerogenes, E. cloacaceae, 
Citrobacter freundii, Raoultella orhithinolytica, Pan-
toea agglomerans, Enterobacter amnigenus, Vibrio 
alginolyticus, Acinetobacter lowfli, Pseudomonas flu-
orescens, P. putida, Aeromonas spp., Clostridium 
spp., Photobacterium spp.

Reviews: Roshchina, 2010; Nei et al., 
2013; Lin et al., 2014

E. coli K-12 Oleskin, unpublished

Lactobacillus buchneri Halász et al., 1994

Streptococcus thermophilus PRI60 Gardini et al., 2012

Indole E. coli, Bacteroides ovatus, Clostridium bifermentes, 
P. aeruginosa, P. fluorescens

Smith et al., 1996; Lee et al., 2007b; Vega 
et al., 2002
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These pathways involve the enzymes that catalyze
catecholamine synthesis (hydroxylases and decarbox-
ylases of aromatic amino acids) and degradation
(monoamino oxidases, MAOs).

The culture liquid of E. coli grown in the M-9
medium, a synthetic mineral medium with glucose,
contained nanomolar concentrations of extracellular
serotonin, dopamine, and norepinephrine at the later
stages of bacterial growth (Shishov et al., 2009). These
concentrations are sufficiently high to enable the neu-
romediators to bind to the specific receptors of the
gastrointestinal tract of animals and humans.

Of special interest is the fact that an E. coli culture
grown in the M-9 medium contained the catechol-
amine precursor DOPA that was present at micromo-
lar concentrations both intracellularly and in the cul-
ture liquid. Presumably, DOPA functions as a long
action range regulator; its conversion into dopamine
that stimulates E. coli growth (Anuchin et al., 2008)
occurs within the cell upon taking up a DOPA mole-
cule. It has been known for over one hundred years
that the lag phase is shortened and cell proliferation in

a bacterial culture is stimulated under the influence of
the cell-free supernatant of an exponential-phase cul-
ture (Rahn, 1904; Penfold, 1914). This phenomenon
may be accounted for by the effects of extracellular
DOPA, along with those of other autostimulators.

Unlike E. coli, S. cerevisiae accumulates neurome-
diators (dopamine, norepinephrine, and serotonin),
the products of their metabolism (homovanillic acid
and dihydroxyphenylacetic acid), and the precursor
DOPA only intracellularly. They were present at
micromolar concentrations if the yeast was grown in a
synthetic medium that was bound to contain no neu-
romediators. If the neuromediator-containing Sab-
ouraud’s medium was used, the concentrations of all
tested compounds decreased during the cultivation of
the yeast, which was indicative of their active uptake
from the medium by S. cerevisiae cells (Malikina et al.,
2010; Shishov, 2010; Oleskin et al., 2010). Apparently,
neuromediator amines do not function as intercellular
communicative factors in S. cerevisiae populations.
Nevertheless, since yeasts respond to exogenous neu-
romediators (see the preceding section), the amines

Neuroactive amino acids

Glutamate E. coli Vakhitov and Sitkin, 2014

Lactobacillus helveticus 100ash, L. helveticus NK-1, 
L. casei K3III24, L. delbrueckii subsp. bulgaricus

Oleskin et al., 2014, 2014b

Aspartate E. coli Vakhitov and Sitkin, 2014

GABA Lactobacillus brevis, L. rhamnosus, and Lactococcus 
lactis strains

Lee et al., 2010; Liao et al., 2013; Diana 
et al., 2014

L. helveticus 100ash, L. helveticus NK-1, L. casei 
K3III24, L. delbrueckii subsp. bulgaricus

Oleskin et al., 2014a, 2014b

Glycine

Taurine

Neuropeptides

β-Endorphin Tetrahymena pyriformis, Amoeba proteus Lenard, 1992

[Met]5-Enkephalin S. aureus Zagon and McLaughlin, 1992

Corticotropin Tetrahymena pyriformis Lenard, 1992

Somatostatin B. subtilis, Plasmodium falciparum

α-Factor, a homologue 
of gonadotropin-liberat-
ing factor

S. cerevisiae

Insulin E. coli, Neurospora crassa

Gasotransmitter

Nitric oxide Many microorganisms; representatives of the phyla 
Firmicutes, Actinobacteria, Proteobacterium, and of 
archaea (e.g., Euryarchaeota) possess an NO syn-
thase

Zunft, 1995; Barraud et al., 2006; 
Ramírez-Mata et al., 2014; Medinets 
et al., 2015

Neuromediators Subjects Sources

Table 2. (Contd.)
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may be involved in regulating the development of yeast
cultures if their synthesis is carried out by other eco-
system components.

Catecholamines and serotonin are chemically sim-
ilar to the aromatic alcohols phenylethanol and tryp-
tophol that function as autoregulators in S. cerevisiae.
These alcohols control cell differentiation during the
transition from solitary cells to branched filaments
(pseudomycelium) in a nitrogen-limited medium
(Chen and Fink, 2006). Presumably, yeast cells
respond to the neuromediators because they represent
functional analogs of the yeast autoregulators. Several
yeast species contain the autoregulator tyrosol that is
structurally related to tyrosine, the DOPA precursor
(Batrakov et al., 1993; Chen et al., 2004). Tyrosol
belongs to alkylhydroxybenzenes that control the for-
mation of dormant forms in a large number of pro-
karyotes and yeasts (El’-Registan et al., 2006).

Of paramount importance is the presence of cate-
cholamines in dairy products that are fermented by
probiotic bacteria. For instance, norepinephrine and
dopamine were present at concentrations of 0.1–2 μM
and 1–10 μM, respectively, in various yogurt samples,
whereas the growth substrate per se (unskimmed milk)
maximally contained 0.09 μM norepinephrine and
lacked dopamine. DOPA was present in the yogurts at
concentrations of 80–250 μM, while its content in
milk did not exceed 57 μM (Zhilenkova et al., 2013).

Starter strains of lactobacilli (Lactobacillus helveti-
cus 100ash, L. helveticus NK-1, L. casei K3III24 and
L. delbrueckii subsp. bulgaricus) differed in catechol-
amine production activity. On media with milk (1%)
or pancreatic hydrolysate of milk, dopamine was only
synthesized by L. helveticus NK-1 and L. delbrueckii
subsp. bulgaricus; all of the strains, except L. casei
K3III24, enriched both kinds of media in norepineph-
rine. All tested strains formed DOPA, and its maxi-
mum concentration (over 5 μM) was attained with
strain L. helveticus NK-1 (Oleskin et al., 2014a,
2014b). Since DOPA passes the gut–blood and the
blood–brain barriers and, therefore, is used to treat
Parkinson disease (Dubynin et al., 2003), these results
hold much promise with respect to the employment of
DOPA-containing drugs  in the form of dairy products
fermented by overproducers of this catecholamine
precursor.

DOPA production was also documented in the
parasitic protozoan Toxoplasma gondii. In the brain
tissue of its intermediate hosts (mice or rats), toxo-
plasma cells convert tyrosine to DOPA that is there-
upon transformed into dopamine. Therefore, the
dopamine concentration in the hippocampus and the
amygdala increases by approximately 14%. As a result,
the behavior of the rodent becomes more active;
moreover, it finds the odor of cat urine attractive. This
increases the probability of the ingestion of a toxo-
plasma-infected mouse/rat by a cat, which enables the

toxoplasma to enter the organism of the definitive host
(Rohrscheib and Brownlie, 2013).

In the model of germ-free mice intragastrically
treated with the Clostridium cocktail, i.e., a mixture of
46 Clostridium species (belonging to the coccoides and
leptum groups), it was established that the content of
dopamine and norepinephrine in the coecal lumen
was increased by this treatment. In the intestine of the
control mice, 90% of the dopamine and 40–50% of
the norepinephrine pool was in the bound form,
whereas 90% of the catecholamine pool of the Clos-
tridium-treated mice was in the unbound form. From
these results, the conclusion was drawn (Asano et al.,
2012) that the intestinal microbiota is essential for
conversion of catecholamines into biologically active
forms in the gut lumen.

Serotonin
Serotonin production is a sufficiently widespread

phenomenon in the microbial realm, including repre-
sentatives of the symbiotic and parasitic microbiota of
animals and humans (Shenderov, 1998; Rook et al.,
2012). A low concentration of a serotonin-like sub-
stance was detected in Rhodospirillum rubrum cells
(Oleskin et al., 1998). Serotonin was present in Bacil-
lus subtilis and Staphylococcus aureus cells at concen-
trations of ~1 μM (Tsavkelova et al., 2000), which are
comparable to its concentrations in blood, which nor-
mally contains 0.5–1.5 μM serotonin (Henry’s,
2011). The product of enzymatic oxidation of sero-
tonin, 5-hydroxyindoleacetic acid (5-HIAA), was
present at micromolar or submicromolar concentra-
tions in the aforementioned microorganisms, as
well as in other tested species, even though they
lacked serotonin per se. The maximum concentrations
of 5-HIAA (10.8 μM) were detected in the biomass of
the eukaryote Penicillium chrysogenum (Tsavkelova
et al., 2000). High serotonin concentrations were
detected in the cultures of the bacteria Morganella
morganii (4.96 mg/L, i.e., ~28 μM serotonin), Klebsi-
ella pneumonia (3.23 mg/L, ~18 μM), and Hafnia alvei
(2.69 mg/L, ~15 μM) (Özogul, 2004).

Studies on the dynamics of serotonin synthesis
during the growth of E. coli and S. cerevisiae (Shishov
et al., 2009; Shishov, 2010; Malikina et al., 2010; Ole-
skin et al., 2010) demonstrated that serotonin concen-
trations, similar to catecholamine concentrations,
tend to decrease with the aging of the culture. Low
serotonin concentrations (10 nM) were detected in the
culture liquid of E. coli only at the late stages of culture
growth. The yeast released neither serotonin nor cate-
cholamines, as mentioned above, even though it accu-
mulated these substances inside its cells. The biomass
of E. coli and S. cerevisiae contained 5-hydroxytrypto-
phan, the serotonin precursor in the animal organism-
specific metabolic pathway starting from tryptophan,
and 5-HIAA, the product of oxidative deamination of
serotonin. In E. coli, 5-HIAA was also present in the



14

MICROBIOLOGY  Vol. 85  No. 1  2016

OLESKIN et al.

culture liquid. Taken together, these facts suggest that
serotonin synthesis and degradation pathways are
likely to include the following animal organism-spe-
cific enzyme reactions:

Tryptophan → 5-Hydroxytryptophan 
→ Serotonin → 5-HIAA.

This pathway presumably involves  enzymes that
are homologous or functionally analogous to the ani-
mal enzymes tryptophan hydroxylase (catalyzing the
tryptophan → 5-hydroxytryptophan conversion),
decarboxylase of aromatic amino acids (catalyzing the
5-hydroxytryptophan → serotonin conversion), and
monoamino oxidases (responsible for oxidative deam-
ination).

There is evidence that serotonin is synthesized by
some lactobacilli, including Lactococcus lactis subsp.
cremoris MG 1363, L. lactis subsp. lactis IL 1403, and
Lactobacillus plantarum NCFB2392 (Özogul et al.,
2012). It was also established that serotonin is present
in fermented food items including Chinese rice wine
(particularly its semi-sweet variety) that also contains
other neuromediator amines (histamine and tyra-
mine) (Ye et al., 2012). Serotonin was also detected in
the culture liquid of Lactobacillus helveticus 100ash at
a concentration of 0.4 μM, but not in that of L. helve-
ticus NK-1, L. casei K3III24, and L. delbrueckii subsp.
bulgaricus. The serotonin metabolite 5-HIAA was syn-
thesized by L. helveticus NK-1 and L. delbrueckii
subsp. bulgaricus (Oleskin et al., 2014a, 2014b).

A large number of bacterial species, including
those inhabiting the animal/human intestines (E. coli,
Bacteroides ovatus, and Clostridium bifermentus)
(Smith and Macfarlane, 1996), synthesize high con-
centrations of indole (up to 600 μM and above), the
bicyclic backbone of serotonin (Domka et al., 2006).
Indole inhibits biofilm formation in E. coli (Bansal et
al., 2007; Lee et al., 2007a) and, conversely, stimulates
biofilm formation in Pseudomonas aeruginosa and
P. fluorescens (Lee et al., 2007b). Indole accelerates
the growth of Salmonella enterica var. enteridis (Vakh-
itov and Sitkin, 2014) and stimulates the formation of
antibiotic-tolerant persister cells (Vega et al., 2012). In
intestinal epithelial cells, indole was reported to
induce the expression of the genes that are responsible
for the barrier function, mucin formation, and the
synthesis of anti-inflammatory cytokine IL-10, while
concomitantly suppressing the synthesis of cytokine
IL-8 (Bansal et al., 2010). Some derivatives of indole,
such as 7-hydroxyindole and 5-hydroxyindole, inhib-
ited biofilm formation in saprotrophic E. coli strains,
whereas another derivative, isatin (indole-2,3-dion),
stimulated biofilm formation in enterohemorrhagic
E. coli strain EHEC (O157:H7) (Lee et al., 2007a).
The effect of indole on microbial biofilms seems to be
due to its capacity to function as an analog of autoin-
ducers AI-1 (N-AHLs) in bacterial QS systems (Ryan
and Dow, 2008; Karatan and Watnick, 2009).

Histamine

Histamine is synthesized by both pro- and eukary-
otes. Histamine produced by microbial decarboxyl-
ation of histidine is present in food items that are
stored for a long time, e.g., in fish (particularly in
bonito, scad, saury, mackerel, tuna, herring, sprat,
and salmon), cheese, meat, wine, beer, sauerkraut,
and pickled food ( Halász et al., 1994; Ladero et al.,
2008; Hwang et al., 2010; Roshchina, 2010; Lin et al.,
2014). The capacity for histamine synthesis and its
release into the cultivation medium was established for
a wide variety of bacteria, including Morganella
mogranii, Proteus vulgaris, P. mirabilis, Klebsiella sp.,
Enterobacter aerogenes, E. cloacaceae, Citrobacter fre-
undii, Raoultella orhithinolytica, Pantoea agglomerans,
Enterobacter amnigenus (Devalia et al., 1989; Shen-
derov, 1998; Roshchina, 2010; Nei et al., 2013; Lin
et al., 2014), Streptococcus thermophilus (Gardini
et al., 2012), Vibrio alginolyticus, Acinetobacter lwofii,
P. aeruginosa, P. putida, Aeromonas spp., Clostridium
spp., Photobacterium spp. (Lin et al., 2014), and Lac-
tobacillus buchneri (Halász et al., 1994; Gardini et al.,
2012).

Apart from functioning as a neurotransmitter, his-
tamine is involved in inflammatory and allergic
responses in the human organism. This largely
accounts for the symptoms of the poisoning caused by
its toxic doses (75 mg/kg of food product and above)
(Ladero et al., 2008; Roshchina, 2010). Toxic concen-
trations (up to 180 mg/kg) of microbial histamine may
be present in a large number of food items; they cause
poisoning, inflammation, and allergic responses that
manifest themselves in skin itching, nausea, diarrhea,
rash, headache (histamine migraine), fever sensation,
and hypotension (Ladero et al., 2008; Roshchina,
2010; Gardini et al., 2012). Histamine produced by
gram-negative pathogens such as Branhamella
catarrhalis, Haemophilus parainfluenzae, and Pseudo-
monas aeruginosa (Devalia et al., 1989) can exacerbate
the relapses of chronic bronchitis or pneumonia, par-
ticularly in patients suffering from heritable cystic
fibrosis (Roshchina, 2010). Histamine enhances the
virulence of the aforementioned gram-negative patho-
gens but not that of the gram-positive species S. aureus
and Streptococcus pneumonia (Devalia et al., 1989).

Amino Acids

Amino acids that function as neuromediators
(aspartic, glutamic, and γ-aminobutyric acid, glycine,
etc.) are synthesized by diverse microorganisms,
including symbiotic species in which they are used as
autoregulators (Shenderov, 1998; Budrene and Berg,
2002; Mittal et al., 2003; Vakhitov and Sitkin, 2014).
In the human organism, γ-aminobutyric acid
(GABA) is a prerequisite for normal pain sensitivity of
the intestine and for the operation of the immune sys-
tem. GABA mitigates inflammation processes and
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allergic responses by suppressing the activity of T lym-
phocytes (Auteri et al., 2015). An imbalance in the GI
microbiota frequently results in decreased microbial
production of GABA, which increases the risk of irri-
tated bowel syndrome and other inflammatory intesti-
nal diseases (Babin et al., 1994). Among microbial
producers of amino acid neuromediators (biomedia-
tors, according to Roshchina, 2010), an important role
is played by lacto- and bifidobacteria that (i) represent
valuable probiotics and are widely spread within the
microbiota of the gastrointestinal and urogenital tracts
of mammals, including the human species and
(ii) occur in fermented dairy items and fermented
products prepared from vegetables, meat, and fish.

In human blood plasma and spinal f luid, GABA is
present at concentrations of ~0.6 and ~0.3 μM,
respectively (Abbot et al., 1982), which are close to
those produced by lactobacilli. The strain of L. del-
brueckii subsp. bulgaricus synthesized 0.32 ± 0.02 μM
GABA on a milk-containing medium (Oleskin et al.,
2014a, 2014b). GABA partially penetrates the gut-
blood and the blood-brain barrier. Presumably, the
effects produced by this amino acid—which improves
sleep, concentration, and attention, exerts a relaxing
and pacifying influence on the human brain, stimu-
lates metabolic processes in the brain, promotes cre-
ative thinking, helps restore speech and locomotive
activity after injuries, and functions as an antioxi-
dant—are due to the combined action of the GABA
contained in food and that produced by the macroor-
ganism and its microbiota.

Highly efficient GABA-producing bacteria that
accumulate millimoles of GABA in the medium
include Lactobacillus brevis and Lactococcus lactis iso-
lated from Italian cheese (Siragusa et al., 2007), L. lac-
tis subsp. lactis and Lactobacillus rhamnosus GG iso-
lated from Chinese adzuki beans (Liao et al., 2013),
and L. brevis from fermented cod intestines (Lee et al.,
2010). Apart from GABA, L. brevis BJ20 cultivated in
a medium with seaweed enriched the medium in other
neuroactive amino acids, such as taurine, glycine, and
β-alanine (Lee et al., 2010), which also positively
influence the human brain and psyche.

Neuropeptides

The data concerning microbially produced neuro-
peptides are still rather fragmentary (Fetissov et al.,
2008). It was established that Staphylococcus
aureus synthesizes the autoregulator [Met]5-enkeph-
alin, a microbial opiate that functions as a neuromedi-
ator (Zagon and McLaughlin, 1992). Another opiate,
β-endorphin, is synthesized by some unicellular
eukaryotes, such as the infusorian Tetrahymena pyri-
formis and the amoeba Amoeba proteus (Lenard, 1992).

To an extent, the boundary between the classes of
hormones and neuromediators is arbitrary and
changeable. To  reiterate,   it seems reasonable that a

number of researchers have suggested the concept of
microbial endocrinology, a field that is concerned with
the operation and the functional roles of both classes
of compounds in microbial systems (Lyte, 1993, 2010,
2011). As a hormone, insulin increases the permeabil-
ity of plasma membranes for glucose, stimulates the
formation of glycogen from glucose in the liver, and
suppresses the activities of glycogen- and lipid-
degrading enzymes. As a neuromediator, insulin is
involved in transmitting information concerning feel-
ings of hunger and satiety into the brain. In this capac-
ity, insulin functions in combination with other neuro-
peptides (ghrelin, leptin, and peptide YY). It was
established that insulin is produced by E. coli and the
fungus Neurospora crassa, which contains a gene that
is homologous to the insulin gene of mammals. In
N. crassa, insulin is implicated in the regulation of car-
bohydrate metabolism (Lenard, 1992). Microorgan-
isms are capable of producing corticotropin (Tetrahy-
mena pyriformis), somatostatin (Bacillus subtilis and
Plasmodium falciparum), progesterone (Trychophyton
mentagrophytes), and α-factor (S. cerevisiae), a homo-
logue of the gonadotropin-liberating hormone of
higher animals (Lenard, 1992) that, apart from its hor-
mone function, regulates brain activity (Dubynin
et al., 2003).

Microorganisms also synthesize homologues of
animal/human regulatory peptides that are wide-
spread among symbiotic and pathogenic bacteria and
fungi. Symbiotic E. coli strains synthesize homologues
of the following neuroactive peptides: leptin, insulin,
ghrelin, peptide YY, neuropeptide Y, agouti-related
peptide, orexin, α-melanocyte-stimulating hormone
(α-MSH), adrenocorticotropic hormone (ACTH),
oxytocin, and vasopressin (Fetissov et al., 2008). A
leptin homologue was detected in L. lactis. Microbial
homologues of neuroactive compounds induce the
synthesis of antibodies that cross-react with the neu-
ropeptides of the host organism. Microbial peptides
can modify animal and human behavior. Thus, the
homologues of leptin, insulin, α-MSH, and ACTH
that are synthesized by Helicobacter pylori can
decrease appetite. A relationship between streptococ-
cal infection and anorexia nervosa (chronic suppres-
sion of appetite) was revealed, and the likely reason is
that pathogenic streptococci produce leptin and
gonadotropin-liberating hormone (Fetissov et al.,
2008).

In addition to the presence of similar or identical
mediators in neuronal networks and microbial cul-
tures, microorganisms contain proteins that are func-
tionally analogous and/or structurally homologous to
neuromediator receptors. They are exemplified by
(i) the QseC/QseE type catecholamine receptors of a
number of microorganisms (Clarke et al., 2006;
Hughes et al., 2009) mentioned earlier in this review,
(ii) the opiate receptor of the ζ type of S. aureus
(Zagon and Maughlin, 1992), and (iii) a homologue of
the GABA receptor detected in the purple phototro-
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phic bacterium Rhodobacter sphaeroides (Baker and
Fanestil, 1991).

Nitric Oxide
A large number of microorganisms produce nitric

oxide. It is generated via either nitrate reduction
(Zumft, 1993; Barraud et al., 2006) or ammonium
oxidation (Medinets et al., 2015). Many representa-
tives of the phyla Firmicutes, Actinobacteria, and Pro-
teobacterium, as well as some archaeans, contain an
NO synthase that is functionally analogous to the
enzyme of eukaryotic cells which catalyzes the synthe-
sis of NO from arginine (Medinets et al., 2015). The
data on the microbial synthesis of NO in conjunction
with its regulatory effect enable us to regard this com-
pound as an autoregulator of morphogenetic processes
in microbial populations.

Microbial NO produces diverse effects on eukary-
otic organisms. In the case of the worm Caenorhabditis
elegans, it was demonstrated that B. subtilis- and
E. coli-synthesized NO behaves as a transcription acti-
vator. It induces the processes in the worm’s entero-
cytes that enhance its heat resistance and prolong its
lifespan (Gusarov and Nudler, 2005). A similar mech-
anism may operate in higher animals; it represents an
important aspect of the beneficial influence of the
intestinal microbiota that may increase the host’s lon-
gevity. Gram-positive bacteria of the genera Lactoba-
cillus, Streptococcus, and Lactococcus possess NO syn-
thases (Yarullina et al., 2011). The NO they release
into the GI tract can perform cyto-, vaso-, and neuro-
protective functions, along with endogenous NO
(Medinets et al., 2015). Apart from direct synthesis of
NO, lactobacilli and bifidobacteria (Ryu et al., 2009),
as well as the probiotic strain E. coli Nissle 1917 (Zidek
et al., 2010), are capable of stimulating NO production
by host cells.

CONCLUSION: THE IMPACT 
OF THE NEUROCHEMICAL MICROBIOTA–

HOST DIALOGUE ON HUMAN HEALTH, 
PSYCHE, AND SOCIAL BEHAVIOR

Communication between the symbiotic microbiota
and the host organism has increasingly been consid-
ered in recent years from the perspective of microbial
endocrinology (Lenard, 1992; Lyte, 1993, 2010, 2011,
2013; Oleskin et al., 1998). In terms of this area of
research, the neuropsychological status and the social
behavior of higher animals including the humans is
subject to regulation by signal agents (hormones and
neuromediators) that are produced, apart from the
host organism, by symbiotic and pathogenic microor-
ganisms. The operation of the microbiota–gut–brain
axis provided for co-evolution of the microbiota and
the physiological systems of mammals and signifi-
cantly contributed to the development of their social
behavior. Therefore, changes in the composition and

abundance of the symbiotic microbiota can be associ-
ated with disruptions in the development of the brain
and in its functions that are responsible for behavioral
phenomena. At the same time, alterations in social
behavior and neuropsychological activities can result
in permanent or reversible changes in the structure of
the intestinal microbiota and may therefore disrupt
the production of relevant hormones and mediators
that regulate the activities of various brain areas (Still-
ing et al., 2014).

Microbial consortia that colonize the intestinal
mucosa and other niches of the human organism con-
stantly interact with one another, as well as with the
neural network of the GI tract and the whole nervous
and humoral system of the host organism. The symbi-
otic microbiota behaves like a “tuning fork”: it is
responsive to changes in the somatic state, stress level,
and mood of a human individual that manifest them-
selves in neurochemical alterations.

Apart from responding to human neurochemicals,
the microbiota exerts a strong influence on human
health, psyche, and social behavior. The aforemen-
tioned data on the synthesis of extracellular DOPA by
symbionts, including lactobacilli, provide an import-
ant example. Microbial DOPA penetrates into the
brain tissue and is converted into dopamine and,
thereupon, norepinephrine, which influence the loco-
motive activity, sociability (communicability), and
emotionality of a human individual. Normalizing and
optimizing the catecholamine concentrations by
means of probiotic microorganisms would help people
to overcome depression, adynamia, and other conse-
quences of stress. This is the reason behind the efforts
of researchers that aim to design a new generation of
probiotics that could produce target-oriented neuro-
psychological effects exemplified by antidepressant
activity. Apart from DOPA and the catecholamines
produced from it in the organism, especially in its cen-
tral nervous system, probiotics (psychobiotics) can
also synthesize other neuroactive substances (taurine,
glycine, and GABA) that beneficially influence the
brain and the whole human organism. It seems feasi-
ble to enhance the therapeutic and preventive neuro-
chemical effects of fermented dairy products. Starter
cultures that produce, for instance, sufficient amounts
of GABA should be used for this purpose (Lyte, 2011).

In the authors’ opinion, it is also feasible to develop
probiotic overproducers of neuromediators. Such over-
producer strains can be obtained using traditional
selection methods as well as genetic engineering and
the cell fusion technique.

Apart from the substances produced by lactobacilli,
humankind has been using, since time immemorial,
yeast fermentation products (e.g., beer and wine). To
reiterate, yeast synthesizes neuroactive substances that
accumulate intracellularly, without releasing them
into the culture liquid. Therefore, the consumption of
unfiltered drinks that contain yeast cells should enable
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us to make use of yeast-produced neurochemicals.
Target-oriented production of unfiltered yeast-con-
taining drinks would supplement the spectrum of the
probiotic effects of yeast that have been described in
the literature (Martins et al., 2005) with direct neuro-
chemical influence on the human organism.

Special emphasis should be placed on the potential
use of fermented dairy products for the purpose of
improving physical and mental health as well as social
behavior. There are about 400 different commercial
fermented dairy products (Shenderov, 2013); various
kinds of lactic acid bacteria, fungi, and their com-
plexes are used in their production. A number of
starter cultures used in the dairy industry, as well as the
microorganisms contaminating dairy products, syn-
thesize significant amounts of neuroactive com-
pounds (dopamine, norepinephrine, serotonin,
GABA, etc.) (Zhilenkova et al., 2013; Oleskin et al.,
2014a, 2014b).

Microbial hormones and neurotropic compounds
interact with the receptors of nervous cells; these com-
pounds optimize their functions both directly and in
an epigenomic processes-mediated fashion. There-
fore, they are expected to influence the functioning of
the nervous system and psyche not only of individual
consumers but, presumably, that of whole ethnicities
(Stilling et al., 2014; Shenderov and Mitvedt, 2014).
Supposedly, long-term consumption of fermented
dairy products (for decades, centuries, and millennia)
has exerted a significant influence on human brain,
psyche, and social behavior. Enlarging the spectrum
of tested dairy products and detailed analysis of their
starter cultures and technology can enable us to set up
a bank of microbial neurochemical producers and,
moreover, to find out how microorganisms used for
preparing food items are involved in the evolution of
the brain and the enteric nervous system, as well as in
the development and implementation of human
behavioral patterns. Using animals with intentionally
modified microbiota, including those inoculated with
human intestinal microorganisms (Asano et al., 2012;
Shenderov, 2014a, 2014b), and applying modern
OMIC technology (Shenderov, 2012) will help us to
optimize the impact of fermented dairy products on
human health and psyche and provide for the target-
oriented production of functional probiotic prepara-
tion with nootropic effects (Oleskin and Shenderov,
2013; Lyte, 2013).
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