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The chicken gastrointestinal tract has a diverse microbial community. There is

increasing evidence for how this gut microbiome affects specific molecular

pathways and the overall physiology, nervous system and behavior of the

chicken host organism due to a growing number of studies investigating

conditions such as host diet, antibiotics, probiotics, and germ-free and

germ-reduced models. Systems-level investigations have revealed a network

of microbiome-related interactions between the gut and state of health and

behavior in chickens and other animals. While some microbial symbionts are

crucial for maintaining stability and normal host physiology, there can also be

dysbiosis, disruptions to nutrient flow, and other outcomes of dysregulation and

disease. Likewise, alteration of the gut microbiome is found for chickens

exhibiting differences in feather pecking (FP) behavior and this alteration is

suspected to be responsible for behavioral change. In chickens and other

organisms, serotonin is a chief neuromodulator that links gut microbes to

the host brain as microbes modulate the serotonin secreted by the host’s

own intestinal enterochromaffin cells which can stimulate the central nervous

system via the vagus nerve. A substantial part of the serotonergic network is

conserved across birds and mammals. Broader investigations of multiple

species and subsequent cross-comparisons may help to explore general

functionality of this ancient system and its increasingly apparent central role

in the gut-brain axis of vertebrates. Dysfunctional behavioral phenotypes from

the serotonergic system moreover occur in both birds and mammals with, for

example, FP in chickens and depression in humans. Recent studies of the

intestine as a major site of serotonin synthesis have been identifying routes by

which gut microbial metabolites regulate the chicken serotonergic system. This

review in particular highlights the influence of gut microbial metabolite short

chain fatty acids (SCFAs) on the serotonergic system. The role of SCFAs in

physiological and brain disordersmay be considerable because of their ability to

cross intestinal as well as the blood-brain barriers, leading to influences on the

serotonergic system via binding to receptors and epigenetic modulations.

Examinations of these mechanisms may translate into a more general
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understanding of serotonergic system development within chickens and other

avians.
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Introduction to the chicken gut-
microbiome-brain axis

Chickens are an important source of food in the human diet

worldwide, and the poultry industry is one of the fastest-growing

fields in agriculture (Nkukwana, 2019). Ongoing studies

surrounding chicken husbandry and physiology have

generated substantial amounts of knowledge regarding the

chicken gut-microbiome-brain axis. The diverse chicken gut

microbiome, for instance, is now known to have strong effects

on the feed conversion ratio impacting growth and health

(Stanley et al., 2012), early stages of immune system

development (Schokker et al., 2017), resistance to enteric

pathogens (Feng et al., 2010), and behavior (Kraimi et al., 2019a).

There are multiple routes to how host physiology and

molecular processes interact with different gut microbial

varieties and associated microbial metabolites. Management

practices like overcrowding in cages, high temperature, and

rough transportation all of which exert stress on chickens

(Virden and Kidd, 2009; Sanchez-Casanova et al., 2019).

These stressors in chicken affect gut microbial community

composition. This is evident by studies involving external

environmental stressors and studies administering

corticosterone (Calefi et al., 2016; Noguera et al., 2018;

Zaytsoff et al., 2020). The changes in the gut microbiome

composition may be induced by the CNS via the

sympathoadrenal system and the hypothalamic-pituitary-

adrenal (HPA) axis (Villageliũ and Lyte, 2017). Decades of

research have shown the effect of these stressors on host

serotonin synthesis (Chaouloff et al., 1999). Other

neurochemicals along with serotonin have been documented

in the broiler chicken intestinal track with their levels being

altered during a stressed condition (Dennis, 2009; Lyte et al.,

2022). The systemic circulation of neurochemicals in chickens

has been found to affect general physiology (Denbow et al., 1983;

Chapman et al., 2008) and the immune system (Borsoi et al.,

2015), as well as the gut and growth of different bacterial species

including pathogens (Lyte and Ernst, 1992; Bailey et al., 1999;

Freestone et al., 2008; Truccollo et al., 2020; Lyte et al., 2021a).

Gut microbiota are furthermore known to produce and stimulate

host neurotransmitter synthesis, with these effects found to

ultimately influence host physiology and behavior (Beaver and

Wostmann, 1962; Reigstad et al., 2015; Van Staaveren et al.,

2021). Such a bidirectional relationship between microbiomes

and neurochemistry was recently demonstrated in a Japanese

quail model where management stress response led to changes in

microbial composition, with the effect of gut microbes on tissue

serotonin concentration outside the gut being also observed (Lyte

et al., 2021b).

Serotonin levels in the gut are influenced by gut microbes as

has been demonstrated by pioneering studies comparing

conventional and germ-free chick models (Phillips et al., 1961;

Beaver and Wostmann, 1962). Serotonin is a major

neurotransmitter regulating aggression in chicken (Dennis,

2009). Chickens may cope with stress by exhibiting aggressive

behavior such as, for example, aggressive FP (Cheng and Muir,

2007; Van Staaveren and Harlander, 2020). FP birds harm not

only themselves but also other birds by pecking and pulling their

feathers leads to decreased performance of birds and loss to the

poultry industry (Jensen et al., 2005). Several studies also indicate

a regulatory role of gut microbes in the gut-brain axis that

includes probiotic modulations that mitigate aggressive

behavior in birds (Abdel-Azeem, 2013; Cheng et al., 2019;

Mindus et al., 2021). Dietary modulations of gut microbiota

have been found to overall improve chicken behavior and overall

health (Dixon and Nicol, 2008; Pan and Yu, 2014). The gut

microbial modulation could therefore have considerable value

with respect to common challenges with chicken health and

husbandry. Beyond discovering effects of microbiomes on

chickens, a translational objective is to evaluate whether

advantages of chickens as a model organism and underlying

mechanisms of the chicken gut-microbiome-brain axis would

help to inform understanding and investigation of the gut-

microbiome-brain axis in humans. For instance, with humans,

stress and diet substantially alter gut microbial ecosystems with

varying impacts on human health (Singh et al., 2017; Gubert

et al., 2020). Common mechanisms surrounding the gut-brain

axis in humans and chickens involve the serotonergic system

being modulated by conditions of stress (Leonard, 2005). The

impact of gut microbes on the serotonergic system and behavior

have been closely linked with phenotypes of FP in chicken and

depression in humans (Cheng et al., 2019; Huang andWu, 2021).

For various animals, including chickens and humans,

serotonin is mainly synthesized by serotonergic neurons in

brain and intestinal enterochromaffin cells (Parent, 1981). The

large portion of serotonin in the body is produced by intestinal

enterochromaffin cells and production is stimulated by gut

microbial metabolites like SCFAs (Gershon, 2013; Reigstad

et al., 2015). Some of the more abundant microbial SCFAs,

butyrate and acetate, induce dramatic shifts of expression for

the rate-limiting enzyme, Tryptophan hydroxylase 1 (Tph1),

which is associated with mucosal serotonin synthesis by
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intestinal enterochromaffin cells (Côté et al., 2003; Reigstad et al.,

2015). This review provides a report and synthesis of current

molecular and physiological findings surrounding how the

serotonergic system and behavior relate to gut microbiota and

SCFAs in chickens. This review, in addition, critically evaluates

the use of chicken as an animal model that may help influence

and guide the study of the gut-microbiome-brain axis in humans

as would relate to SCFAs and the serotonergic system.

Chicken gut microbiota and potential
function

The gastrointestinal (GI) tract of chicken is inhabited by a

complex and dynamic microbial community that is

established during hatching and initial period of exposure

to the environment, stabilizing later in life. Chickens hatched

within hatcheries receive microbes from environmental flora

(Stanley et al., 2013; Volf et al., 2021). This microbiome

undergoes dramatic changes, overall expanding throughout

the life of a chicken, leading to an adult chicken GI tract

having trillions of bacteria, representing more than

600 bacterial species (Apajalahti et al., 2004; Apajalahti &

Kettunen, 2006; Borda-Molina et al., 2018). Similar to what

has been found for human gut microbiota, analyses of broiler

and layer chicken gut microbiota have identified

Proteobacteria, Bacteroidetes, and Firmicutes as the more

abundant phyla. Other phyla, such as Actinobacteria, while

less abundant, are consistently found as well (Qin et al., 2010;

Li et al., 2014; Tong et al., 2017; Mandal et al., 2020).

In the chicken GI tract, the cecum is a major anatomical

location with higher microbial diversity and metabolism

(Sergeant et al., 2014; Polansky et al., 2016). Recent

metagenomic analysis of the chicken cecum has identified

42 novel genera, 40 of which are of the taxonomic class

Clostridia which is observed in high abundance in the ceca.

More prevalent taxonomic orders within the Clostridia class are

Oscillospirales and Lachnospirales (Glendinning et al., 2020). At

the family level, the cecum encompasses Clostridiaceae,

Bacteroidaceae, Lactobacillaceae, and SCFA butyrate

producing Lachnospiraceae families (Witzig et al., 2015).

Analyses of the chicken microbiome found in the cecum have

helped to identify new gut microbes and unravel their

functionality. For instance, it has revealed those microbes

having genetic material that encodes polysaccharide and

numerous oligosaccharide-degrading enzymes. The degrading

of polysaccharides occurs in large part due to lineages belonging

to the taxonomic classes Actinobacteria, Clostridia, and

Bacteroidia. Genes involved in SCFA (acetate and butyrate)

production have furthermore been identified, with most of

these genes and their associated functions occurring for

lineages that belong to the Firmicutes and Bacteroidetes phyla

(Sergeant et al., 2014).

The metabolic capacity and overall colonization pattern of

gut microbes lead to various health benefits and behavioral

outcomes for chicken and other avian species. The main

source of carbon and energy for the microbes in the lower

intestine comes from undigested complex dietary

carbohydrates and starch (Cummings and Macfarlane,

1991). Moreover, plant-based poultry diets have a large

amount of non-starch polysaccharides (NSP) (Józefiak

et al., 2004; Raza et al., 2019). Fermentation of undigested

food by gut microbes in the cecum and colon produces SCFAs

(van der Wielen et al., 2000), which benefit the host by

providing a source of energy, stimulating gut epithelial cell

proliferation, and by lowering the colon pH to help prevent

secondary bile production (Sakata, 1997). Some beneficial gut

microbes are known to protect the intestine against

colonization by pathogenic bacteria such as Salmonella

spp. (Nurmi and Rantala, 1973). In addition, gut bacteria

produce and sometimes metabolize various neurochemicals

like serotonin, essential amino acids like tryptophan,

vitamins, and antimicrobial compounds (Jeurissen et al.,

2002; Yanofsky, 2007; Lyte, 2011; Kogut, 2019). Much of

the same has been generally found for humans (Rowland

et al., 2018). Gut bacteria have an overall regulatory impact

on the gut-brain axis leading to behavioral changes as well

(Cryan and Dinan, 2012; Arneth, 2018). A dietary study of

great tits, being provided an insect diet versus a seed diet,

showed compositional change in the gut microbiome

occurring in parallel to reduced problem-solving skills for

birds fed the insect diet (Davidson et al., 2020).

Effect of gut microbiota on cognition
and behavior

Domestic chickens are the most common and widely used

species of poultry in agriculture and are a domesticated breed

of red junglefowl (G. gallus) (Siegel et al., 1992; Yamashita

et al., 1994). Despite many effects of selective breeding,

domestic chickens retain cognitive and behavioral similarity

to their ancestors. Both wild and domestic chickens follow a

similar social structure and behavior of interaction within

their populations and have complex cognitive ability, along

with emotional and communicative behavior (Appleby et al.,

2004). Hens and chicks are in the center of a domestic chicken

community whereas roosters live independently and protect

hen and chicks in the group. Chickens communicate

information regarding territory, mating, nesting, distress,

danger or fear, contentment, and food discovery with the

help of 30 distinct vocalizations (Appleby et al., 2004).

Findings regarding fear response show complex emotional

behavior which is accompanied by physiological reactions like

fever that can also be found with humans (Cabanac and

Aizawa, 2000).
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For how gut microbiomes and their metabolic products

connect dynamics within the gut to the brain, resulting in

effects on behavior, this is being studied as an applied area of

research that may considerably improve our understanding of

human health and animal behavior and wellness. It has indeed

been possible to adjust the microbiome toward positive behavioral

outcomes with, for example, supplementation with Lactobacillus

rhamnosus between 19 and 26 weeks of age being found to reduce

FP in chickens (Mindus et al., 2021) (Table 1). Gut microbial

composition changes have shown the potential to aid mammals in

their adaptation to stress as well (Boonstra, 2005). Biomedical

findings arising mainly from studies on humans and mice have

found gut microbial-derived products like neurotransmitters,

SCFAs, indoles, bile acids, choline metabolites, lactate, and

vitamins to have general effects across animal host physiology

(Krautkramer et al., 2021). Broad-ranging impacts between

microbiomes and behavior have been found in chickens, quail,

and turkey (Table 1). A recent study of Japanese quail has

demonstrated how emotional reactivity can be influenced by

gut microbiota transfers that alter taxa of the Firmicutes

phylum (Kraimi et al., 2018; Kraimi et al., 2019b). Changes in

abundance for the Firmicutes phylum have also been associated

with stress, anxiety, or depression (Bailey et al., 2011; Jiang et al.,

2015). In a similar study in turkey, probiotic administration has

been found to reduce distress calls and agonistic behavior in birds

(Abdel-Azeem, 2013). On the contrary, the prolonged deprivation

of natural bird behaviors like foraging, nesting, perching, and dust-

bathing is believed to affect brain function and lower gut microbial

diversity (Chen et al., 2019).

There have been some initial studies on the association of gut

microbial metabolites with chicken behavior. A study conducted

by Meyer et al. (2013) investigated differences in gut microbial

metabolites in high and low FP chickens. The study analyzed gut

metabolites like biogenic amines, SCFAs, ammonia, and lactate.

Total SCFAs were elevated in high FP birds due to the utilization

of ingested feathers by cecal microbes (Meyer et al., 2013). While

chicken gut microbial composition is increasingly studied for

microbial diversity and microbial modulations that influence

poultry production (Grond et al., 2018), there remains a dearth of

metabolomic and functional studies illustrating the effect of

microbial metabolites on host physiology and behavior. As

shown in Table 1, not all studies evaluate for behavioral

outcomes along with both microbial and metabolite-related

outcomes. These studies also varied in terms of ages studied,

with some only lasting for a few weeks (Abdel-Azeem, 2013;

Calefi et al., 2016; Kraimi et al., 2018) and others continuing for

two or more months (van der Eijk, et al., 2020; Mindus et al.,

2021; Yan et al., 2021). Future studies are needed to evaluate

dynamics across potentially interconnected microbial and

metabolite-related outcomes.

The serotonergic system

Serotonin is an important neurotransmitter that connects the

gut-brain axis and exists ubiquitously across diverse biological

systems, including for vertebrates, invertebrates, and some plants

(phytoserotonin) (Smith, 1971). Central serotonin has been

TABLE 1 Studies investigating effects of gut microbiota interventions on bird behavior.

Study details Bird species Behavioral outcome Findings References

Ingesion of L. rhamnosus White Leghorn, laying hens;
Selected HFP, LFP lines

Reduced stress induced FP Increased T cell population of spleen and
the cecal tonsils Limited cecal microbial
dysbiosis

Mindus et al.
(2021)

FMT during early life from
aged donor

Healthy commercial broilers FM from adult chickens improves
fearfulness in chicks

FMT administration might improve the
physiology and behavior of chickens

Yan et al. (2021)

Early life FMT from HFP or
LFP adults

White Leghorn birds Selected
HFP, LFP lines

FMT influenced FP behavior; Homologous
FMT resulted in reduced fearfulness

FMT had immediate and long-term
effects on behavior and immune
characteristics and peripheral serotonin

van der Eijk et al.
(2020)

FM transfer from 13 weeks
old adult female quails in GF
Chicks

Japanese quails from quail line
selected for high (E+) and low
(E−) emotional reactivity

GM from (E−) quails in GF chicks reduced
emotional reactivity in early life

Change in the GM composition in
treatment groups associated with
behavioral modification

Kraimi et al.
(2019)

GF quails compared to quails
with FM from adult female
quails

Japanese quails GF quails showed reduced emotional
reactivity compared to quails with gut
microbiota

Absence of gut microbiota reduces
emotional reactivity in Japanese quails
with no effect on growth

Kraimi et al.
(2018)

Effect of heat stress and or
Clostridium perfringens
infection

Broiler chickens C. perfringens infection decreased the
frequency of feeding, walking, FP and
standing; Increased the frequency of SB
behavior

Showed links among degree of intestinal
lesions, behavioral outcomes, brain
activity, and serum levels of
corticosterone

Calefi et al.
(2016)

Administration of probiotic
spores of Bacillus
amyloliquefaciens

Turkey poults Probiotics administration increased the
feeding frequency and decreased distress
call and aggressive behaviors

Abdel-Azeem
(2013)

CR, cage rearing; FR, free-range; FMT, fecal microbiota transplantation; FM, fecal microbiota; FP, feather pecking; SB, sickness behavior; GF, germ free; GM, gut microbiota; HFP, high

feather pecking; LFP, low feather pecking; SCFAs, short chain fatty acids.
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found to regulate temperature (Freeman, 1979), appetite, sleep,

and energy metabolism (Lv and Liu, 2017; Hillman et al., 1980).

Serotonin is also associated with cognition and behavior across

the animal kingdom (Bacqué -Cazenave et al., 2020), which

makes the serotonin system a potential target for treating

behavioral problems (Nishizawa et al., 1997).

Peripheral serotonin acts as hormone and improves nutrient

absorption, and regulates GI motility, pancreatic secretion and

peristaltic reflex (Martin et al., 1993; Li et al., 2001). It participates

in multiple physiological functions through the diverse receptors

it binds to, including vasoconstriction and dilation (Rapport

et al., 1949), adipogenesis in white adipose tissue (WAT), muscle,

and liver glucose uptake (Namkung et al., 2015). Serotonin

modulates insulin secretion and the immune system (Cataldo

Bascunan et al., 2019). Within the intestine, serotonin acts as a

pro-inflammatory as well as anti-inflammatory signaling

molecule (Bischoff et al., 2009). Pro-inflammatory signaling is

studied in serotonin transporter-knockout mice which

exacerbates experimental GI inflammatory disease through

activating 5-HT7 receptors expressed by dendritic cells

(Bischoff et al., 2009; Kim et al., 2013). However, serotonin is

also involved in anti-inflammatory signaling via epithelial 5-HT4

receptor activation, reducing colon inflammation in mice (Spohn

et al., 2016).

Central and peripheral serotonin system

Central serotonergic neurons are located in dorsal raphe and

median raphe nuclei that are present in themidline of the brainstem

(Puelles et al., 2018; Fujita et al., 2022). These neurons occupy most

central nervous system regions with their projections (Reiner, 2001;

Matragrano et al., 2012; García-González et al., 2017). As has been

found in humans, chickens and other animals, serotonin is

synthesized from its precursor tryptophan by the rate-limiting

enzyme tryptophan hydroxylase 2 (Tph2) in the serotonergic

neurons of the brain (Böhm et al., 1979; Fujita et al., 2022; Sako

et al., 1986), while peripheral serotonin is synthesized by its isoform

Tph1 (Walther et al., 2003). Cofactors (Fe2+), co-substrates (O2 and

BH4) and stress hormones are also activators of Tph (i.e., Tph1 or

Tph2). Sustained tryptophan hydroxylase activity influences the

firing rate of serotonergic neurons (Maximino, 2012). Furthermore,

tryptophan is an essential amino acid derived from the diet. Tph

converts L-tryptophan into 5-hydroxytryptophan (5-HTP) which

transforms into serotonin, 5-hydroxytryptamine (5-HT), by the

action of aromatic L-amino acid decarboxylase (Leathwood,

1987). Serotonin has a very short half-life in the brain (Brodie

and Reid, 1968). Active serotonin gets transported to the synaptic

space while inactive serotonin is metabolized in and outside the cell.

The enzyme monoamine oxidase A (MAO-A), located in the outer

mitochondrial membrane of the neuron, deaminates or metabolizes

5-HT into 5-hydroxy-indol-acetaldehyde, which is then oxidized

into urinary metabolite 5-hydroxy-indole-acetic acid (5-HIAA), a

urinary marker of serotonin synthesis (Kuhn and Hasegawa, 2020).

Disruptions to this 5-HT metabolism, mainly as regards 5-HIAA, is

associated with aggressive behavior in mammals as well as birds

(Coccaro et al., 2010; Kops et al., 2013). In the brain, high tryptophan

levels increase the production of serotonin (Fernstrom and

Wurtman, 1971). The brain receives peripheral tryptophan

through active transportation across the blood-brain barrier,

where tryptophan has to compete with tyrosine and other

branched-chain amino acids for transport (Fernstrom and

Fernstrom, 1995; Fernstrom and Fernstrom, 2007).

In the case of serotonergic transmission, synthesized

neuronal serotonin is released from presynaptic neurons into

the synaptic space through vesicle transport. Upon release, these

molecules bind to serotonin receptors in the postsynaptic

membrane and transmit signals to different brain projection

areas (Millan et al., 2008). The excess serotonin in the synaptic

space is bound to by the serotonin reuptake transport (SERT)

membrane protein of presynaptic neurons (Krause et al., 2017).

After reuptake in the raphe neuron, inactive serotonin is

degraded by monoamine oxidase (MAO) (Borue et al., 2007).

Binding of synaptic as well as peripheral serotonin to receptors

modulate the central and peripheral function of serotonergic

neurons and thus influence behavior. There are 14 serotonin

receptor proteins identified in mammals and in poultry birds

with varying distributions in the brain as well as peripheral

regions (Banerjee et al., 2007; Stępińska et al., 2015).

Presence of serotonin in chicken GI track has been known for

decades (Phillips et al., 1961), as has been known how

enterochromaffin cells are distributed throughout the avian

gut (Rawdon 1984). Apart from enterochromaffin cells,

peripheral serotonin is synthesized by serotonergic neurons

from the enteric nervous system (ENS) (Neuhuber and Worl,

2018). Out of these sites, enterochromaffin cells in the gut

synthesize most of total body serotonin. A recent study

providing concentration of neurotransmitters in the GI track

of broiler chicken reported serotonin and 5-HIAA levels in tissue

as well as luminal content at varying bird ages (Lyte et al., 2022).

The tissue serotonin levels in jejunum, ileum, and cecum are

higher than the luminal content levels at varying ages. Moreover,

the luminal serotonin levels at jejunum, ileum, and cecum

regions are not age dependent. This may indicate increased

synthesis of serotonin in these regions.

Blood thrombocytes in birds store the serotonin produced

(Maurer-Spurej, 2005), and the level of serotonin in the blood is

strongly dependent upon its synthesis in the gut (Meyer et al.,

1973). Upon release into the gut wall, serotonin acts as a luminal

signal transducer to the central nervous system via intrinsic and

extrinsic primary afferent neurons (vagal afferent neurons) of

enteric nervous system (Li et al., 2000; Gershon and Tack, 2007).

These afferent neurons receive and transmit physical as well as

chemical stimuli to CNS initiated by enterochromaffin cells and

immune cells. The enteric nervous system is an intrinsic system

of the GI track. It is composed of neurons and glial cells that
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innervate the intestine and regulate GI motility, absorption, and

fluid secretion (Doyle et al., 2004). Non-neuronal serotonin

activates intrinsic primary afferent neurons of ENS through 5-

HT1P receptor and mediates gut peristaltic and secretory

reflexes, while the activation of the 5-HT3 receptor of

extrinsic nerves communicates distress and other signals to

the CNS (Gershon and Tack, 2007). Serotonin released

outside the gut epithelium also activate the 5-HT4 receptor in

the ENS and induce neuroprotective and neurogenerative effect

(Liu et al., 2009). Serotonin produced by serotonergic neurons in

the ENS influences gut motility and development of enteric

neurons, and serotonin furthermore modulates the immune

system (Neuhuber and Worl, 2018). However, there is less

knowledge about functioning of these receptors in avian

species (Stępińska et al., 2015).

Similarity between the avian and
mammalian serotonin system

Serotonin is an ancient and highly conserved biomolecule in

the vertebrate species found to be localized in the raphe system

and reticular nucleus (Challet et al., 1996; Hay-Schmidt, 2000).

The serotonin system, including serotonin, 5-HT receptor

structure and function, and serotonin transporter, is well-

conserved across diverse vertebrates (Bubak et al., 2020).

Distribution of serotonin in vertebrate brains has been studied

decades ago and is found to coincide with expectations of

phylogeny. A comparative study of serotonin and

catecholamines distribution by Bogdanski et al. (1963) found

occurrence of these amines in mammals and lower vertebrates,

including fish and birds. In vertebrates, serotonin exhibits

inhibitory action on aggressive behavior as has been observed

across diverse animals. Autoradiography of neurotransmitter

receptors in a brain basal ganglion in pigeon, rat and human

brain have shown similarity in distribution. This includes the 5-

HT1B receptor subtype in the globus pallidus (GP) region of

basal ganglia which regulates the release of neurotransmitters

including serotonin (Dietl and Palacios, 1988; Sari, 2004).

Anatomical structure of the serotonergic system is similar

across different vertebrates, but levels of molecular expression

and physiologic development do vary. A study reported the

serotonin to catecholamine ratio to be 1.1:1 in rats while a 2:

1 ratio has been reported in birds (Bogdanski et al., 1963). The

anatomical distribution of monoamine-producing neurons in the

avian brain has shown this cell population to occur in the

hypothalamus (located below the thalamus) and lateral

presence in tegmentum (the ventral part of the midbrain).

Similar lateralization is also observed in mammals (Fuxe and

Ljunggren, 1965; Dubé and Parent, 1981). Immunohistochemical

and immunohistofluorescence techniques have been used to

study distribution of serotonin fibers and terminals in pigeon

brains and have found similarity in pattern as compared to

mammals. Similar to the mammals in birds, serotonergic

neurons in the midbrain tegmentum have shown descending

projections towards the spinal cord whereas ascending

projections towards prosencephalon (the future forebrain/

cerebrum). The projection size is greater however in

mammals than in birds (Challet et al., 1996).

Gut microbes in serotonergic system
development in avians and mammals

Diverse gut microbes acquired since birth influence neural

pathways and CNS signaling, thus contributing to an organism’s

systems-level development. This specific influence has been

studied with various germ-free (GF) animal models (Smith,

2015). Developmental effect of gut microbiota on serotonergic

system has been studied in a GF mouse model where chronic

absence of microflora elevates striatal 5-HT turnover (Heijtz

et al., 2011). Similar results have confirmed this in another study

where, observed elevated hippocampal 5-HT and 5-HIAA levels

did not change after restoring microbiota in later life. GF animals

also exhibit abnormally reduced levels of anxiety which can be

restored on GI microbiota transfer. This suggests a crucial role of

intestinal microbes in influencing the central serotonin system

(Clarke et al., 2013).

Gut microbiota are also known to play an important role in

immune system and endocrine system development which are

essential elements of CNS signaling. A recent GF study of mice

has highlighted the impact of gut microbes on microglial cell

maturation and activation where absence of microbes leads to

microglial defects affecting innate immune response. This study

found, in particular, microbial SCFAs to be a regulator of

microglial homeostasis (Erny et al., 2015). Microglial cells

have been recently studied as well for their interaction with

serotonin and have had reported effects contributing to brain

maturation (D’Andrea et al., 2020; Kolodziejczak et al., 2015).

Another GF mouse study has shown gut microbes to influence

adult ENS maturation through release of serotonin which further

activates 5-HT4 receptor in ENS associated with adult

neurogenesis and neuroprotection. The study demonstrated

the difference in ENS anatomy in GF and with microbiota

transfer models influencing intestinal function (De Vadder

et al., 2018).

In the case of chickens, Beaver andWostmann (1962) studied

the influence of gut microbes on intestinal serotonin synthesis

and observed reduced intestinal 5-HT levels in conventional

chicken compared to germ free model. The influence of gut

microbes on serotonin system development has been studied in

the context of FP behavior whereas the serotonergic pathway is

suspected to contribute to FP. The influence of gut microbiota on

the serotonergic system and bird behavior has been studied by

early life microbiota transplantation in hens selected for high and

low FP. The investigation after 15 weeks of treatment observed
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variation in peripheral serotonin levels in low FP lines (Van der

Eijk et al., 2020). There is another investigation on central

serotonin turnover in 28 days-old chicks. Lower serotonin

turnover was found for high FP chicks, but this study did not

observe an influence of gut microbes (Van Hierden et al., 2002).

The regulatory influence of gut microbes on peripheral serotonin

system has been established in birds, mice, rats, and humans as

well, including for instances specific to disease (Phillips et al.,

1962; Böhm et al., 1979; Uribe et al., 1994; Wikoff et al., 2009;

Yano et al., 2015; Kelly et al., 2016; Sampson et al., 2016).

Microbiota and microbial metabolites
affecting the serotonergic system

Food animals, along with humans, have diversity in their

intestinal microbiota that is mainly influenced by the

surrounding environment and diets and thus share common

microbes. These microbes and their hosts have a close

relationship surrounding how metabolism occurs for

mutualistic or detrimental benefit, depending on the microbial

metabolic activity happening in which part of the host gut

(Apajalahti, 2005). Different studies have highlighted some

influence of gut microbes and their metabolites on the host’s

serotonergic system through tryptophan metabolism, serotonin

metabolism, and the kynurenine and indole pathway. Among

these metabolites, microbial degradation and fermentation

product SCFAs are major metabolites produced in the hind

gut of avian species (Józefiak et al., 2004). SCFAs have been

considered for maintaining gut health of poultry (Liu et al., 2021).

The rapid absorption of SCFAs in the hind gut (Ruppin et al.,

1980), the association of SCFAs with the BBB (Gerhart et al.,

1997; Li et al., 2016), the neuroimmunoendocrine regulatory

function of SCFAs (Wikoff et al., 2009; Clarke et al., 2013;

Matsumoto et al., 2013) and the neuroprotective effect of

SCFAs (Kim et al., 2007) indicate SCFAs to be metabolites

important to study for the serotonergic system and overall body.

Short chain fatty acids

SCFAs, also called volatile fatty acids, provide substantial

amounts of energy, commonly fulfilling about 10% of human

caloric needs and about 8% of the caloric needs of chicken

(Annison et al., 1968). SCFAs in addition modulate the

physiology and behavior of animals in various ways. Major

SCFAs include acetate (C2), propionate (C3), and butyrate

(C4) which are produced in animals through the fermentation

of various complex carbohydrates such as dietary fibers, resistant

starch, and endogenous substance-like mucins (Annison et al.,

1968; Langhout and Schutte, 1996; Józefiak et al., 2004; Sun et al.,

2021). The proportion of acetate, propionate, butyrate in the

colons of herbivorous animal species ranges from 75:15:10 to 40:

40:20 (Bergman, 1990). The cecum is the primary site of

microbial fermentation in chickens (Marounek et al., 1999).

This is evident by the germ free birds cecum having traces of

SCFAs compared to conventional bird however, similar

quantities of acetate were found in the peripheral blood of

conventional and germ-free birds that demonstrate

endogenous source of SCFAs, rather than microbial origin

(Annison et al., 1968; Høverstad and Midtvedt, 1986). SCFAs

production is advantageous to the host as it is known to improve

gut health via maintaining intestinal barrier integrity and

immune homeostasis (Furuse et al., 1991; Hu and Guo, 2007;

Sunkara et al., 2012; Liu et al., 2021). SCFAs also have been found

to inhibit growth of Salmonella (Van Immerseel et al., 2003),

promote the body weight of broiler chickens (Leeson et al., 2005),

and modulate inflammation and oxidative stress (Li et al., 2017).

A germ-free mice study highlighted the role of butyrate in

improving blood-brain barrier integrity which ensures

controlled exchange of biological substances essential for brain

activities (Braniste et al., 2014). SCFAs are produced by many

bacteria through the glycolytic pathway but there are some

varieties, such as Bifidobacterium spp., that can produce

SCFAs via the pentose phosphate pathway (Macfarlane and

Macfarlane, 2003; Cronin et al., 2011). Several bacterial

varieties from the Firmicutes phylum include butyrate

producing Ruminococcaceae, Lachnospiraceae, and clostridial

varieties. Bacteroides and Bifidobacterium spp. are involved in

acetate production. Table 2 shows some of the important studies

that have detailed SCFAs with chicken gut bacteria.

Short chain fatty acids and the
serotonergic system

SCFAs produced in the gut lumen (undissociated form)

diffuse through colonocytes or (dissociated form) transported

by monocarboxylated transporters such as monocarboxylated

transporter 1 (MCT1, a type of pH-dependent hydrogen-coupled

monocarboxylated transporter) and sodium-coupled

monocarboxylate transport (SMCT1) (Ritzhaupt et al., 1998)

(Figure 1). These SCFAs are metabolized by colonocytes for

energy production while unutilized SCFAs undergo hepatic

portal circulation (Bloemen et al., 2009). From there, SCFAs

are taken up by hepatocytes where they are metabolized for

energy or utilized for biosynthesis. Thus, a small portion of

SCFAs enters peripheral circulation. In circulation SCFAs

interact with different host proteins that include G protein-

coupled receptors (GPR41, GPR43, GPR109A) on different

tissues (Müller et al., 2019). SCFAs (mainly butyrate) in gut

lumen stimulate Tph1 expression in enterochromaffin cells. This

then leads to increased production of 5-HT by the

enterochromaffin cells (Reigstad et al., 2015). Butyrate elevates

Tph1 expression through a butyrate inducible zinc finger

transcription factor ZBP-89 (Essien et al., 2013). SCFAs in
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TABLE 2 Selected studies of SCFA-producing gut microbes in chickens.

Bird sp. and region
of isolation

Type of SCFA Gut microbes identified References

Broiler chicken cecal-
4 weeks old

Butyrate Butyricicoccus pullicaecorum (a Firmicutes clostridial cluster IV) Eeckhaut et al. (2008)

Broiler chicken cecal
6 weeks old

Butyrate Faecalibacterium prausnitzii Meimandipour et al.
(2010)

Broiler chicken cecal
4 weeks old

Butyrate Isolates of clostridial cluster IV related to Flavonifractor plautii, Pseudoflavonifractor
capillosus, Subdoligranulum variabile, Eubacterium desmolans and Butyricicoccus
pullicaecorum, cluster XIVa isolates related to Anaerostipes caccae, Eubacterium hallii,
Clostridium populeti and Anaerostipes butyraticus, cluster XVI related Eubacterium
tortuosum, Eubacterium cylindroides, Streptococcus pleomorphus

Eeckhaut et al. (2011)

Broiler chickens, ileal mucosa,
3 weeks old

Butyrate propionate Related to Enterococcus cecorum (butyrate) Butyrivibrio, Coprococcus (butyrate)
Paludibacter (propionate)

Shang et al. (2018)

White leghorn chicken caeca Butyrate Megasphaerastantonii sp. Nov. from genus Megasphaera Maki & Looft (2018)

Cobb 500 broiler chicken, ileal,
cecal, 6 weeks

Butyrate Ruminococcus, Anaerostipes, and Lachnospiraceae Jacquier et al. (2019)

Layer chickens, cecal, 8, 20,
50 weeks old

Butyrate Propionate
Acetate

Genus Alistipes (Bacteroidetes) 8 weeks- Anaerostipes (butyrate), Bacteroides
thetaiotaomicron (acetate, propionate) 20 &50 weeks—Phascolarctobacterium
(propionate) 20 weeks—genus Bifidobacterium (acetate)

Sun et al. (2021)

FIGURE 1
Microbial metabolite SCFAs transportation and role in gut serotonin production. Undissociated form of SCFAs in gut lumen diffuse through
enterocytes while dissociated is transported through MCT1 into the circulation. Intestinal enterochromaffin cells synthesize serotonin from
tryptophan using Tph1 enzyme. SCFAs in gut lumen stimulate Tph1 expression via zinc finger transcription factor. Secreted serotonin, before entering
circulation, is either utilized in the liver or metabolized by enterocytes to 5-HIAA. Part of luminal SCFAs is utilized for energy production by
enterocytes. Abbreviations: Enterochromaffin cells (ECC), serotonin (5-HT), zinc finger transcription factor (ZBP-89), tryptophan hydroxylase 1
(Tph1), 5-hydroxytryptophan (5-HTP), amino acid decarboxylase (AADC), monocarboxylated transporter 1 (MCT1), serotonin reuptake transporter
(SERT), monoamine oxidase (MAO), hydroxyindoleacetic acid (5-HIAA), short Chain Fatty Acids (SCFAs) (Ritzhaupt et al., 1998; Bloemen et al., 2009;
Essien et al., 2013; Reigstad et al., 2015). Figure created with BioRender.com.
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colonocytes, through varying signaling pathways, influences

inflammation by inhibiting NFkB transcription factor), cellular

differentiation and proliferation essential for maintaining

intestinal homeostasis (Venegas et al., 2019).

The mechanism through which circulatory SCFAs

influence the serotonergic system is not fully elucidated and

has mainly been investigated with respect to human and

mouse models. Considering the very short half-life of

SCFAs (such as has been found for butyrate in the

bloodstream due to uptake by peripheral tissues), there may

be only a minimal concentration of SCFAs that reach the brain

when crossing the blood-brain barrier (BBB) (Cummings

et al., 1987; Daniel et al., 1989; Mitchell et al., 2011).

Within the brain, SCFAs affect brain functioning through

direct interactions with G protein-coupled receptors

(GPCR) like FFAR2 and FFAR3 (varieties of free fatty acid

receptors) (Figure 2). These GPCRs are found in both CNS and

peripheral system and are most dense in peripheral organs

(Lagerström et al., 2006; Meslin et al., 2015). SCFAs also

communicate with the brain via the afferent vagus nerve,

leading to the activation of neurons in the CNS area (De

Vadder et al., 2014). However, the type of interaction of SCFAs

with the vagus nerve, being direct or indirect, is unknown. A

study of the vagus nerve FFAR3 knockout mice model

showed that SCFAs receptor FFAR3 on the vagus nerve is

essential to regulate feeding behavior in animals (Cook et al.,

2021). The presence of FFAR3 in the vagus nerve and its

influence on feeding behavior may indicate the possibility of

SCFA mediated signaling to the central serotonergic

system. Additionally, FFAR3 plays an important role in

propionate-mediated signals to peripheral and CNS

areas for intestinal gluconeogenesis and enhanced

noradrenaline secretion by sympathetic neurons

respectively (Kimura et al., 2011; De Vadder et al., 2014).

Synaptic levels of both neurotransmitters noradrenaline and

serotonin are responsible for depressive behavior (Thor et al.,

2007). More investigation is overall needed to reveal

interactions of SCFAs with the serotonergic system, and the

FIGURE 2
Interaction of SCFAs and serotonergic system in the gut-brain axis. Part of the SCFAs produced in gut lumen interact with the central
serotonergic system directly (crossing intestinal and blood-brain barrier) by epigenetic modulation and via activating extrinsic primary afferent vagus
nerve (interaction of SCFAs through FFAR3). Serotonin is synthesized by both enterochromaffin cells of the gut epithelium and by gut microbiota.
SCFAs also stimulate intestinal serotonin synthesis whereas extracellular serotonin binds to 5-HT3 receptors on afferent vagus nerve and
communicates signals to the CNS. On the other hand, different external stressors affect gut microbial composition in birds through the HPA axis and
influences production of microbial metabolites like SCFAs. The blue arrows indicate established connection in birds while the violet arrows indicate
connections known to occur for some animals but not yet identified in birds (Liu et al., 2012; Sealy and Chalkley, 1978; Yamawaki et al., 2012;
Huuskonen et al., 2004; Cook et al., 2021; Gill et al., 2013; Essien et al., 2013; Calefi et al., 2016; Noguera et al., 2018; Gershon and Tack, 2007; Meyer
et al., 2012). Figure created with BioRender.com.
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degree to which these interactions may be present and

consistent across different varieties of animals, including

birds.

Another way by which SCFAs affect the serotonergic system

is in their regulation of tryptophan synthesis. As stated earlier,

tryptophan is the only precursor for serotonin biosynthesis and

its circulating levels depend on dietary intake and gut bacterial

tryptophan metabolism (Fernstrom and Wurtman, 1971). Most

of the free tryptophan in blood is utilized by the kynurenine

(KYN) pathway. Remaining tryptophan has to pass through the

BBB for central serotonin synthesis (Peters, 1991). The systemic

level of tryptophan is closely linked with inflammation. As

proinflammatory cytokines can induce metabolic enzymes like

indoleamine 2,3-dioxygenase (IDO) and Tryptophan-2,3-

dioxygenase (TDO) involved in KYN synthesis from

tryptophan metabolism (Wirleitner et al., 2003; Hestad et al.,

2017). Thus, systemic inflammation can limit availability of

tryptophan for serotonin synthesis. However, SCFAs in

systemic circulation are known to lower the proinflammatory

cytokines (TNF-α, IL-1β, IL-6) and elevate anti-inflammatory

and regulatory cytokines such as IL-10 which may indirectly

increase availability of tryptophan for serotonin synthesis by

balancing the cytokines (Liu et al., 2012; Piazzon et al., 2016).

Short chain fatty acids and histone
deacetylase-mediated epigenetic
modulation

SCFAs contribute to epigenetic modulation through

interaction with histone deacetylases (HDACs) in the brain

(Figure 2), however this research has mainly been carried out

in mammals. HDACs are crucial in histone deacetylation, which

limits the accessibility of genetic material to transcription by

compacting chromatin and thus plays an essential role in gene

expression (Turner, 2000). HDACs and their regulation are

essential for brain development and are studied for

neuropsychiatric diseases (Volmar and Wahlestedt, 2015).

SCFAs such as butyrate can inhibit HDAC, leading to

hyperacetylation resulting in increased accessibility of genes

for transcription (Sealy and Chalkley, 1978; Chriett et al.,

2019). Monoaminergic neurons, including serotonergic and

neuropeptidergic neurons in the brain hypothalamus, express

HDACs that deacetylate nuclear as well as cytoplasmic proteins

(Takase et al., 2013). Inhibitory effects of butyrate on HDACs

have been investigated for serotonin receptor 5-HT2A which are

densely present in CNS and high in the cerebral cortex. A gene

expression study in sodium butyrate-administered rats has

shown downregulation of the 5-HT2A receptor potentially

due to inhibitory action of butyrate on HDAC leading to an

antidepressant outcome in rats (Yamawaki et al., 2012). Another

in vivo study on intestinal epithelial cells has further implicated

SCFAs with epigenetic change and has shown there to be an

inhibitory role of butyrate on HDAC2 that regulates SERT gene

expression. Intestinal SERT is essential in maintaining

extracellular serotonin levels (Gill et al., 2013). SCFAs have in

addition been investigated for brain histone crotonylation as an

epigenetic modification that involves transfer of a crotonyl group

to lysine residues which influences the gene expression (Tweedie-

Cullen et al., 2012), but the functional role of this crotonylation is

still unknown (Fellows et al., 2018).

Short chain fatty acids and
neuroinflammation

An understanding of neuroinflammation and the role of

short-chain fatty acids in chickens awaits further study. A

general understanding would for now involve dynamics as

reported for other types of organisms. Butyrate in particular

has been found to improve CNS neuroinflammation in mice

models induced by lipopolysaccharides (LPS) (Wang et al., 2018;

Yamawaki et al., 2018). Neuroinflammation is characterized by

activating microglial cells (immune cells of CNS) that follow the

elevation of proinflammatory cytokines like IL-6 and TNF-α. At
the same time, cytokines and their signaling pathways affect

serotonin synthesis and metabolism (Jeon and Kim, 2017).

Butyrate can improve circumstances of neuroinflammation

through suppression of NF-κB activation and through its

aforementioned role in HDAC inhibition, overall controlling

the number of microglia cells and astrocytes as has been found in

both in vitro and in vivo models (Huuskonen et al., 2004). These

neuroprotective effects of butyrate are observed to enhance

memory and restore cognitive functions in mice after systemic

or local administration of sodium butyrate (Ferrante et al., 2003;

Govindarajan et al., 2011). SCFAs also play a crucial role in

immune cell maturation and differentiation. In particular, it has

been proposed that SCFAs might regulate brain monocytes such

as Ly6Chi, which has been proposed to be essential for

hippocampal neurogenesis and memory retention. These

monocytes are important for maintaining brain homeostasis

(Möhle et al., 2016).

Discussion

Research on the gut-brain axis has been increasingly extensive

in the last decade, stemming from its importance in health and

disease, and in maintaining physiological homeostasis. This axis is

proving to be particularly important to neurodevelopment and

neuropsychiatric disorders. The advancement and availability of

sequencing technology has led to a plethora of studies investigating

how the gut microbiome plays a major role in the gut-brain axis.

The dynamic across this axis regarding the effect gut microbial

composition with conditions of the brain has been shown to be

influenced by multiple factors, including diet, age, and stress.
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Chicken microbiome studies include mostly 16S rRNA gene

amplicon sequencing-based studies, but there have been some

metagenomics approaches as well (Gilroy et al., 2021). Microbial

compositional results of similar chicken breeds have shown

variation that can be attributed to experimental protocol or

differences between individual chickens (Borda-Molina et al.,

2018). Most chicken gut microbiome studies of the gut-brain axis

are limited to gut microbial modulations that do not identify

underlying mechanisms, such as those possibly involving

metabolites. Further research regarding chicken gut microbial

metabolites is needed to elevate our knowledge to a level

comparable to studies of humans and other common animal

models such as mice.

Both for agribusiness and translational objectives, further

investigations of the chicken gut-brain-microbiome axis would

be well-warranted. Previous studies in chicken have shown bird

behavior relating to broad-ranging differences in gut microbiota

(Meyer et al., 2013b; Ji et al., 2019). Current findings suggest that

some of this dynamic can be circular. Gut microbes potentially

influence the serotonergic system and FP behavior in chickens

(de Haas and van der Eijk, 2018). Conversely however, feather

ingestion also by itself alters gut composition and SCFAs

production (Meyer et al., 2012). For how FP continues to

pose economic and animal welfare problems, investigating gut

microbial metabolites’ effect on the serotonergic system and

chicken behavior such as FP and vice versa would be

essential for identifying exact mechanisms and associated

interventions.

In the case of the translational potential of gut-brain axis

research, animal models have helped to reveal the connection

between gut microbes and their metabolites with brain neural

processes and functioning. Microbiome, behavioral, serotonin

and other physiologic indicators implicate similar dynamics

across these two different organisms. Compared to chickens,

while some other animal models have helped illuminate

methodologies and general findings of gut-brain axis

dynamics, their translational value can be limited. The germ-

free mouse model has enriched gut-brain axis research, showing

for instance that cognitive deficits that can be restored on

microbiota transplantation (Luczynski et al., 2016). Current

clinical beneficial effects of microbiota transplantation have

been limited to treating irritable bowel syndrome (IBS). The

possible reasoning behind this limited translational impact thus

far may relate to the constrained range of animal models that

have been utilized. The detachment of laboratory mice from the

natural environment means that these models lack the

environmental exposure similar to humans and thus lack gut

microbial diversity (Masopust et al., 2017). By comparison,

chickens can be readily studied in outdoor and indoor

environments through commonly available agricultural

enclosures. Past research on avian cognitive neuroscience has

furthermore found that the avian brain can be used to

understand human cognition despite significant physiological

and genetic differences (Rose, 2000; Clayton and Emery, 2015).

Domestication of chicken by humans and similarity in the

microbial community at higher taxonomic levels supports

logistics and relevance for how chickens as a model animal

can be used to investigate the gut-brain axis with the hope of

high translational efficiency (Kohl, 2012). The similarity in

microbial community and complexity facilitates further

development and calibration of underlying biotechnological

and analytical methodologies needed for robust examinations

of microbiomes. Finally, as is the case with other vertebrates, the

chicken GI tract may be considered to enclose diverse microbiota

and their metabolites, with some of these metabolites being

modulators of birds’ behavior. Gut microbial metabolites

SCFAs stimulate enteric serotonin synthesis and are

responsible for maintaining gut health. SCFAs affect brain

functioning through direct interaction via HDAC-mediated

epigenetic modulation and immune signaling. A challenge

remains however with most of these studies being from mice

models. Further mechanistic and longitudinal studies in chickens

would help validate the likely consistency by which these

mechanisms dynamics could be considered across animals in

general, including humans. There is overall joint benefit for how

further research into SCFAs within chickens helps to advance

chickens as a model animal to be considered further for

translational and applied gut-brain axis studies, as would both

help tackle complex, multifaceted neuropsychiatric disorders in

humans and investigate conditions of health and behavior of

chickens in agricultural contexts.

Conclusion

Previous research studies in avian species have shown that

experimental manipulation of gut microbiota has an impact

on bird behavior. There is a wide range of behaviors that are

influenced in birds that includes FP which is considered

important for poultry welfare. However, there are fewer

studies in birds investigating exact mechanisms that drive

the gut-microbiome-brain axis. Chicken gut microbiota have a

high abundance of Bacteroidetes and Firmicutes phyla which

includes most of those bacterial genera that produce SCFAs.

SCFAs and serotonin are important mediators of the gut-

microbiome-brain axis with, for an instance, the influence of

SCFAs on peripheral as well as central serotonergic systems

and the potential association of serotonin with FP behavior in

birds. Chicken gut microbial metabolites like SCFAs and their

effects on the serotonergic system remain an essential area for

further inquiry needed to understand behavioral outcomes in

birds. Considering the nature of SCFAs interactions and the

conserved molecular and behavioral attributes of the

serotonergic system, poultry chicken may be an emergent

translational model for identifying underlying mechanisms

of change within the gut-microbiome-brain axis.

Frontiers in Physiology frontiersin.org11

Jadhav et al. 10.3389/fphys.2022.1035538

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1035538


Author contributions

YF, JH, and SH conceived the general idea for the

overall review area of study. VJ conceived specific

ideas for the review and took the lead in writing

the manuscript. YF, JH, and SH provided editing and

critical feedback. All authors read and approved the final

version.

Funding

This work was supported by the National Science Foundation

under Grant IOS-2000324.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may bemade by its

manufacturer, is not guaranteed or endorsed by the publisher.

References

Abdel-Azeem, M. (2013). Do probiotics affect the behavior of Turkey poults?
J. Veterinary Med. Animal Health 5 (5), 144–148. doi:10.5897/JVMAH2012.0196

Annison, E. F., Hill, K. J., and Kenworthy, R. (1968). Volatile fatty acids in
the digestive tract of the fowl. Br. J. Nutr. 22 (2), 207–216. doi:10.1079/
BJN19680026

Apajalahti, J. (2005). Comparative gut microflora, metabolic challenges, and
potential opportunities. J. Appl. Poult. Res. 14 (2), 444–453. doi:10.1093/japr/14.
2.444

Apajalahti, J., Kettunen, A., and Graham, H. (2004). Characteristics of the
gastrointestinal microbial communities, with special reference to the chicken.
worlds Poult. Sci. J. 60 (2), 223–232. doi:10.1079/wps20040017

Apajalahti, J., and Kettunen, A. (2006). “Microbes of the chicken gastrointestinal
tract,”. Editor G. C. Perry (CAB international), 28, 124–137.Avian Gut Funct.
Health Dis.. Wallingford, UK.

Appleby, M. C., Mench, J. A., and Hughes, B. O. (2004). Poultry behaviour and
welfare. Wallingford, UK: Cabi.

Arneth, B. M. (2018). Gut–brain axis biochemical signalling from the
gastrointestinal tract to the central nervous system: Gut dysbiosis and altered
brain function. Postgrad. Med. J. 94 (1114), 446–452. doi:10.1136/postgradmedj-
2017-135424

Bacqué-Cazenave, J., Bharatiya, R., Barrière, G., Delbecque, J. P., Bouguiyoud, N.,
Di Giovanni, G., et al. (2020). Serotonin in animal cognition and behavior. Int.
J. Mol. Sci. 21 (5), 1649. doi:10.3390/ijms21051649

Bailey, M. T., Dowd, S. E., Galley, J. D., Hufnagle, A. R., Allen, R. G., and Lyte, M.
(2011). Exposure to a social stressor alters the structure of the intestinal microbiota:
Implications for stressor-induced immunomodulation. Brain Behav. Immun. 25
(3), 397–407. doi:10.1016/J.BBI.2010.10.023

Bailey, M. T., Karaszewski, J. W., Lubach, G. R., Coe, C. L., and Lyte, M. (1999). In
vivo adaptation of attenuated Salmonella typhimurium results in increased growth
upon exposure to norepinephrine. Physiol. Behav. 67 (3), 359–364. doi:10.1016/
S0031-9384(99)00087-6

Banerjee, P., Mehta, M., and Kanjilal, B. (2007). “The 5-ht1a receptor: A signaling
hub linked to emotional balance,”. Serotonin receptors in neurobiology. Editor
A. Chattopadhyay (Boca Raton, FL: CRC Press), 7.

Beaver, M. H., andWostmann, B. S. (1962). Histamine and 5-hydroxytryptamine
in the intestinal tract of germ-free animals, animals harbouring one microbial
species and conventional animals. Br. J. Pharmacol. Chemother. 19 (3), 385–393.
doi:10.1111/j.1476-5381.1962.tb01443.x

Bergman, E. N. (1990). Energy contributions of volatile fatty acids from the
gastrointestinal tract in various species. Physiol. Rev. 70, 567–590. doi:10.1152/
physrev.1990.70.2.567

Bischoff, S. C., Mailer, R., Pabst, O., Weier, G., Sedlik, W., Li, Z., et al. (2009). Role
of serotonin in intestinal inflammation: Knockout of serotonin reuptake transporter
exacerbates 2, 4, 6-trinitrobenzene sulfonic acid colitis in mice. Am. J. Physiol.
Gastrointest. Liver Physiol. 296 (3), G685–G695. doi:10.1152/ajpgi.90685.2008

Bloemen, J. G., Venema, K., van de Poll, M. C., Damink, S. W. O., Buurman, W.
A., and Dejong, C. H. (2009). Short chain fatty acids exchange across the gut and

liver in humansmeasured at surgery. Clin. Nutr. 28 (6), 657–661. doi:10.1016/j.clnu.
2009.05.011

Bogdanski, D. F., Bonomi, L., and Brodie, B. B. (1963). Occurence of serotonin
and catecholamines in brain and peripheral organs of various vertebrate classes. Life
Sci. 2 (1), 80–84. doi:10.1016/0024-3205(63)90041-9

Böhm, K. H., Glover, V., Sandler, M., and Coates, M. E. (1979). Monoamine
oxidase in germ-free chicks: Increased activity in liver but not brain. Biochem.
Pharmacol. 28 (22), 3345–3346. doi:10.1016/0006-2952(79)90131-x

Boonstra, R. (2005). Equipped for life: The adaptive role of the stress axis in male
mammals. J. Mammal. 86 (2), 236–247. doi:10.1644/BHE-001.1

Borda-Molina, D., Seifert, J., and Camarinha-Silva, A. (2018). Current
perspectives of the chicken gastrointestinal tract and its microbiome. Comput.
Struct. Biotechnol. J. 16, 131–139. doi:10.1016/j.csbj.2018.03.002

Borsoi, A., Quinteiro-Filho, W. M., Calefi, A. S., Piantino Ferreira, A. J., Astolfi-
Ferreira, C. S., Florio, J. C., et al. (2015). Effects of cold stress and Salmonella
Heidelberg infection on bacterial load and immunity of chickens. Avian Pathol. 44
(6), 490–497. doi:10.1080/03079457.2015.1086976

Borue, X., Chen, J., and Condron, B. G. (2007). Developmental effects of SSRIs:
Lessons learned from animal studies. Int. J. Dev. Neurosci. 25 (6), 341–347. doi:10.
1016/j.ijdevneu.2007.06.003

Braniste, V., Al-Asmakh, M., Kowal, C., Anuar, F., Abbaspour, A., Tóth, M., et al.
(2014). The gut microbiota influences blood-brain barrier permeability in mice. Sci.
Transl. Med. 6 (263), 263ra158. doi:10.1126/scitranslmed.3009759

Brodie, B. B., and Reid, W. D. (1968). Serotonin in brain: Functional
considerations. Adv. Pharmacol. 6, 97–113. doi:10.1016/S1054-3589(08)60300-2

Bubak, A. N., Watt, M. J., Yaeger, J. D., Renner, K. J., and Swallow, J. G. (2020). The
stalk-eyed fly as a model for aggression–is there a conserved role for 5-HT between
vertebrates and invertebrates? J. Exp. Biol. 223 (1), jeb132159. doi:10.1242/jeb.132159

Cabanac, M., and Aizawa, S. (2000). Fever and tachycardia in a bird (Gallus
domesticus) after simple handling. Physiol. Behav. 69 (4-5), 541–545. doi:10.1016/
S0031-9384(00)00227-4

Calefi, A. S., da Silva Fonseca, J. G., Cohn, D. W. H., Honda, B. T. B., Costola-de-
Souza, C., Tsugiyama, L. E., et al. (2016). The gut-brain axis interactions during heat
stress and avian necrotic enteritis. Poult. Sci. 95 (5), 1005–1014. doi:10.3382/ps/
pew021

Cataldo Bascuñan, L. R., Lyons, C., Bennet, H., Artner, I., and Fex, M. (2019).
Serotonergic regulation of insulin secretion. Acta Physiol. 225 (1), e13101. doi:10.
1111/APHA.13101

Challet, E., Miceli, D., Pierre, J., Repérant, J., Masicotte, G., Herbin, M., et al.
(1996). Distribution of serotonin-immunoreactivity in the brain of the pigeon
(Columba livia). Anat. Embryol. 193 (3), 209–227. doi:10.1007/BF00198325

Chaouloff, F., Berton, O., and Mormède, P. (1999). Serotonin and stress.
Neuropsychopharmacology 21 (1), 28S–32S. doi:10.1016/S0893-133X(99)00008-1

Chapman, M. E., Taylor, R. L., and Wideman, R. F., Jr (2008). Analysis of plasma
serotonin levels and hemodynamic responses following chronic serotonin infusion
in broilers challenged with bacterial lipopolysaccharide and microparticles. Poult.
Sci. 87 (1), 116–124. doi:10.3382/ps.2007-00160

Frontiers in Physiology frontiersin.org12

Jadhav et al. 10.3389/fphys.2022.1035538

https://doi.org/10.5897/JVMAH2012.0196
https://doi.org/10.1079/BJN19680026
https://doi.org/10.1079/BJN19680026
https://doi.org/10.1093/japr/14.2.444
https://doi.org/10.1093/japr/14.2.444
https://doi.org/10.1079/wps20040017
https://doi.org/10.1136/postgradmedj-2017-135424
https://doi.org/10.1136/postgradmedj-2017-135424
https://doi.org/10.3390/ijms21051649
https://doi.org/10.1016/J.BBI.2010.10.023
https://doi.org/10.1016/S0031-9384(99)00087-6
https://doi.org/10.1016/S0031-9384(99)00087-6
https://doi.org/10.1111/j.1476-5381.1962.tb01443.x
https://doi.org/10.1152/physrev.1990.70.2.567
https://doi.org/10.1152/physrev.1990.70.2.567
https://doi.org/10.1152/ajpgi.90685.2008
https://doi.org/10.1016/j.clnu.2009.05.011
https://doi.org/10.1016/j.clnu.2009.05.011
https://doi.org/10.1016/0024-3205(63)90041-9
https://doi.org/10.1016/0006-2952(79)90131-x
https://doi.org/10.1644/BHE-001.1
https://doi.org/10.1016/j.csbj.2018.03.002
https://doi.org/10.1080/03079457.2015.1086976
https://doi.org/10.1016/j.ijdevneu.2007.06.003
https://doi.org/10.1016/j.ijdevneu.2007.06.003
https://doi.org/10.1126/scitranslmed.3009759
https://doi.org/10.1016/S1054-3589(08)60300-2
https://doi.org/10.1242/jeb.132159
https://doi.org/10.1016/S0031-9384(00)00227-4
https://doi.org/10.1016/S0031-9384(00)00227-4
https://doi.org/10.3382/ps/pew021
https://doi.org/10.3382/ps/pew021
https://doi.org/10.1111/APHA.13101
https://doi.org/10.1111/APHA.13101
https://doi.org/10.1007/BF00198325
https://doi.org/10.1016/S0893-133X(99)00008-1
https://doi.org/10.3382/ps.2007-00160
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1035538


Chen, S., Xiang, H., Zhang, H., Zhu, X., Wang, D., Wang, J., et al. (2019). Rearing
system causes changes of behavior, microbiome, and gene expression of chickens.
Poult. Sci. 98 (9), 3365–3376. doi:10.3382/ps/pez140

Cheng, H. W., Jiang, S., and Hu, J. (2019). “Gut-brain axis: Probiotic, Bacillus
subtilis, prevents aggression via the modification of the central serotonergic system,”
in Oral health by using probiotic products. Editors R. Mahmoudi and IntechOpen.
doi:10.5772/intechopen.86775

Cheng, H. W., and Muir, W. M. (2007). Mechanisms of aggression and
production in chickens: Genetic variations in the functions of serotonin,
catecholamine, and corticosterone. World’s. Poult. Sci. J. 63 (2), 233–254. doi:10.
1017/S0043933907001432

Chriett, S., Dąbek, A., Wojtala, M., Vidal, H., Balcerczyk, A., and Pirola, L. (2019).
Prominent action of butyrate over β-hydroxybutyrate as histone deacetylase
inhibitor, transcriptional modulator and anti-inflammatory molecule. Sci. Rep. 9,
742. doi:10.1038/s41598-018-36941-9

Clarke, G., Grenham, S., Scully, P., Fitzgerald, P., Moloney, R. D., Shanahan, F.,
et al. (2013). The microbiome-gut-brain axis during early life regulates the
hippocampal serotonergic system in a sex-dependent manner. Mol. Psychiatry
18 (6), 666–673. doi:10.1038/mp.2012.77

Clayton, N. S., and Emery, N. J. (2015). Avian models for human cognitive
neuroscience: A proposal.Neuron 86, 1330–1342. doi:10.1016/j.neuron.2015.04.024

Coccaro, E. F., Lee, R., and Kavoussi, R. J. (2010). Inverse relationship between
numbers of 5-HT transporter binding sites and life history of aggression and
intermittent explosive disorder. J. Psychiatr. Res. 44 (3), 137–142. doi:10.1016/j.
jpsychires.2009.07.004

Cook, T. M., Gavini, C. K., Jesse, J., Aubert, G., Gornick, E., Bonomo, R., et al.
(2021). Vagal neuron expression of the microbiota-derived metabolite receptor, free
fatty acid receptor (FFAR3), is necessary for normal feeding behavior. Mol. Metab.
54, 101350. doi:10.1016/j.molmet.2021.101350

Côté, F., Thévenot, E., Fligny, C., Fromes, Y., Darmon, M., Ripoche, M. A., et al.
(2003). Disruption of the nonneuronal tph1 gene demonstrates the importance of
peripheral serotonin in cardiac function. Proc. Natl. Acad. Sci. U. S. A. 100 (23),
13525–13530. doi:10.1073/pnas.2233056100

Cronin, M., Ventura, M., Fitzgerald, G. F., and Van Sinderen, D. (2011). Progress
in genomics, metabolism and biotechnology of bifidobacteria. Int. J. FoodMicrobiol.
149 (1), 4–18. doi:10.1016/j.ijfoodmicro.2011.01.019

Cryan, J. F., and Dinan, T. G. (2012). Mind-altering microorganisms: The impact
of the gut microbiota on brain and behaviour. Nat. Rev. Neurosci. 13 (10), 701–712.
doi:10.1038/nrn3346

Cummings, J. H., and Macfarlane, G. T. (1991). The control and consequences of
bacterial fermentation in the human colon. J. Appl. Bacteriol. 70 (6), 443–459.
doi:10.1111/j.1365-2672.1991.tb02739.x

Cummings, J. H., Pomare, E. W., Branch, W. J., Naylor, C. P., and MacFarlane, G.
(1987). Short chain fatty acids in human large intestine, portal, hepatic and venous
blood. Gut 28 (10), 1221–1227. doi:10.1136/gut.28.10.1221

D’Andrea, I., Béchade, C., and Maroteaux, L. (2020). “Serotonin and 5-HT2B
receptors in microglia control of behavior,”. Editors C. P. Muller and
K. A. Cunningham (Elsevier B.V.), 31, 589–599. doi:10.1016/B978-0-444-64125-
0.00034-7Handb. Behav. Neurosci.

Daniel, P., Brazier, M., Cerutti, I., Pieri, F., Tardivel, I., Desmet, G., et al. (1989).
Pharmacokinetic study of butyric acid administered in vivo as sodium and arginine
butyrate salts. Clin. Chim. Acta. 181 (3), 255–263. doi:10.1016/0009-8981(89)
90231-3

Davidson, G. L., Wiley, N., Cooke, A. C., Johnson, C. N., Fouhy, F., Reichert, M.
S., et al. (2020). Diet induces parallel changes to the gut microbiota and problem
solving performance in a wild bird. Sci. Rep. 10, 20783. doi:10.1038/s41598-020-
77256-y

de Haas, E. N., and van der Eijk, J. A. J. (2018). Where in the serotonergic system
does it go wrong? Unravelling the route by which the serotonergic system affects
feather pecking in chickens. Neurosci. Biobehav. Rev. 95, 170–188. doi:10.1016/j.
neubiorev.2018.07.007

De Vadder, F., Grasset, E., Holm, L. M., Karsenty, G., Macpherson, A. J., Olofsson,
L. E., et al. (2018). Gut microbiota regulates maturation of the adult enteric nervous
system via enteric serotonin networks. Proc. Natl. Acad. Sci. U. S. A. 115 (25),
6458–6463. doi:10.1073/pnas.1720017115

De Vadder, F., Kovatcheva-Datchary, P., Goncalves, D., Vinera, J., Zitoun, C.,
Duchampt, A., et al. (2014). Microbiota-generated metabolites promote metabolic
benefits via gut-brain neural circuits. Cell 156 (1–2), 84–96. doi:10.1016/j.cell.2013.
12.016

Denbow, D. M., Van Krey, H. P., Lacy, M. P., and Dietrick, T. J. (1983). Feeding,
drinking and body temperature of leghorn chicks: Effects of ICV injections of
biogenic amines. Physiol. Behav. 31 (1), 85–90. doi:10.1016/0031-9384(83)
90100-2

Dennis, R. L. (2009). Serotonergic and dopaminergic regulation of aggression in
high and low aggressive birds. Doctoral dissertation.West Lafayette, Indiana: Purdue
University.

Dietl, M., and Palacios, J. M. (1988). Receptor autoradiography as a tool for the
study of the phylogeny of the basal ganglia. J. Recept. Res. 8 (1–4), 521–532. doi:10.
3109/10799898809049009

Dixon, G., and Nicol, C. J. (2008). The effect of diet change on the behaviour of
layer pullets. Anim. Welf. 17 (2), 101–109.

Doyle, A. M., Roberts, D. J., and Goldstein, A. M. (2004). Enteric nervous system
patterning in the avian hindgut. Dev. Dyn. 229 (3), 708–712. doi:10.1002/dvdy.
20011

Dubé, L., and Parent, A. (1981). The monoamine-containing neurons in avian
brain: I. A study of the brain stem of the chicken (Gallus domesticus) by means of
fluorescence and acetylcholinesterase histochemistry. J. Comp. Neurol. 196 (4),
695–708. doi:10.1002/CNE.901960413

Eeckhaut, V., van Immerseel, F., Croubels, S., de Baere, S., Haesebrouck, F.,
Ducatelle, R., et al. (2011). Butyrate production in phylogenetically diverse
Firmicutes isolated from the chicken caecum. Microb. Biotechnol. 4 (4),
503–512. doi:10.1111/j.1751-7915.2010.00244.x

Eeckhaut, V., Van Immerseel, F., Teirlynck, E., Pasmans, F., Fievez, V., Snauwaert, C.,
et al. (2008). Butyricicoccus pullicaecorum gen. nov., sp. nov., an anaerobic, butyrate-
producing bacterium isolated from the caecal content of a broiler chicken. Int. J. Syst.
Evol. Microbiol. 58 (12), 2799–2802. doi:10.1099/ijs.0.65730-0

Erny, D., De Angelis, A. L. H., Jaitin, D., Wieghofer, P., Staszewski, O., David, E.,
et al. (2015). Host microbiota constantly control maturation and function of
microglia in the CNS. Nat. Neurosci. 18 (7), 965–977. doi:10.1038/nn.4030

Essien, B. E., Grasberger, H., Romain, R. D., Law, D. J., Veniaminova, N. A.,
Saqui-Salces, M., et al. (2013). ZBP-89 regulates expression of Tryptophan
Hydroxylase I and mucosal defense against Salmonella typhimurium in mice.
Gastroenterology 144 (7), 1466–1477. doi:10.1053/j.gastro.2013.01.057

Fellows, R., Denizot, J., Stellato, C., Cuomo, A., Jain, P., Stoyanova, E., et al.
(2018). Microbiota derived short chain fatty acids promote histone crotonylation in
the colon through histone deacetylases. Nat. Commun. 9 (1), 105–115. doi:10.1038/
s41467-017-02651-5

Feng, Y., Gong, J., Yu, H., Jin, Y., Zhu, J., and Han, Y. (2010). Identification of
changes in the composition of ileal bacterial microbiota of broiler chickens infected
with Clostridium perfringens. Vet. Microbiol. 140 (1-2), 116–121. doi:10.1016/j.
vetmic.2009.07.001

Fernstrom, J. D., and Fernstrom, M. H. (2007). Tyrosine, phenylalanine, and
catecholamine synthesis and function in the brain. J. Nutr. 137 (6), 1539S–1547S.
doi:10.1093/JN/137.6.1539S

Fernstrom, J. D., and Wurtman, R. J. (1971). Brain serotonin content:
Physiological dependence on plasma tryptophan levels. Science 173 (3992),
149–152. doi:10.1126/science.173.3992.149

Fernstrom, M. H., and Fernstrom, J. D. (1995). Brain tryptophan concentrations
and serotonin synthesis remain responsive to food consumption after the ingestion
of sequential meals. Am. J. Clin. Nutr. 61 (2), 312–319. doi:10.1093/ajcn/61.2.312

Ferrante, R. J., Kubilus, J. K., Lee, J., Ryu, H., Beesen, A., Zucker, B., et al. (2003).
Histone deacetylase inhibition by sodium butyrate chemotherapy ameliorates the
neurodegenerative phenotype in huntington’s disease mice. J. Neurosci. 23 (28),
9418–9427. doi:10.1523/jneurosci.23-28-09418.2003

Freeman, B. M. (1979). Is 5-hydroxytryptamine concerned in avian
thermoregulation? J. Therm. Biol. 4 (3), 219–221. doi:10.1016/0306-4565(79)
90005-6

Freestone, P. P., Sandrini, S. M., Haigh, R. D., and Lyte, M. (2008). Microbial
endocrinology: How stress influences susceptibility to infection. Trends Microbiol.
16 (2), 55–64. doi:10.1016/j.tim.2007.11.005

Fujita, T., Aoki, N., Mori, C., Fujita, E., Matsushima, T., Homma, K. J., et al.
(2022). Serotonergic neurons in the chick brainstem express various serotonin
receptor subfamily genes. Front. Physiol. 2548, 815997. doi:10.3389/fphys.2021.
815997

Furuse, M., Yang, S. I., Niwa, N., and Okumura, J. (1991). Effect of short chain
fatty acids on the performance and intestinal weight in germ-free and conventional
chicks. Br. Poult. Sci. 32 (1), 159–165. doi:10.1080/00071669108417337

Fuxe, K., and Ljunggren, L. (1965). Cellular localization of monoamines in the
upper brain stem of the pigeon. J. Comp. Neurol. 125 (3), 355–381. doi:10.1002/
CNE.901250306

García-González, D., Khodosevich, K., Watanabe, Y., Rollenhagen, A., Lübke,
J. H., and Monyer, H. (2017). Serotonergic projections govern postnatal neuroblast
migration. Neuron 94 (3), 534–549. doi:10.1016/j.neuron.2017.04.013

Gerhart, D. Z., Enerson, B. E., Zhdankina, O. Y., Leino, R. L., and Drewes, L. R.
(1997). Expression of monocarboxylate transporter MCT1 by brain endothelium

Frontiers in Physiology frontiersin.org13

Jadhav et al. 10.3389/fphys.2022.1035538

https://doi.org/10.3382/ps/pez140
https://doi.org/10.5772/intechopen.86775
https://doi.org/10.1017/S0043933907001432
https://doi.org/10.1017/S0043933907001432
https://doi.org/10.1038/s41598-018-36941-9
https://doi.org/10.1038/mp.2012.77
https://doi.org/10.1016/j.neuron.2015.04.024
https://doi.org/10.1016/j.jpsychires.2009.07.004
https://doi.org/10.1016/j.jpsychires.2009.07.004
https://doi.org/10.1016/j.molmet.2021.101350
https://doi.org/10.1073/pnas.2233056100
https://doi.org/10.1016/j.ijfoodmicro.2011.01.019
https://doi.org/10.1038/nrn3346
https://doi.org/10.1111/j.1365-2672.1991.tb02739.x
https://doi.org/10.1136/gut.28.10.1221
https://doi.org/10.1016/B978-0-444-64125-0.00034-7
https://doi.org/10.1016/B978-0-444-64125-0.00034-7
https://doi.org/10.1016/0009-8981(89)90231-3
https://doi.org/10.1016/0009-8981(89)90231-3
https://doi.org/10.1038/s41598-020-77256-y
https://doi.org/10.1038/s41598-020-77256-y
https://doi.org/10.1016/j.neubiorev.2018.07.007
https://doi.org/10.1016/j.neubiorev.2018.07.007
https://doi.org/10.1073/pnas.1720017115
https://doi.org/10.1016/j.cell.2013.12.016
https://doi.org/10.1016/j.cell.2013.12.016
https://doi.org/10.1016/0031-9384(83)90100-2
https://doi.org/10.1016/0031-9384(83)90100-2
https://doi.org/10.3109/10799898809049009
https://doi.org/10.3109/10799898809049009
https://doi.org/10.1002/dvdy.20011
https://doi.org/10.1002/dvdy.20011
https://doi.org/10.1002/CNE.901960413
https://doi.org/10.1111/j.1751-7915.2010.00244.x
https://doi.org/10.1099/ijs.0.65730-0
https://doi.org/10.1038/nn.4030
https://doi.org/10.1053/j.gastro.2013.01.057
https://doi.org/10.1038/s41467-017-02651-5
https://doi.org/10.1038/s41467-017-02651-5
https://doi.org/10.1016/j.vetmic.2009.07.001
https://doi.org/10.1016/j.vetmic.2009.07.001
https://doi.org/10.1093/JN/137.6.1539S
https://doi.org/10.1126/science.173.3992.149
https://doi.org/10.1093/ajcn/61.2.312
https://doi.org/10.1523/jneurosci.23-28-09418.2003
https://doi.org/10.1016/0306-4565(79)90005-6
https://doi.org/10.1016/0306-4565(79)90005-6
https://doi.org/10.1016/j.tim.2007.11.005
https://doi.org/10.3389/fphys.2021.815997
https://doi.org/10.3389/fphys.2021.815997
https://doi.org/10.1080/00071669108417337
https://doi.org/10.1002/CNE.901250306
https://doi.org/10.1002/CNE.901250306
https://doi.org/10.1016/j.neuron.2017.04.013
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1035538


and glia in adult and suckling rats. Am. J. Physiol. 273 (1), E207–E213. doi:10.1152/
ajpendo.1997.273.1.E207

Gershon, M. D. (2013). 5-Hydroxytryptamine (serotonin) in the gastrointestinal
tract. Curr. Opin. Endocrinol. Diabetes Obes. 20 (1), 14–21. doi:10.1097/MED.
0b013e32835bc703

Gershon, M. D., and Tack, J. (2007). The serotonin signaling system: From basic
understanding to drug development for functional GI disorders. Gastroenterology
132 (1), 397–414. doi:10.1053/j.gastro.2006.11.002

Gill, R. K., Kumar, A., Malhotra, P., Maher, D., Singh, V., Dudeja, P. K., et al.
(2013). Regulation of intestinal serotonin transporter expression via epigenetic
mechanisms: Role of HDAC2. Am. J. Physiol. Cell Physiol. 304 (4), C334–C341.
doi:10.1152/ajpcell.00361.2012

Gilroy, R., Ravi, A., Getino, M., Pursley, I., Horton, D., Alikhan, N.-F., et al.
(2021). A genomic census of the chicken gut microbiome using metagenomics and
culture. Res. Square, 1–33. doi:10.21203/rs.3.rs-56027/v3

Glendinning, L., Stewart, R. D., Pallen, M. J., Watson, K. A., and Watson, M.
(2020). Assembly of hundreds of novel bacterial genomes from the chicken caecum.
Genome Biol. 21 (1), 34. doi:10.1186/S13059-020-1947-1

Govindarajan, N., Agis-Balboa, R. C., Walter, J., Sananbenesi, F., and Fischer, A.
(2011). Sodium butyrate improves memory function in an alzheimer’s disease
mouse model when administered at an advanced stage of disease progression.
J. Alzheimers Dis. 26 (1), 187–197. doi:10.3233/JAD-2011-110080

Grond, K., Sandercock, B. K., Jumpponen, A., and Zeglin, L. H. (2018). The avian
gut microbiota: Community, physiology and function in wild birds. J. Avian Biol. 49
(11), e01788. doi:10.1111/jav.01788

Gubert, C., Kong, G., Renoir, T., and Hannan, A. J. (2020). Exercise, diet and
stress as modulators of gut microbiota: Implications for neurodegenerative diseases.
Neurobiol. Dis. 134, 104621. doi:10.1016/j.nbd.2019.104621

Hay-Schmidt, A. (2000). The evolution of the serotonergic nervous system. Proc.
Biol. Sci. 267 (1448), 1071–1079. doi:10.1098/rspb.2000.1111

Heijtz, R. D., Wang, S., Anuar, F., Qian, Y., Björkholm, B., Samuelsson, A., et al.
(2011). Normal gut microbiota modulates brain development and behavior. Proc.
Natl. Acad. Sci. U. S. A. 108 (7), 3047–3052. doi:10.1073/pnas.1010529108

Hestad, K. A., Engedal, K., Whist, J. E., and Farup, P. G. (2017). The relationships
among tryptophan, kynurenine, indoleamine 2, 3-dioxygenase, depression, and
neuropsychological performance. Front. Psychol. 8, 1561. doi:10.3389/fpsyg.2017.
01561

Hillman, P. E., Scott, N. R., and Van Tienhoven, A. (1980). Effect of 5-
hydroxytryptamine and acetylcholine on the energy budget of chickens. Am.
J. Physiol. 239 (1), R57–R61. doi:10.1152/ajpregu.1980.239.1.R57

Høverstad, T., and Midtvedt, T. (1986). Short-chain fatty acids in germfree mice
and rats. J. Nutr. 116 (9), 1772–1776. doi:10.1093/jn/116.9.1772

Hu, Z., and Guo, Y. (2007). Effects of dietary sodium butyrate supplementation
on the intestinal morphological structure, absorptive function and gut flora in
chickens. Animal feed Sci. Technol. 132 (3-4), 240–249. doi:10.1016/j.anifeedsci.
2006.03.017

Huang, F., and Wu, X. (2021). Brain neurotransmitter modulation by gut
microbiota in anxiety and depression. Front. Cell Dev. Biol. 9, 649103. doi:10.
3389/fcell.2021.649103

Huuskonen, J., Suuronen, T., Nuutinen, T., Kyrylenko, S., and Salminen, A.
(2004). Regulation of microglial inflammatory response by sodium butyrate and
short-chain fatty acids. Br. J. Pharmacol. 141 (5), 874–880. doi:10.1038/sj.bjp.
0705682

Jacquier, V., Nelson, A., Jlali, M., Rhayat, L., Brinch, K. S., and Devillard, E.
(2019). Bacillus subtilis 29784 induces a shift in broiler gut microbiome toward
butyrate-producing bacteria and improves intestinal histomorphology and animal
performance. Poult. Sci. 98 (6), 2548–2554. doi:10.3382/ps/pey602

Jensen, P., Keeling, L., Schütz, K., Andersson, L., Mormède, P., Brändström, H.,
et al. (2005). Feather pecking in chickens is genetically related to behavioural and
developmental traits. Physiol. Behav. 86 (1–2), 52–60. doi:10.1016/j.physbeh.2005.
06.029

Jeon, S. W., and Kim, Y. K. (2017). Inflammation-induced depression: Its
pathophysiology and therapeutic implications. J. Neuroimmunol. 313, 92–98.
doi:10.1016/j.jneuroim.2017.10.016

Jeurissen, S. H., Lewis, F., van der Klis, J. D., Mroz, Z., Rebel, J. M., and Ter
Huurne, A. A. (2002). Parameters and techniques to determine intestinal health of
poultry as constituted by immunity, integrity, and functionality. Curr. Issues Intest.
Microbiol. 3 (1), 1–14.

Ji, J., Luo, C. L., Zou, X., Lv, X. H., Xu, Y. B., Shu, D. M., et al. (2019). Association
of host genetics with intestinal microbial relevant to body weight in a chicken
F2 resource population. Poult. Sci. 98 (9), 4084–4093. doi:10.3382/ps/pez199

Jiang, H., Ling, Z., Zhang, Y., Mao, H., Ma, Z., Yin, Y., et al. (2015). Altered fecal
microbiota composition in patients with major depressive disorder. Brain Behav.
Immun. 48, 186–194. doi:10.1016/J.BBI.2015.03.016

Józefiak, D., Rutkowski, A., and Martin, S. A. (2004). Carbohydrate fermentation
in the avian ceca: A review. Animal Feed Sci. Technol. 113 (1-4), 1–15. doi:10.1016/j.
anifeedsci.2003.09.007

Kelly, J. R., Borre, Y., O’Brien, C., Patterson, E., El Aidy, S., Deane, J., et al. (2016).
Transferring the blues: Depression-associated gut microbiota induces
neurobehavioural changes in the rat. J. Psychiatr. Res. 82, 109–118. doi:10.1016/
j.jpsychires.2016.07.019

Kim, H. J., Rowe, M., Ren, M., Hong, J. S., Chen, P. S., and Chuang, D. M. (2007).
Histone deacetylase inhibitors exhibit anti-inflammatory and neuroprotective
effects in a rat permanent ischemic model of stroke: Multiple mechanisms of
action. J. Pharmacol. Exp. Ther. 321 (3), 892–901. doi:10.1124/jpet.107.120188

Kim, J. J., Bridle, B. W., Ghia, J. E., Wang, H., Syed, S. N., Manocha, M. M., et al.
(2013). Targeted inhibition of serotonin type 7 (5-HT7) receptor function
modulates immune responses and reduces the severity of intestinal
inflammation. J. Immunol. 190 (9), 4795–4804. doi:10.4049/jimmunol.1201887

Kimura, I., Inoue, D., Maeda, T., Hara, T., Ichimura, A., Miyauchi, S., et al. (2011).
Short-chain fatty acids and ketones directly regulate sympathetic nervous system
via G protein-coupled receptor 41 (GPR41). Proc. Natl. Acad. Sci. U. S. A. 108 (19),
8030–8035. doi:10.1073/pnas.1016088108

Kogut, M. H. (2019). The effect of microbiome modulation on the intestinal health of
poultry. Animal Feed Sci. Technol. 250, 32–40. doi:10.1016/j.anifeedsci.2018.10.008

Kohl, K. D. (2012). Diversity and function of the avian gut microbiota.
J. Comp. Physiol. B 182 (5), 591–602. doi:10.1007/s00360-012-0645-z

Kolodziejczak, M., Béchade, C., Gervasi, N., Irinopoulou, T., Banas, S. M.,
Cordier, C., et al. (2015). Serotonin modulates developmental microglia via 5-
HT2B receptors: Potential implication during synaptic refinement of
retinogeniculate projections. ACS Chem. Neurosci. 6 (7), 1219–1230. doi:10.
1021/cn5003489

Kops, M. S., de Haas, E. N., Rodenburg, T. B., Ellen, E. D., Korte-Bouws, G. A. H.,
Olivier, B., et al. (2013). Effects of feather pecking phenotype (severe feather
peckers, victims and non-peckers) on serotonergic and dopaminergic activity in
four brain areas of laying hens (Gallus gallus domesticus). Physiol. Behav. 120,
77–82. doi:10.1016/j.physbeh.2013.07.007

Kraimi, Narjis, Calandreau, L., Biesse, M., Rabot, S., Guitton, E., Velge, P., et al.
(2018). Absence of gut microbiota reduces emotional reactivity in Japanese quails
(Coturnix japonica). Front. Physiol. 9, 603. doi:10.3389/fphys.2018.00603

Kraimi, N., Calandreau, L., Zemb, O., Germain, K., Dupont, C., Velge, P.,
et al. (2019a). Effects of gut microbiota transfer on emotional reactivity in
Japanese quails (Coturnix japonica). J. Exp. Biol. 222 (10), jeb202879. doi:10.
1242/jeb.202879

Kraimi, N., Dawkins, M., Gebhardt-Henrich, S. G., Velge, P., Rychlik, I., Volf, J.,
et al. (2019b). Influence of the microbiota-gut-brain axis on behavior and welfare in
farm animals: A review. Physiol. Behav. 210, 112658. doi:10.1016/j.physbeh.2019.
112658

Krause, E. T., Kjaer, J. B., Lüders, C., and van, L. P. (2017). A polymorphism in the
5′-flanking region of the serotonin transporter (5-HTT) gene affects fear-related
behaviors of adult domestic chickens. Behav. Brain Res. 330, 92–96. doi:10.1016/j.
bbr.2017.04.051

Krautkramer, K. A., Fan, J., and Bäckhed, F. (2021). Gut microbial metabolites as
multi-kingdom intermediates. Nat. Rev. Microbiol. 19 (2), 77–94. doi:10.1038/
s41579-020-0438-4

Kuhn, D. M., and Hasegawa, H. (2020). “Tryptophan hydroxylase and serotonin
synthesis regulation,”. Editors C. P. Muller and K. A. Cunningham (Elsevier B.V.),
31, 239–256. doi:10.1016/B978-0-444-64125-0.00012-8Handb. Behav. Neurosci.

Lagerström, M. C., Hellström, A. R., Larsson, T. P., Schiöth, H. B., and
Fredriksson, R. (2006). The chicken G protein-coupled receptor (GPCR)-ome:
doi:10.1371/journal.pcbi.0020054

Langhout, D. J., and Schutte, J. B. (1996). Nutritional implications of pectins in
chicks in relation to esterification and origin of pectins. Poult. Sci. 75 (10),
1236–1242. doi:10.3382/ps.0751236

Leathwood, P. D. (1987). Tryptophan availability and serotonin synthesis. Proc.
Nutr. Soc. 46 (1), 143–156. doi:10.1079/PNS19870018

Leeson, S., Namkung, H., Antongiovanni, M., and Lee, E. H. (2005). Effect of
butyric acid on the performance and carcass yield of broiler chickens. Poult. Sci. 84
(9), 1418–1422. doi:10.1093/ps/84.9.1418

Leonard, B. (2005). The HPA and immune axes in stress: The involvement of the
serotonergic system. Eur. Psychiatry 20 (3), S302–S306. doi:10.1016/S0924-
9338(05)80180-4

Frontiers in Physiology frontiersin.org14

Jadhav et al. 10.3389/fphys.2022.1035538

https://doi.org/10.1152/ajpendo.1997.273.1.E207
https://doi.org/10.1152/ajpendo.1997.273.1.E207
https://doi.org/10.1097/MED.0b013e32835bc703
https://doi.org/10.1097/MED.0b013e32835bc703
https://doi.org/10.1053/j.gastro.2006.11.002
https://doi.org/10.1152/ajpcell.00361.2012
https://doi.org/10.21203/rs.3.rs-56027/v3
https://doi.org/10.1186/S13059-020-1947-1
https://doi.org/10.3233/JAD-2011-110080
https://doi.org/10.1111/jav.01788
https://doi.org/10.1016/j.nbd.2019.104621
https://doi.org/10.1098/rspb.2000.1111
https://doi.org/10.1073/pnas.1010529108
https://doi.org/10.3389/fpsyg.2017.01561
https://doi.org/10.3389/fpsyg.2017.01561
https://doi.org/10.1152/ajpregu.1980.239.1.R57
https://doi.org/10.1093/jn/116.9.1772
https://doi.org/10.1016/j.anifeedsci.2006.03.017
https://doi.org/10.1016/j.anifeedsci.2006.03.017
https://doi.org/10.3389/fcell.2021.649103
https://doi.org/10.3389/fcell.2021.649103
https://doi.org/10.1038/sj.bjp.0705682
https://doi.org/10.1038/sj.bjp.0705682
https://doi.org/10.3382/ps/pey602
https://doi.org/10.1016/j.physbeh.2005.06.029
https://doi.org/10.1016/j.physbeh.2005.06.029
https://doi.org/10.1016/j.jneuroim.2017.10.016
https://doi.org/10.3382/ps/pez199
https://doi.org/10.1016/J.BBI.2015.03.016
https://doi.org/10.1016/j.anifeedsci.2003.09.007
https://doi.org/10.1016/j.anifeedsci.2003.09.007
https://doi.org/10.1016/j.jpsychires.2016.07.019
https://doi.org/10.1016/j.jpsychires.2016.07.019
https://doi.org/10.1124/jpet.107.120188
https://doi.org/10.4049/jimmunol.1201887
https://doi.org/10.1073/pnas.1016088108
https://doi.org/10.1016/j.anifeedsci.2018.10.008
https://doi.org/10.1007/s00360-012-0645-z
https://doi.org/10.1021/cn5003489
https://doi.org/10.1021/cn5003489
https://doi.org/10.1016/j.physbeh.2013.07.007
https://doi.org/10.3389/fphys.2018.00603
https://doi.org/10.1242/jeb.202879
https://doi.org/10.1242/jeb.202879
https://doi.org/10.1016/j.physbeh.2019.112658
https://doi.org/10.1016/j.physbeh.2019.112658
https://doi.org/10.1016/j.bbr.2017.04.051
https://doi.org/10.1016/j.bbr.2017.04.051
https://doi.org/10.1038/s41579-020-0438-4
https://doi.org/10.1038/s41579-020-0438-4
https://doi.org/10.1016/B978-0-444-64125-0.00012-8
https://doi.org/10.1371/journal.pcbi.0020054
https://doi.org/10.3382/ps.0751236
https://doi.org/10.1079/PNS19870018
https://doi.org/10.1093/ps/84.9.1418
https://doi.org/10.1016/S0924-9338(05)80180-4
https://doi.org/10.1016/S0924-9338(05)80180-4
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1035538


Li, H., Sun, J., Wang, F., Ding, G., Chen, W., Fang, R., et al. (2016). Sodium
butyrate exerts neuroprotective effects by restoring the blood-brain barrier in
traumatic brain injury mice. Brain Res. 1642, 70–78. doi:10.1016/j.brainres.2016.
03.031

Li, J., Jia, H., Cai, X., Zhong, H., Feng, Q., Sunagawa, S., et al. (2014). An integrated
catalog of reference genes in the human gut microbiome. Nat. Biotechnol. 32 (8),
834–841. doi:10.1038/nbt.2942

Li, L., Ma, L., and Fu, P. (2017). Gut microbiota-derived short-chain fatty acids
and kidney diseases. Drug Des. devel. Ther. 11, 3531–3542. doi:10.2147/DDDT.
S150825

Li, Y., Hao, Y., Zhu, J., and Owyang, C. (2000). Serotonin released from intestinal
enterochromaffin cells mediates luminal non–cholecystokinin-stimulated
pancreatic secretion in rats. Gastroenterology 118 (6), 1197–1207. doi:10.1016/
S0016-5085(00)70373-8

Li, Y., Wu, X. Y., Zhu, J. X., and Owyang, C. (2001). Intestinal serotonin acts as
paracrine substance to mediate pancreatic secretion stimulated by luminal factors.
Am. J. Physiol. Gastrointest. Liver Physiol. 281 (4), G916–G923. doi:10.1152/ajpgi.
2001.281.4.G916

Liu, L., Li, Q., Yang, Y., and Guo, A. (2021). Biological function of short-chain
fatty acids and its regulation on intestinal health of poultry. Front. Vet. Sci. 8,
736739. doi:10.3389/fvets.2021.736739

Liu, M. T., Kuan, Y. H., Wang, J., Hen, R., and Gershon, M. D. (2009). 5-HT4
receptor-mediated neuroprotection and neurogenesis in the enteric nervous system
of adult mice. J. Neurosci. 29 (31), 9683–9699. doi:10.1523/JNEUROSCI.1145-09.
2009

Liu, T., Li, J., Liu, Y., Xiao, N., Suo, H., Xie, K., et al. (2012). Short-chain fatty acids
suppress lipopolysaccharide-induced production of nitric oxide and
proinflammatory cytokines through inhibition of NF-κB pathway in RAW264.
7 cells. Inflammation 35 (5), 1676–1684. doi:10.1007/s10753-012-9484-z

Luczynski, P., Neufeld, K. A. M. V., Oriach, C. S., Clarke, G., Dinan, T. G., and
Cryan, J. F. (2016). Growing up in a bubble: Using germ-free animals to assess the
influence of the gut microbiota on brain and behavior. Int.
J. Neuropsychopharmacol. 19 (8), pyw020–17. doi:10.1093/ijnp/pyw020

Lv, J., and Liu, F. (2017). The role of serotonin beyond the central nervous system
during embryogenesis. Front. Cell. Neurosci. 0, 74. doi:10.3389/FNCEL.2017.00074

Lyte, J. M., Keane, J., Eckenberger, J., Anthony, N., Shrestha, S., Marasini, D., et al.
(2021b). Japanese quail (Coturnix japonica) as a novel model to study the
relationship between the avian microbiome and microbial endocrinology-based
host-microbe interactions. Microbiome 9 (1), 38–24. doi:10.1186/s40168-020-
00962-2

Lyte, J. M., Martinez, D. A., Robinson, K., Donoghue, A. M., Daniels, K. M., and
Lyte, M. (2022). A neurochemical biogeography of the broiler chicken intestinal
tract. Poult. Sci. 101 (3), 101671. doi:10.1016/j.psj.2021.101671

Lyte, J. M., Shrestha, S., Wagle, B. R., Liyanage, R., Martinez, D. A., Donoghue, A.
M., et al. (2021a). SerotoninmodulatesCampylobacter jejuni physiology and in vitro
interaction with the gut epithelium. Poult. Sci. 100 (3), 100944. doi:10.1016/j.psj.
2020.12.041

Lyte, M., and Ernst, S. (1992). Catecholamine induced growth of gram negative
bacteria. Life Sci. 50 (3), 203–212. doi:10.1016/0024-3205(92)90273-R

Lyte, M. (2011). Probiotics function mechanistically as delivery vehicles for
neuroactive compounds: Microbial endocrinology in the design and use of
probiotics. Bioessays 33 (8), 574–581. doi:10.1002/bies.201100024

Macfarlane, S., and Macfarlane, G. T. (2003). Regulation of short-chain fatty acid
production. Proc. Nutr. Soc. 62 (1), 67–72. doi:10.1079/pns2002207

Maki, J. J., and Looft, T. (2018). Megasphaera stantonii sp. nov., a butyrate-
producing bacterium isolated from the cecum of a healthy chicken. Int. J. Syst. Evol.
Microbiol. 68 (11), 3409–3415. doi:10.1099/ijsem.0.002991

Mandal, R. K., Jiang, T., Wideman, R. F., Jr, Lohrmann, T., and Kwon, Y. M.
(2020). Microbiota analysis of chickens raised under stressed conditions. Front. Vet.
Sci. 7, 482637. doi:10.3389/fvets.2020.482637

Marounek, M., Suchorska, O., and Savka, O. (1999). Effect of substrate and feed
antibiotics on in vitro production of volatile fatty acids and methane in caecal
contents of chickens. Animal Feed Sci. Technol. 80 (3-4), 223–230. doi:10.1016/
S0377-8401(99)00065-6

Martin, M. T., Fernandez, A. G., Fernandez, E., and Goñalons, E. (1993).
Receptors implicated in the actions of serotonin on chicken ileum longitudinal
smooth muscle. Life Sci. 52 (16), 1361–1369. doi:10.1016/0024-3205(93)90171-X

Masopust, D., Sivula, C. P., and Jameson, S. C. (2017). Of mice, dirty mice, and
men: Using mice to understand human immunology. J. Immunol. 199 (2), 383–388.
doi:10.4049/jimmunol.1700453

Matragrano, L. L., Sanford, S. E., Salvante, K. G., Beaulieu, M., Sockman, K. W.,
and Maney, D. L. (2012). Estradiol-dependent modulation of serotonergic markers

in auditory areas of a seasonally breeding songbird. Behav. Neurosci. 126 (1),
110–122. doi:10.1037/a0025586

Matsumoto, M., Kibe, R., Ooga, T., Aiba, Y., Sawaki, E., Koga, Y., et al.
(20132013). Cerebral low-molecular metabolites influenced by intestinal
microbiota: A pilot study. Front. Syst. Neurosci. 7, 9. doi:10.3389/fnsys.
2013.00009

Maurer-Spurej, E. (2005). Circulating serotonin in vertebrates. Cell. Mol. Life Sci.
62 (16), 1881–1889. doi:10.1007/s00018-005-5149-5

Maximino, C. (2012). in Serotonin in the nervous system of vertebrates”Serotonin
and Anxiety. Editor C. Maximino (New York, NY): Springer), 15–36. doi:10.1007/
978-1-4614-4048-2_2

Meimandipour, A., Shuhaimi, M., Soleimani, A. F., Azhar, K., Hair-Bejo, M.,
Kabeir, B. M., et al. (2010). Selected microbial groups and short-chain fatty acids
profile in a simulated chicken cecum supplemented with two strains of
Lactobacillus. Poult. Sci. 89 (3), 470–476. doi:10.3382/ps.2009-00495

Meslin, C., Desert, C., Callebaut, I., Djari, A., Klopp, C., Pitel, F., et al. (2015).
Expanding duplication of free fatty acid receptor-2 (GPR43) genes in the chicken
genome. Genome Biol. Evol. 7 (5), 1332–1348. doi:10.1093/gbe/evv072

Meyer, B., Bessei, A. W., Vahjen, W., Zentek, J., and Harlander-Matauschek, A.
(2012). Dietary inclusion of feathers affects intestinal microbiota and microbial
metabolites in growing leghorn-type chickens. Poult. Sci. 91 (7), 1506–1513. doi:10.
3382/PS.2011-01786

Meyer, B., Zentek, J., and Harlander-Matauschek, A. (2013b). Differences in
intestinal microbial metabolites in laying hens with high and low levels of repetitive
feather-pecking behavior. Physiol. Behav. 110–111, 96–101. doi:10.1016/j.physbeh.
2012.12.017

Meyer, D. C., Sturkie, P. D., and Gross, K. (1973). Diurnal rhythm in serotonin of
blood and pineals of chickens. Comp. Biochem. Physiol. A Comp. Physiol. 46 (3),
619–623. doi:10.1016/0300-9629(73)90113-8

Millan, M. J., Marin, P., Bockaert, J., and la Cour, C. M. (2008). Signaling at
G-protein-coupled serotonin receptors: Recent advances and future research
directions. Trends Pharmacol. Sci. 29 (9), 454–464. doi:10.1016/j.tips.2008.06.007

Mindus, C., van Staaveren, N., Bharwani, A., Fuchs, D., Gostner, J. M., Kjaer, J. B.,
et al. (2021). Ingestion of Lactobacillus rhamnosus modulates chronic stress-
induced feather pecking in chickens. Sci. Rep. 11, 17119. doi:10.1038/s41598-
021-96615-x

Mitchell, R. W., On, N. H., Del Bigio, M. R., Miller, D. W., and Hatch, G. M.
(2011). Fatty acid transport protein expression in human brain and potential role in
fatty acid transport across human brain microvessel endothelial cells. J. Neurochem.
117 (4), 735–746. doi:10.1111/j.1471-4159.2011.07245.x

Möhle, L., Mattei, D., Heimesaat, M. M., Bereswill, S., Fischer, A., Alutis, M., et al.
(2016). Ly6Chi monocytes provide a link between antibiotic-induced changes in gut
microbiota and adult hippocampal neurogenesis. Cell Rep. 15 (9), 1945–1956.
doi:10.1016/j.celrep.2016.04.074

Müller, M., Hernández, M. A. G., Goossens, G. H., Reijnders, D., Holst, J. J.,
Jocken, J. W. E., et al. (2019). Circulating but not faecal short-chain fatty acids are
related to insulin sensitivity, lipolysis and GLP-1 concentrations in humans. Sci.
Rep. 9 (1), 12515. doi:10.1038/s41598-019-48775-0

Namkung, J., Kim,H., andPark, S. (2015). Peripheral serotonin:Anewplayer in systemic
energy homeostasis. Mol. Cells 38 (12), 1023–1028. doi:10.14348/molcells.2015.0258

Neuhuber, W., and Wörl, J. (2018). Monoamines in the enteric nervous system.
Histochem. Cell Biol. 150 (6), 703–709. doi:10.1007/s00418-018-1723-4

Nishizawa, S., Benkelfat, C., Young, S. N., Leyton, M., Mzengeza, S. D., De
Montigny, C., et al. (1997). Differences between males and females in rates of
serotonin synthesis in human brain. Proc. Natl. Acad. Sci. U. S. A. 94 (10),
5308–5313. doi:10.1073/pnas.94.10.5308

Nkukwana, T. T. (2019). Global poultry production: Current impact and future
outlook on the South African poultry industry. S. Afr. J. Anim. Sci. 48 (5), 869–884.
doi:10.4314/sajas.v48i5.7

Noguera, J. C., Aira, M., Pérez-Losada, M., Domínguez, J., and Velando, A.
(2018). Glucocorticoids modulate gastrointestinal microbiome in a wild bird. R. Soc.
Open Sci. 5 (4), 171743. doi:10.1098/rsos.171743

Nurmi, E., and Rantala, M. (1973). New aspects of Salmonella infection in broiler
production. Nature 241 (5386), 210–211. doi:10.1038/241210a0

Pan, D., and Yu, Z. (2014). Intestinal microbiome of poultry and its interaction
with host and diet. Gut microbes 5 (1), 108–119. doi:10.4161/gmic.26945

Parent, A. (1981). Comparative anatomy of the serotoninergic systems. J. Physiol.
77 (2-3), 147–156. https://www.caister.com/backlist/ciim/v/v3/01.pdf.

Peters, J. C. (1991). “Tryptophan nutrition and metabolism: An overview,”.
Editors R. Schwarcz, S. N. Young, and R. R. Brown (NY: Plenum Press), 294,
345–358. doi:10.1007/978-1-4684-5952-4_32Adv. Exp. Med. Biol.

Frontiers in Physiology frontiersin.org15

Jadhav et al. 10.3389/fphys.2022.1035538

https://doi.org/10.1016/j.brainres.2016.03.031
https://doi.org/10.1016/j.brainres.2016.03.031
https://doi.org/10.1038/nbt.2942
https://doi.org/10.2147/DDDT.S150825
https://doi.org/10.2147/DDDT.S150825
https://doi.org/10.1016/S0016-5085(00)70373-8
https://doi.org/10.1016/S0016-5085(00)70373-8
https://doi.org/10.1152/ajpgi.2001.281.4.G916
https://doi.org/10.1152/ajpgi.2001.281.4.G916
https://doi.org/10.3389/fvets.2021.736739
https://doi.org/10.1523/JNEUROSCI.1145-09.2009
https://doi.org/10.1523/JNEUROSCI.1145-09.2009
https://doi.org/10.1007/s10753-012-9484-z
https://doi.org/10.1093/ijnp/pyw020
https://doi.org/10.3389/FNCEL.2017.00074
https://doi.org/10.1186/s40168-020-00962-2
https://doi.org/10.1186/s40168-020-00962-2
https://doi.org/10.1016/j.psj.2021.101671
https://doi.org/10.1016/j.psj.2020.12.041
https://doi.org/10.1016/j.psj.2020.12.041
https://doi.org/10.1016/0024-3205(92)90273-R
https://doi.org/10.1002/bies.201100024
https://doi.org/10.1079/pns2002207
https://doi.org/10.1099/ijsem.0.002991
https://doi.org/10.3389/fvets.2020.482637
https://doi.org/10.1016/S0377-8401(99)00065-6
https://doi.org/10.1016/S0377-8401(99)00065-6
https://doi.org/10.1016/0024-3205(93)90171-X
https://doi.org/10.4049/jimmunol.1700453
https://doi.org/10.1037/a0025586
https://doi.org/10.3389/fnsys.2013.00009
https://doi.org/10.3389/fnsys.2013.00009
https://doi.org/10.1007/s00018-005-5149-5
https://doi.org/10.1007/978-1-4614-4048-2_2
https://doi.org/10.1007/978-1-4614-4048-2_2
https://doi.org/10.3382/ps.2009-00495
https://doi.org/10.1093/gbe/evv072
https://doi.org/10.3382/PS.2011-01786
https://doi.org/10.3382/PS.2011-01786
https://doi.org/10.1016/j.physbeh.2012.12.017
https://doi.org/10.1016/j.physbeh.2012.12.017
https://doi.org/10.1016/0300-9629(73)90113-8
https://doi.org/10.1016/j.tips.2008.06.007
https://doi.org/10.1038/s41598-021-96615-x
https://doi.org/10.1038/s41598-021-96615-x
https://doi.org/10.1111/j.1471-4159.2011.07245.x
https://doi.org/10.1016/j.celrep.2016.04.074
https://doi.org/10.1038/s41598-019-48775-0
https://doi.org/10.14348/molcells.2015.0258
https://doi.org/10.1007/s00418-018-1723-4
https://doi.org/10.1073/pnas.94.10.5308
https://doi.org/10.4314/sajas.v48i5.7
https://doi.org/10.1098/rsos.171743
https://doi.org/10.1038/241210a0
https://doi.org/10.4161/gmic.26945
https://www.caister.com/backlist/ciim/v/v3/01.pdf
https://doi.org/10.1007/978-1-4684-5952-4_32
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1035538


Phillips, A. W., Newcomb, H. R., Rupp, F. A., and Lachapelle, R. (1962).
Nutritional and microbial effects on liver monoamine oxidase and serotonin in
the chick. J. Nutr. 76 (2), 119–123. doi:10.1093/jn/76.2.119

Phillips, A. W., Newcomb, H. R., Smith, J. E., and Lachapelle, R. (1961). Serotonin
in the small intestine of conventional and germ-free chicks. Nature 192 (4800), 380.
doi:10.1038/192380a0

Piazzon, M. C., Lutfalla, G., and Forlenza, M. (2016). IL10, a tale of an
evolutionarily conserved cytokine across vertebrates. Crit. Rev. Immunol. 36 (2),
99–129. doi:10.1615/CritRevImmunol.2016017480

Polansky, O., Sekelova, Z., Faldynova, M., Sebkova, A., Sisak, F., and Rychlik, I. (2016).
Important metabolic pathways and biological processes expressed by chicken cecal
microbiota. Appl. Environ. Microbiol. 82 (5), 1569–1576. doi:10.1128/AEM.03473-15

Puelles, L., Martinez-de-la-Torre, M., Martinez, S., Watson, C., and Paxinos, G.
(2018). The chick brain in stereotaxic coordinates and alternate stains: Featuring
neuromeric divisions and mammalian homologies. Academic Press.

Qin, J., Li, R., Raes, J., Arumugam, M., Burgdorf, K. S., Manichanh, C., et al.
(2010). A human gut microbial gene catalogue established by metagenomic
sequencing. Nature 464 (7285), 59–65. doi:10.1038/nature08821

Rapport, M. M., Green, A. A., and Page, I. H. (1949). Serum vasoconstrictor
(serotonin). J. Biol. Chem. 176, 1243–1251. doi:10.1016/S0021-9258(18)57137-4

Rawdon, B. B. (1984). Gastrointestinal hormones in birds: Morphological,
chemical, and developmental aspects. J. Exp. Zool. 232 (3), 659–670. doi:10.
1002/jez.1402320335

Raza, A., Bashir, S., and Tabassum, R. (2019). An update on carbohydrases:
Growth performance and intestinal health of poultry. Heliyon 5 (4), e01437. doi:10.
1016/j.heliyon.2019.e01437

Reigstad, C. S., Salmonson, C. E., Rainey, J. F., Szurszewski, J. H., Linden, D. R.,
Sonnenburg, J. L., et al. (2015). Gut microbes promote colonic serotonin production
through an effect of short-chain fatty acids on enterochromaffin cells. FASEB J. 29
(4), 1395–1403. doi:10.1096/FJ.14-259598

Reiner, A. (2001). Avian brains. eLS.

Ritzhaupt, A., Ellis, A., Hosie, K. B., and Shirazi-Beechey, S. P. (1998). The
characterization of butyrate transport across pig and human colonic luminal
membrane. J. Physiol. 507 (3), 819–830. doi:10.1111/j.1469-7793.1998.819bs.x

Rose, S. P. R. (2000). God’s organism? The chick as a model system for memory
studies. Learn. Mem. 7, 1–17. doi:10.1101/lm.7.1.1

Rowland, I., Gibson, G., Heinken, A., Scott, K., Swann, J., Thiele, I., et al. (2018).
Gut microbiota functions: Metabolism of nutrients and other food components.
Eur. J. Nutr. 57 (1), 1–24. doi:10.1007/s00394-017-1445-8

Ruppin, H., Bar-Meir, S., Soergel, K. H., Wood, C. M., and Schmitt, M. G., Jr
(1980). Absorption of short-chain fatty acids by the colon. Gastroenterology 78 (6),
1500–1507. doi:10.1016/S0016-5085(19)30508-6

Sakata, T. (1997). Influence of short chain fatty acids on intestinal growth and
functions” in advances in experimental medicine and biology. Editors D. Kritchevsky
and C. Bondield (NY: Plenum Press), 427, 191–199. doi:10.1007/978-1-4615-
5967-2_20

Sako, H., Kojima, T., and Okado, N. (1986). Immunohistochemical study on the
development of serotoninergic neurons in the chick: I. Distribution of cell bodies
and fibers in the brain. J. Comp. Neurol. 253 (1), 61–78. doi:10.1002/cne.902530106

Sampson, T. R., Debelius, J. W., Thron, T., Janssen, S., Shastri, G. G., Ilhan, Z. E., et al.
(2016). Gut microbiota regulate motor deficits and neuroinflammation in a model of
Parkinson’s disease. Cell 167 (6), 1469–1480. doi:10.1016/j.cell.2016.11.018

Sanchez-Casanova, R., Sarmiento-Franco, L., Segura-Correa, J., and Phillips, C. J.
(2019). Effects of outdoor access and indoor stocking density on behaviour and stress in
broilers in the subhumid tropics. Animals. 9 (12), 1016. doi:10.3390/ani9121016

Sari, Y. (2004). Serotonin1B receptors: From protein to physiological function
and behavior. Neurosci. Biobehav. Rev. 28 (6), 565–582. doi:10.1016/j.neubiorev.
2004.08.008

Schokker, D., Jansman, A. J. M., Veninga, G., de Bruin, N., Vastenhouw, S. A., de
Bree, F. M., et al. (2017). Perturbation of microbiota in one-day old broiler chickens
with antibiotic for 24 hours negatively affects intestinal immune development. BMC
Genomics 18 (1), 241. doi:10.1186/S12864-017-3625-6

Sealy, L., and Chalkley, R. (1978). The effect of sodium butyrate on histone
modification. Cell 14 (1), 115–121. doi:10.1016/0092-8674(78)90306-9

Sergeant, M. J., Constantinidou, C., Cogan, T. A., Bedford, M. R., Penn, C. W.,
and Pallen, M. J. (2014). Extensive microbial and functional diversity within the
chicken cecal microbiome. PLoS ONE 9 (3), e91941. doi:10.1371/JOURNAL.PONE.
0091941

Shang, Y., Kumar, S., Thippareddi, H., and Kim, W. K. (2018). Effect of dietary
fructooligosaccharide (FOS) supplementation on ileal microbiota in broiler
chickens. Poult. Sci. 97 (10), 3622–3634. doi:10.3382/ps/pey131

Siegel, P. B., Haberfeld, A., Mukherjee, T. K., Stallard, L. C., Marks, H. L.,
Anthony, N. B., et al. (1992). Jungle fowl–domestic fowl relationships: A use of
DNA fingerprinting. World’s. Poult. Sci. J. 48 (2), 147–155. doi:10.1079/
WPS19920014

Singh, R. K., Chang, H. W., Yan, D., Lee, K. M., Ucmak, D., Wong, K., et al.
(2017). Influence of diet on the gut microbiome and implications for human health.
J. Transl. Med. 15 (1), 73. doi:10.1186/S12967-017-1175-Y

Smith, P. A. (2015). The tantalizing links between gut microbes and the brain.
Nature 526 (7573), 312–314. doi:10.1038/526312a

Smith, T. A. (1971). The occurrence, metabolism and functions of amines in
plants. Biol. Rev. Camb. Philos. Soc. 46 (2), 201–241. doi:10.1111/J.1469-185X.1971.
TB01182.X

Spohn, S. N., Bianco, F., Scott, R. B., Keenan, C. M., Linton, A. A., O’Neill, C. H.,
et al. (2016). Protective actions of epithelial 5-hydroxytryptamine 4 receptors in
normal and inflamed colon. Gastroenterology 151 (5), 933–944. doi:10.1053/j.
gastro.2016.07.032

Stanley, D., Denman, S. E., Hughes, R. J., Geier, M. S., Crowley, T. M., Chen, H.,
et al. (2012). Intestinal microbiota associated with differential feed conversion
efficiency in chickens. Appl. Microbiol. Biotechnol. 96 (5), 1361–1369. doi:10.1007/
s00253-011-3847-5

Stanley, D., Geier, M. S., Hughes, R. J., Denman, S. E., and Moore, R. J. (2013).
Highly variable microbiota development in the chicken gastrointestinal tract. PloS
one 8 (12), e84290. doi:10.1371/journal.pone.0084290

Stępińska, U., Kuwana, T., and Olszańska, B. (2015). Serotonin receptors are
selectively expressed in the avian germ cells and early embryos. Zygote 23 (3),
394–405. doi:10.1017/S0967199413000683

Sun, B., Hou, L., and Yang, Y. (2021). The development of the gut microbiota and
short-chain fatty acids of layer chickens in different growth periods. Front. Vet. Sci.
8, 666535. doi:10.3389/fvets.2021.666535

Sunkara, L. T., Jiang, W., and Zhang, G. (2012). Modulation of antimicrobial host
defense peptide gene expression by free fatty acids. PloS one 7 (11), e49558. doi:10.
1371/journal.pone.0049558

Takase, K., Oda, S., Kuroda, M., and Funato, H. (2013). Monoaminergic and
neuropeptidergic neurons have distinct expression profiles of histone deacetylases.
PLoS ONE 8 (3), e58473. doi:10.1371/journal.pone.0058473

Thor, K. B., Kirby, M., and Viktrup, L. (2007). Serotonin and noradrenaline
involvement in urinary incontinence, depression and pain: Scientific basis for
overlapping clinical efficacy from a single drug, duloxetine. Int. J. Clin. Pract. 61 (8),
1349–1355. doi:10.1111/j.1742-1241.2007.01433.x

Tong, P., Ji, X., Chen, L., Liu, J., Xu, L., Zhu, L., et al. (2017). Metagenome analysis
of antibiotic resistance genes in fecal microbiota of chickens. Agri Gene 5, 1–6.
doi:10.1016/j.aggene.2017.06.001

Truccollo, B., Whyte, P., and Bolton, D. J. (2020). An investigation of the effect of
catecholamines and glucocorticoids on the growth and pathogenicity of
Campylobacter jejuni. Pathogens 9 (7), 555. doi:10.3390/pathogens9070555

Turner, B. M. (2000). Histone acetylation and an epigenetic code. Bioessays 22 (9),
836–845. doi:10.1002/1521-1878(200009)22:9<836::AID-BIES9>3.0.CO;2-X
Tweedie-Cullen, R. Y., Brunner, A. M., Grossmann, J., Mohanna, S., Sichau, D.,

Nanni, P., et al. (2012). Identification of combinatorial patterns of post-translational
modifications on individual histones in the mouse brain. PloS one 7 (5), e36980.
doi:10.1371/journal.pone.0036980

Uribe, A., Alam, M., Johansson, O., Midtvedt, T., and Theodorsson, E.
(1994). Microflora modulates endocrine cells in the gastrointestinal mucosa
of the rat. Gastroenterology 107 (5), 1259–1269. doi:10.1016/0016-5085(94)
90526-6

van der Eijk, J. A. J., Rodenburg, T. B., de Vries, H., Kjaer, J. B., Smidt, H., Naguib,
M., et al. (2020). Early-life microbiota transplantation affects behavioural responses,
serotonin and immune characteristics in chicken lines divergently selected on
feather pecking. Sci. Rep. 10 (1), 2750. doi:10.1038/s41598-020-59125-w

van der Wielen, P. W. J. J., Biesterveld, S., Notermans, S., Hofstra, H., Urlings, B.
A. P., and Van Knapen, F. (2000). Role of volatile fatty acids in development of the
cecal microflora in broiler chickens during growth. Appl. Environ. Microbiol. 66 (6),
2536–2540. doi:10.1128/AEM.66.6.2536-2540.2000

van Hierden, Y. M., Korte, S. M., Ruesink, E. W., Van Reenen, C. G., Engel,
B., Korte-Bouws, G. A. H., et al. (2002). Adrenocortical reactivity and central
serotonin and dopamine turnover in young chicks from a high and low feather-
pecking line of laying hens. Physiol. Behav. 75 (5), 653–659. doi:10.1016/
S0031-9384(02)00667-4

Van Immerseel, F., De Buck, J., Pasmans, F., Velge, P., Bottreau, E., Fievez, V.,
et al. (2003). Invasion of Salmonella enteritidis in avian intestinal epithelial cells
in vitro is influenced by short-chain fatty acids. Int. J. Food Microbiol. 85 (3),
237–248. doi:10.1016/S0168-1605(02)00542-1

Frontiers in Physiology frontiersin.org16

Jadhav et al. 10.3389/fphys.2022.1035538

https://doi.org/10.1093/jn/76.2.119
https://doi.org/10.1038/192380a0
https://doi.org/10.1615/CritRevImmunol.2016017480
https://doi.org/10.1128/AEM.03473-15
https://doi.org/10.1038/nature08821
https://doi.org/10.1016/S0021-9258(18)57137-4
https://doi.org/10.1002/jez.1402320335
https://doi.org/10.1002/jez.1402320335
https://doi.org/10.1016/j.heliyon.2019.e01437
https://doi.org/10.1016/j.heliyon.2019.e01437
https://doi.org/10.1096/FJ.14-259598
https://doi.org/10.1111/j.1469-7793.1998.819bs.x
https://doi.org/10.1101/lm.7.1.1
https://doi.org/10.1007/s00394-017-1445-8
https://doi.org/10.1016/S0016-5085(19)30508-6
https://doi.org/10.1007/978-1-4615-5967-2_20
https://doi.org/10.1007/978-1-4615-5967-2_20
https://doi.org/10.1002/cne.902530106
https://doi.org/10.1016/j.cell.2016.11.018
https://doi.org/10.3390/ani9121016
https://doi.org/10.1016/j.neubiorev.2004.08.008
https://doi.org/10.1016/j.neubiorev.2004.08.008
https://doi.org/10.1186/S12864-017-3625-6
https://doi.org/10.1016/0092-8674(78)90306-9
https://doi.org/10.1371/JOURNAL.PONE.0091941
https://doi.org/10.1371/JOURNAL.PONE.0091941
https://doi.org/10.3382/ps/pey131
https://doi.org/10.1079/WPS19920014
https://doi.org/10.1079/WPS19920014
https://doi.org/10.1186/S12967-017-1175-Y
https://doi.org/10.1038/526312a
https://doi.org/10.1111/J.1469-185X.1971.TB01182.X
https://doi.org/10.1111/J.1469-185X.1971.TB01182.X
https://doi.org/10.1053/j.gastro.2016.07.032
https://doi.org/10.1053/j.gastro.2016.07.032
https://doi.org/10.1007/s00253-011-3847-5
https://doi.org/10.1007/s00253-011-3847-5
https://doi.org/10.1371/journal.pone.0084290
https://doi.org/10.1017/S0967199413000683
https://doi.org/10.3389/fvets.2021.666535
https://doi.org/10.1371/journal.pone.0049558
https://doi.org/10.1371/journal.pone.0049558
https://doi.org/10.1371/journal.pone.0058473
https://doi.org/10.1111/j.1742-1241.2007.01433.x
https://doi.org/10.1016/j.aggene.2017.06.001
https://doi.org/10.3390/pathogens9070555
https://doi.org/10.1002/1521-1878(200009)22:9<836::AID-BIES9>3.0.CO;2-X
https://doi.org/10.1371/journal.pone.0036980
https://doi.org/10.1016/0016-5085(94)90526-6
https://doi.org/10.1016/0016-5085(94)90526-6
https://doi.org/10.1038/s41598-020-59125-w
https://doi.org/10.1128/AEM.66.6.2536-2540.2000
https://doi.org/10.1016/S0031-9384(02)00667-4
https://doi.org/10.1016/S0031-9384(02)00667-4
https://doi.org/10.1016/S0168-1605(02)00542-1
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1035538


van Staaveren, N., Forsythe, P., van der Eijk, J. A., Fuchs, D., Gostner, J. M.,
Mindus, C., et al. (2021). “The microbiota-gut-brain axis in determining social
behaviours of animals,” in Bridging research disciplines to advance animal welfare
science: A practical guide. Editor I. Camerlink (Oxfordshire, UK: CABI
international), 172–189. doi:10.1079/9781789247886.0011

van Staaveren, N., and Harlander, A. (2020). “Cause and prevention of injurious
pecking in chickens,” in Understanding the behaviour and improving the welfare of
chickens (Cambridge, UK: Burleigh Dodds Science Publishing), 509–566.

Venegas, D. P., De La Fuente, M. K., Landskron, G., González, M. J., Quera, R.,
Dijkstra, G., et al. (2019). Short chain fatty acids (SCFAs)mediated gut epithelial and
immune regulation and its relevance for inflammatory bowel diseases. Front.
Immunol. 10, 277. doi:10.3389/fimmu.2019.00277

Villageliũ, D. N., and Lyte, M. (2017). Microbial endocrinology: Why the
intersection of microbiology and neurobiology matters to poultry health. Poult.
Sci. 96 (8), 2501–2508. doi:10.3382/ps/pex148

Virden, W. S., and Kidd, M. T. (2009). Physiological stress in broilers:
Ramifications on nutrient digestibility and responses. J. Appl. Poult. Res. 18 (2),
338–347. doi:10.3382/japr.2007-00093

Volf, J., Crhanova, M., Karasova, D., Faldynova, M., Kubasova, T., Seidlerova, Z.,
et al. (2021). Environmental impact on differential composition of gut microbiota in
indoor chickens in commercial production and outdoor, backyard chickens.
Microorganisms 9 (7), E767. doi:10.3390/microorganisms8050767

Volmar, C. H., and Wahlestedt, C. (2015). Histone deacetylases (HDACs) and
brain function. Neuroepigenetics 1, 20–27. doi:10.1016/j.nepig.2014.10.002

Walther, D. J., Peter, J. U., Bashammakh, S., Hortnagl, H., Voits, M., Fink, H.,
et al. (2003). Synthesis of serotonin by a second tryptophan hydroxylase isoform.
Science 299 (5603), 76. doi:10.1126/science.1078197

Wang, P., Zhang, Y., Gong, Y., Yang, R., Chen, Z., Hu, W., et al. (2018). Sodium
butyrate triggers a functional elongation of microglial process via Akt-small
RhoGTPase activation and HDACs inhibition. Neurobiol. Dis. 111, 12–25.
doi:10.1016/j.nbd.2017.12.006

Wikoff, W. R., Anfora, A. T., Liu, J., Schultz, P. G., Lesley, S. A., Peters, E. C., et al.
(2009). Metabolomics analysis reveals large effects of gut microflora on mammalian

blood metabolites. Proc. Natl. Acad. Sci. U. S. A. 106 (10), 3698–3703. doi:10.1073/
pnas.0812874106

Wirleitner, B., Neurauter, G., Schrocksnadel, K., Frick, B., and Fuchs, D. (2003).
Interferon-γ-induced conversion of tryptophan: Immunologic and neuropsychiatric
aspects. Curr. Med. Chem. 10 (16), 1581–1591. doi:10.2174/0929867033457179

Witzig, M., Silva, A. C. da, Green-Engert, R., Hoelzle, K., Zeller, E., Seifert, J., et al.
(2015). Spatial variation of the gut microbiota in broiler chickens as affected by
dietary available phosphorus and assessed by T-RFLP analysis and
454 pyrosequencing. PLOS ONE 10 (11), e0143442. doi:10.1371/JOURNAL.
PONE.0143442

Yamashita, H., Okamoto, S., Maeda, Y., and Hashiguchi, T. (1994). Genetic
relationships among domestic and jungle fowls revealed by DNA fingerprinting
analysis. Jpn. Poult. Sci. 31 (5), 335–344. doi:10.2141/jpsa.31.335

Yamawaki, Y., Fuchikami, M., Morinobu, S., Segawa, M., Matsumoto, T., and
Yamawaki, S. (2012). Antidepressant-like effect of sodium butyrate (HDAC
inhibitor) and its molecular mechanism of action in the rat hippocampus.
World J. Biol. Psychiatry 13 (6), 458–467. doi:10.3109/15622975.2011.585663

Yamawaki, Y., Yoshioka, N., Nozaki, K., Ito, H., Oda, K., Harada, K., et al. (2018).
Sodium butyrate abolishes lipopolysaccharide-induced depression-like behaviors
and hippocampal microglial activation inmice. Brain Res. 1680, 13–38. doi:10.1016/
j.brainres.2017.12.004

Yan, C., Xiao, J., Li, Z., Liu, H., Zhao, X., Liu, J., et al. (2021). Exogenous fecal
microbial transplantation alters fearfulness, intestinal morphology, and gut
microbiota in broilers. Front. Vet. Sci. 8, 706987. doi:10.3389/fvets.2021.706987

Yano, J. M., Yu, K., Donaldson, G. P., Shastri, G. G., Ann, P., Ma, L., et al. (2015).
Indigenous bacteria from the gut microbiota regulate host serotonin biosynthesis.
Cell 161 (2), 264–276. doi:10.1016/j.cell.2015.02.047

Yanofsky, C. (2007). RNA-based regulation of genes of tryptophan synthesis and
degradation, in bacteria. Rna 13 (8), 1141–1154. doi:10.1261/rna.620507

Zaytsoff, S. J., Uwiera, R. R., and Inglis, G. D. (2020). Physiological stress mediated
by corticosterone administration alters intestinal bacterial communities and
increases the relative abundance of Clostridium perfringens in the small intestine
of chickens. Microorganisms 8 (10), 1518. doi:10.3390/microorganisms8101518

Frontiers in Physiology frontiersin.org17

Jadhav et al. 10.3389/fphys.2022.1035538

https://doi.org/10.1079/9781789247886.0011
https://doi.org/10.3389/fimmu.2019.00277
https://doi.org/10.3382/ps/pex148
https://doi.org/10.3382/japr.2007-00093
https://doi.org/10.3390/microorganisms8050767
https://doi.org/10.1016/j.nepig.2014.10.002
https://doi.org/10.1126/science.1078197
https://doi.org/10.1016/j.nbd.2017.12.006
https://doi.org/10.1073/pnas.0812874106
https://doi.org/10.1073/pnas.0812874106
https://doi.org/10.2174/0929867033457179
https://doi.org/10.1371/JOURNAL.PONE.0143442
https://doi.org/10.1371/JOURNAL.PONE.0143442
https://doi.org/10.2141/jpsa.31.335
https://doi.org/10.3109/15622975.2011.585663
https://doi.org/10.1016/j.brainres.2017.12.004
https://doi.org/10.1016/j.brainres.2017.12.004
https://doi.org/10.3389/fvets.2021.706987
https://doi.org/10.1016/j.cell.2015.02.047
https://doi.org/10.1261/rna.620507
https://doi.org/10.3390/microorganisms8101518
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1035538

	Connecting gut microbiomes and short chain fatty acids with the serotonergic system and behavior in Gallus gallus and other ...
	Introduction to the chicken gut-microbiome-brain axis
	Chicken gut microbiota and potential function
	Effect of gut microbiota on cognition and behavior
	The serotonergic system
	Central and peripheral serotonin system
	Similarity between the avian and mammalian serotonin system
	Gut microbes in serotonergic system development in avians and mammals

	Microbiota and microbial metabolites affecting the serotonergic system
	Short chain fatty acids
	Short chain fatty acids and the serotonergic system
	Short chain fatty acids and histone deacetylase-mediated epigenetic modulation
	Short chain fatty acids and neuroinflammation

	Discussion
	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


