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Abstract

The microbial ecosystem that inhabits the gastrointestinal tract of all mammals—the gut microbiota—has been in a symbiotic
relationship with its hosts over many millennia. Thanks to modern technology, the myriad of functions that are controlled or
modulated by the gut microbiota are beginning to unfold. One of the systems that is emerging to closely interact with the gut
microbiota is the body’s major neuroendocrine system that controls various body processes in response to stress, the hypothalamic—
pituitary—adrenal (HPA) axis. This interaction is of pivotal importance; as various disorders of the microbiota—gut-brain axis are
associated with dysregulation of the HPA axis. The present contribution describes the bidirectional communication between the gut
microbiota and the HPA axis and delineates the potential underlying mechanisms. In this regard, it is important to note that the
communication between the gut microbiota and the HPA axis is closely interrelated with other systems, such as the immune system,
the intestinal barrier and blood—brain barrier, microbial metabolites, and gut hormones, as well as the sensory and autonomic
nervous systems. These communication pathways will be exemplified through preclinical models of early life stress, beneficial

roles of probiotics and prebiotics, evidence from germ-free mice, and antibiotic-induced modulation of the gut microbiota.
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Introduction

The neuroendocrine system is classically defined as an orga-
nized set of cells with neural determination, which produce
hormones or neuropeptides [1, 2]. The hypothalamic—pitui-
tary—adrenal (HPA) axis is considered to be the major neuro-
endocrine system regulating various body processes in re-
sponse to psychological stressors and physical stressors, in-
cluding infections, ensuring an adequate response to the
stressor [3]. Corticotropin-releasing factor (CRF), the princi-
ple regulator of the HPA axis, is released from the
paraventricular nucleus (PVN) of the hypothalamus in re-
sponse to stress and induces the release of adrenocorticotropic
hormone (ACTH) into the systemic circulation. ACTH sub-
sequently induces the secretion of glucocorticoids (cortisol in
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humans and corticosterone in rodents) from the adrenal cortex
[3]. The release of glucocorticoids, in turn, leads to a feedback
inhibition through binding of glucocorticoids to glucocorti-
coid receptors (GR) localized in stress-responsive brain re-
gions via transcriptional modulation [4].

Emerging evidence points to a bidirectional communica-
tion between the neuroendocrine system and gut microbiota,
the complex community of microorganisms that resides in the
mammalian intestinal tract. The establishment of the gut mi-
crobiota in early life has been increasingly recognized to in-
fluence several aspects of brain function and behavior, includ-
ing neuroendocrine responses to stress [5, 6]. A potential link
between the gut microbiota and neuroendocrine system is fur-
ther suggested by disorders that are associated with distur-
bances in both systems, such as depression and irritable bowel
syndrome (IBS). Increased activation of the HPA axis has
been repeatedly observed in depressed patients, especially in
the melancholic subtype [7]. While assessment of HPA axis
activity in IBS has yielded inconsistent results, most studies
support increased activity of the HPA axis in IBS [8].
Furthermore, early life stress, as well as chronic stressors,
are risk factors for the development of depression and IBS
[9-11]. While chronically elevated cortisol levels negatively
affect brain function [11, 12], HPA axis activation is also able
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to affect the composition of the gut microbiota and increase
gastrointestinal permeability [13, 14]. Dysbiosis of the gut
microbiota and bacterial translocation have been proposed to
contribute to the chronic low-grade inflammation that is ob-
served in subsets of patients with IBS or depression [15, 16].
While not entirely consistent, several studies have reported an
increased abundance of Firmicutes, whereas the abundance of
Bacteroidetes was decreased in at least a subset of patients
with IBS [17, 18]. Changes in microbiota composition are also
reported in depressed patients, whereas no microbial signature
for this condition has yet been defined [19-21]. A causal role
of the microbiota in the development of both depression and
IBS has further been demonstrated by fecal transplantation
studies. Transplantation of microbiota of depressed patients
to rodents is able to induce depression-like behavior [22].
Kelly et al. [19] observed anhedonia and anxiety in rats in
response to transplantation of fecal microbiota from depressed
patients. While microbiota transplantation induced indices of
immune activation, stress-induced corticosterone levels were
not affected [19]. While this result is rather surprising, mea-
suring HPA axis parameters at a single time point could have
yielded unreliable results [19]. Transplantation of fecal micro-
biota from patients with IBS with diarrhea (IBS-D) to germ-
free (GF) mice with or without anxiety induced faster gastro-
intestinal transit, intestinal barrier dysfunction, innate immune
activation, and anxiety-like behavior [23]. Immune activation
in the recipient mouse colon was especially pronounced when
the fecal microbiota derived from patients with IBS-D who
also had anxiety-like behavior. These mice also displayed en-
hanced expression of colonic genes that are involved in GR
pathway signaling [23]. Although the functional significance
of the microbiota in the neuroendocrine disturbances of these
multifactorial disorders has yet to be determined in detail, it is
plausible that the changes in intestinal permeability and im-
mune parameters could also contribute to the observed neuro-
endocrine abnormalities [24]. This contribution reviews large-
ly preclinical studies that suggest communication between the
gut microbiota, the neuroendocrine system, and the brain,
which take place via multiple direct and indirect pathways in-
cluding: 1) humoral pathways (via microbial metabolites, gut
hormones) [25, 26]; 2) immune pathways (including proinflam-
matory cytokines) [27] and 3) neural pathways (via enteric
nervous system, vagus nerve, and spinal afferents) [28].

Early Life Events and the HPA Axis

Early life events are able to persistently program the HPA axis.
While positive experiences such as maternal care and neonatal
handling may lead to a dampened HPA response later in life
[29, 30], exposure to stressful events can cause maladaptation
of the HPA axis, providing a mechanistic basis for changes in
stress susceptibility later in life [31]. Thus, early life stress
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typically results in increased HPA responsiveness to stress,
which is due to increased CRF signaling and an impaired
GR-mediated negative feedback [31]. Among other mecha-
nisms, the effects of early life stress are brought about by
increased corticosteroid exposure of the developing brain,
leading to changes in GR expression [31, 32]. In addition,
early life stress affects the function of various areas of the
brain that are able to modulate the HPA axis, such as the
amygdala, hippocampus, and prefrontal cortex [31]. While,
in general, early life stress leads to hyperactivity of the amyg-
dala [33], it inhibits synaptic plasticity and decreases the ex-
pression of NR ;| and NR,p subunits of the N-methyl-D-aspar-
tate receptor (NMDA) receptor in the hippocampus [34], an
area that exerts inhibitory effects on the HPA axis. Likewise,
the prefrontal cortex is able to inhibit the activity of the HPA
axis, with early life stress impairing the function of the pre-
frontal cortex through various mechanisms [31, 35].
Furthermore, noradrenergic neurons originating mainly from
the nucleus of the solitary tract in the brainstem play a pivotal
role in activating the HPA axis [36]. The nucleus of the soli-
tary tract is of particular importance with regard to the gut—
brain axis, as it receives visceral afferents from the vagus
nerve and is activated by inflammatory challenges [37, 38].

Another hallmark of early life stress is an increase in the
activity of the innate immune system that persists into adult-
hood, whereas the acquired immune system is rather impaired
[39, 40]. The HPA axis is mechanistically involved in this
response, as chronic activation of the HPA axis leads to a
compensatory decrease of GR signaling through epigenetic
changes [41], resulting in resistance of immune cells to the
anti-inflammatory properties of cortisol [39, 42]. Emerging
evidence also indicates a role of the gut microbiota and intes-
tinal permeability in this process, as stress affects the compo-
sition of the gut microbiota [43] and weakens the intestinal
mucosal barrier [14]. Stress-induced changes in gut microbi-
ota composition could be induced by neuroendocrine hor-
mones, such as norepinephrine (NE) and dopamine (DA),
which have long been known to increase the growth of
Gram-negative bacteria [44]. Increased intestinal permeabili-
ty, in turn, has been proposed to induce an inflammatory re-
sponse through translocation of bacterial constituents across
the intestinal lumen [13]. Finally, inflammatory mediators,
including proinflammatory cytokines and prostaglandins are
potent activators of the HPA axis [45], adding to the complex-
ity of microbiota-immune-neuroendocrine interactions.

Gut Microbiota as the Source of Microbial
Constituents that Activate the HPA Axis

While it is clear that inflammatory processes lead to activation
of the HPA axis through the release of proinflammatory cyto-
kines and prostaglandins, the mechanisms behind the
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contribution of the gut microbiota as a stimulator of the im-
mune system are being extensively investigated. There are
indices that activation of the HPA axis by the gut microbiota
can occur as a result of increased permeability of the intestinal
barrier and a microbiota-driven proinflammatory state [13].
Recently, it has been suggested that gut microbiota-derived
peptidoglycan, the cell wall constituent of most bacteria, can
translocate into the brain and activate specific pattern recog-
nition receptors of the innate immune system and thereby
affect brain development and behavior [46]. In addition, gut
microbiota-derived peptidoglycan has been demonstrated to
activate innate immunity by activating one of its receptors,
the nucleotide-binding, oligomerization domain-containing
protein-1 (Nodl) [47]. Apart from peptidoglycan, lipopoly-
saccharide (LPS), a constituent of the outer membrane of
Gram-negative bacteria and activator of the Toll-like receptor
(TLR) 4, has been proposed to cross the intestinal epithelial
barrier in response to certain conditions such as stress or a
high-fat diet (HFD) and thereby to lead to immune and HPA
axis activation. The translocation and interaction of various
bacterial constituents and their effects on the immune system
and HPA axis could be of broad pathophysiological relevance.
In this regard, synergistic interactions have been reported for
LPS and Nod agonists, as well as LPS and the TLR2 agonist
lipoteichoic acid [48, 49].

While bacterial constituents are able to acutely activate the
immune system and HPA axis, exposure of newborn rodents
to these factors is able to induce long-lasting effects. Thus,
similar to stress, neonatal exposure to LPS leads to elevated
ACTH and corticosterone responses to restraint stress and a
decreased glucocorticoid feedback inhibition in adulthood,
which is exemplified by an attenuated dexamethasone-
induced suppression of ACTH responses to restraint stress
[50]. Concordantly, neonatal LPS exposure decreases cerebral
GR density, whereas CRF expression is increased [50]. In
addition, neonatal exposure to LPS induces enhanced
prostaglandin-mediated HPA axis reactivity to LPS in adult-
hood [51]. In addition to affecting the HPA axis, neonatal
exposure to LPS is able to reprogram catecholaminergic neu-
rons [52]. Thus, LPS-challenged neonates show marked in-
creases in tyrosine hydroxylase activity and protein expres-
sion in adulthood, in particular in the locus coeruleus [52].

Microbial Short-Chain Fatty Acids: Central
Effects and Inducers of Gut Hormone Release

The ability of microbes to ferment indigestible carbohydrate
fibers and convert them into short-chain fatty acids (SCFAs) is
emerging to be of special importance in a variety of physio-
logical and pathophysiological processes. Acetic acid, butyric
acid, and propionic acid are the most widely studied SCFAs
and have diverse functions within and outside the

gastrointestinal tract. Locally, SCFAs are important energy
sources for the gut microbiota itself and for intestinal epithelial
cells. They enhance the integrity of the intestinal epithelium,
increase mucus production, modulate gut motility, and exert
anti-inflammatory effects, such as inactivation of nuclear fac-
tor kappa B and the promotion of regulatory T cells [53-55].
Furthermore, they induce the release of hormones and neuro-
peptides, such as glucagon-like peptide 1 (GLP-1) and peptide
YY (PYY) from intestinal enteroendocrine cells [56]. On the
one hand, these effects are mediated through activation of the
G protein-coupled receptors (GPRs) GPR43, GPR41, and
GPR109A, whereas, on the other hand, SCFAs are also epi-
genetic regulators, affecting gene expression by acting as in-
hibitors of histone deacetylases. Intriguingly, SCFAs have
emerged as a crucial factor for the maturation and function
of microglia, the resident macrophages of the central nervous
system (CNS) [57]. Thus, the microglia of GF mice have an
immature phenotype and exert impaired innate immune re-
sponses [58]. Importantly, the deficiency of SCFAs in GF
mice and their actions on GPR43 (encoded by Ffar2) have
been demonstrated to underlie these deficits. Thus, a 4-week
treatment with SCFAs restores microglia malformation and
immaturity in GF mice, whereas Ffar2”"~ mice show mal-
formed microglia that is reminiscent of microglia in GF mice
[57]. Tt is of particular note that no Ffar2 mRNA expression
was found on any cell type in the CNS (including microglia),
whereas high expression was detected in the spleen.
Therefore, direct actions of SCFAs on microglia are unlikely
to mediate the observed effects, although SCFAs are able to
enter the brain through transporters at the blood—brain barrier
[26]. Determining the effects of SCFAs in Ffar2”"~ mice
would give further insights into the mechanisms contributing
to the SCFA-induced maturation of microglia.

As microglia, in addition to their immune function, are
important for the shaping of neural circuits in the developing
brain, their microbiota-dependent function could have a bear-
ing on circuits regulating the HPA axis [59]. Interestingly,
besides its influence on microglia, systemic administration
of butyrate exerts antidepressant effects and modulates neuro-
transmission [28, 60, 61].

Apart from other functions, the neuropeptides GLP-1 and
PYY, which are released by enteroendocrine cells in response
to SCFAs, promote satiety through endocrine and vagus-
dependent pathways [62, 63]. In addition to SCFAs, a recent
study suggests that bacterial proteins may control appetite
through local mechanisms in the gut or via the circulation
[64]. The findings demonstrate that the nutrient availability
stabilizes the exponential growth of Escherichia coli and that
E. coli stationary-phase proteins are able to increase plasma
PYY levels and suppress food intake when injected systemi-
cally [64]. Interestingly, the same laboratory had revealed be-
fore that E. coli protein caseinolytic protease B is an antigen-
mimetic of x-melanocyte-stimulating hormone, a crucial
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satiogenic neuropeptide [65]. They further demonstrated that
application of caseinolytic protease B to hypothalamic slices
increases action potential frequency of pro-opiomelanocortin
neurons, which produce «-melanocyte-stimulating hormone
[64].

The expression of GPR41 and GPR43, as well as of PYY,
GLP-1, and cholecystokinin, another intestinal satiety peptide
is decreased in GF mice (Fig. 1) [66]. In addition, GF mice
have lower levels of circulating leptin, decreased circulating
glucose, and increased fat metabolism, a metabolic profile that
resembles a fasting state [66]. In the hypothalamus of GF
mice, the orexigenic neuropeptide Y (NPY) is increased,
whereas anorexigenic neuropeptides are decreased [67]. The
question therefore arises to which extent these differences
contribute to the increased reactivity of the HPA axis of GF
mice, given that apart from their effects on appetite these neu-
ropeptides are able to affect behavior, brain function, and the
neuroendocrine systems (Fig. 2) [25, 68].

In addition, the microbiota does not only control the release
of various gut peptides, but also produces various neurotrans-
mitters itself. For instance, Lactobacillus brevis and
Bifidobacterium dentium are able to produce y-aminobutyric
acid (GABA) [69], whereas other bacterial species produce
catecholamines [70]. While these neurotransmitters are likely
to exert local effects, it still needs to be addressed whether
these bacterial neurotransmitters would have any bearing on
the gut-—brain axis [71].

Pro- and Prebiotics as Mostly Beneficial
Modulators of the Neuroendocrine System

While an imbalance of the gut microbial community (induced
by stress or diet) can lead to inflammatory processes and ac-
tivation of the HPA axis, experimental work points to potential
beneficial roles of probiotics, including lactobacilli and
bifidobacteria in this process (Table 1).

A recent study showed that the probiotic Bifidobacterium
pseudocatenulatum CECT 7765, administered from postnatal
day 2 (P2) until P21, modified maternal separation (MS)
stress-induced neuroendocrine alterations [72]. When tested
at P21, B. pseudocatenulatum did not attenuate MS stress-
induced increases in corticosterone levels, whereas stress-
induced increases in catecholamines in the hypothalamus
and small intestine were attenuated by the probiotic.
However, at P41 B. pseudocatenulatum completely abolished
stress-induced increases of corticosterone in stool and cate-
cholamines in the hypothalamus, as well as anxiety-like be-
havior [72]. The potential involvement of immunomodulatory
effects of B. pseudocatenulatum is suggested by a marked
decrease of basal and stress-induced interferon (IFN)-y levels
in the small intestine, as well as of stress-induced interleukin
(IL)-18 levels in the serum of probiotic-treated mice. In
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parallel to these immunomodulatory effects the probiotic
prevented MS-induced increases of operational taxonomic
units belonging mainly to the Bacteroidetes phylum [76].

Further studies by the same laboratory demonstrated that
B. pseudocatenulatum CECT 7765 is able to attenuate various
neuroendocrine alterations in response to administration of a
HFD to adult male mice [73]. Again, the probiotic normalized
HFD-induced fecal corticosterone levels (basal and in re-
sponse to an acute stressor) and, in addition, reversed the
tendency of HFD to decrease hippocampal GR levels.
Moreover, B. pseudocatenulatum exerted anti-inflammatory
effects and blunted HFD-induced behavioral and metabolic
disturbances (Table 1) [73]. Finally, the probiotic affected
DA, NE, epinephrine, and 5-hydroxytryptamine (5-HT) levels
in the small intestine and brain. While the precise pathways of
these probiotic effects have not been delineated, the data clear-
ly show that B. pseudocatenulatum is able to ameliorate the
effects of HFD-induced obesity, likely through anti-
inflammatory actions and modulation of the neuroendocrine
system.

While the studies referred to above point to the ability of
certain strains of Bifidobacterium to affect the neuroendocrine
system, other groups using different experimental protocols
and different strains of Bifidobacterium did not see changes
in corticosterone, although other parameters were affected.
Thus, Bifidobacterium infantis 35624, given to maternally
separated rats for 6 weeks from P50 to the day of sacrifice
(P95), did not change baseline corticosterone levels, whereas
stress-induced levels were not assessed [74]. However,
B. infantis normalized MS-induced depression-like behavior,
displayed certain anti-inflammatory effects, and affected cen-
tral NE and 5-hydroxyindole acetic acid levels, the main me-
tabolite of 5-HT [74]. Another study, conducted by the same
group compared the effects of Bifidobacterium longum 1714
and Bifidobacterium breve 1205 in adult male BALB/c mice
[75]. Again, while both probiotics displayed varying anxiolyt-
ic and antidepressant-like effects, they did not affect baseline
or stress-induced corticosterone levels [75]. From these latter
studies it could therefore be concluded that certain strains of
Bifidobacterium exert particular behavioral effects that are not
dependent on the neuroendocrine system. In contrast to these
findings, the combination of Bifidobacterium animalis subsp.
lactis BB-12 and Propionibacterium jensenii 702 (a probiotic
isolated from dairy) administered to Wistar rats 10 days before
conception until weaning increased corticosterone levels in
female offspring [76].

Various groups have also investigated the central and neu-
roendocrine effects of different strains of Lactobacillus. In
particular, the finding that chronic treatment of nonstressed
adult male BALB/c mice with the probiotic Lactobacillus
rhamnosus (JB-1) for 28 days is able to decrease corticoste-
rone levels, reduce depressive-like behavior in the forced
swim test, and decrease anxiety-like behavior on the elevated
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plus maze (EPM), attracted a lot of attention within and out-
side the scientific community [77]. However, these effects of
L. rhamnosus (JB-1) appear to be strain- and species-depen-
dent, given that the probiotic fails to affect the baseline social
and anxiety-like behavior in male C57BL/6 mice, whereas it
did attenuate stress-induced behavioral disturbances [78].
Likewise, an 8-week intake of L. rhamnosus (JB-1) by 29
healthy male subjects did not alter salivary cortisol, mood,
anxiety, sleep quality, subjective stress, visuospatial memory
performance, attention switching, rapid visual information
processing, emotion recognition, and associated electroen-
cephalography parameters [79].

As the behavioral effects in response to L. rhamnosus in
BALB/c mice are not present in vagotimized mice, the vagus
nerve is suggested to be a critical pathway of communication
between probiotic signaling and the CNS [77]. Likewise, va-
gotomy prevented some changes in central GABA receptor

Psychological stress Maternal care

Corticosterone-mediated

Proinflammatory cytokines neg. feedback via GR

Prostaglandins \

Amygdala Hippocampus

HPA axis

Brainstem “ PFC
Glutamate
5.HT GABA
NE
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Fig. 2 Modulators of the hypothalamus—pituitary—adrenal (HPA) axis.
There are multiple activators (—) and inhibitors (1) of the HPA axis

GR = glucocorticoid receptor; PFC = prefrontal cortex; GABA = y-
aminobutyric acid; GLP-1 = glucagon-like peptide 1; NE = norepineph-
rine; 5-HT = 5-hydroxytryptamine

expression induced by L. rhamnosus, whereas corticosterone
levels in vagotomized mice were not reported [77].

In addition to these emotional-affective and neurochemical
changes, lactobacilli have been repeatedly reported to exert
beneficial effects in various stress protocols (Table 1). A 2-
week treatment of female Wistar rats with Lactobacillus

farciminis followed by partial restraint stress is able to block

stress-induced increases in ACTH and corticosterone, as well
as CRF in the PVN [80]. In addition, the probiotic was able to
inhibit stress-induced hyperpermeability of the intestinal bar-
rier, as well as increased LPS levels in the portal blood.
Consistent with these effects, L. farciminis prevented stress-
induced increases of IL-1f3, IL-6, and tumor necrosis factor
(TNF)-oc mRNA expression in the hypothalamus [80]. In a
subsequent study the same group reported that a 2-week pre-
treatment with a probiotic formulation containing
Lactobacillus helveticus R0052 and B. longum R0175 blunts
increased levels of corticosterone, NE, and epinephrine of
adult male mice in response to water avoidance stress
(WAS) [81]. These effects were paralleled by prevention of
gut barrier impairment in response to stress, reduced neuronal
activity (c-Fos expression) in stress-sensitive brain areas, in-
cluding the PVN and amygdala, and an increase in hippocam-
pal neurogenesis in control and stressed animals. In addition,
the probiotic formulation affected hypothalamic genes in-
volved in synaptic plasticity in stressed mice, increasing the
expression of brain-derived neurotrophic factor (BDNF),
while decreasing the expression of microglial activation
markers [81]. Similarly, the probiotic combination of
L. rhamnosus R0011 and L. helveticus R0052, administered
to maternally separated rat pups, attenuated the increased cor-
ticosterone levels, as well as the increased permeability of the
colonic barrier [82]. Furthermore, administration of
Lactobacillus fermentum CECT5716 to newborn rats has
been recently reported to reduce intestinal permeability
in vivo under basal conditions and in response to MS or
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Table 1 Selection of probiotics with reported preclinical effects on the neuroendocrine system

Probiotic/animal species Additional HPA axis Other effects Behavioral effects Reference

intervention

Bifidobacterium MS (P2-P21) |CORT (P41) 1TNF-« (gut, P21) -| MS-induced [76]
pseudocatenulatum -| MS-induced increase LIFN-y (gut, P21) anxiety (P41)

(P2-P21) of CORT (P41) -| MS-induced increase of

C57BL/6) & IL-18 (serum, P21)

-| MS-induced increase of
Bacteroidetes (P21)

B. pseudocatenulatum HFD (W7-W21) |CORT (W20) -| HFD-induced increase of -| HFD-induced [73]
(W7-21) -| Social stress-induced TLR2 (gut, hippocampus, anhedonia

C57BL/6 mice & TCORT (W20) W21) -| HFD-induced

-| HFD-induced | HFD-induced weight gain anxiety (W18)
decreased GR (W21)

Bifidobacterium infantis MS (P2-P14) —CORT (P95) -{ Stress-induced increase of -I MS-induced [74]
(P50-P95) IL-6 (WBCS, ConA anhedonia (P90)

Sprague-Dawley rats ¢ stimulated, P95)

Bifidobacterium longum or —CORT (W14) | Anxiety (W12) [75]
Bifidobacterium breve | Depression-like
(W8-W14) behavior (W13)

BALB/c mice & { Stress-induced

hyperthermia
(B. longum, W11)

Bifidobacterium animalis subsp. MS (P2-P14) TCORT (9, P24) MS-induced decrease of IgA [76]
lactis + Propionibacterium TACTH (P24) MS-induced increase of
Jjensenii (P10-P22) Escherichia coli

Wistar rats

Lactobacillus rhamnosus | Stress-induced | Anxiety (W10) [77]
(W7-W11) CORT (W11) | Depression-like

BALB/c mice & behavior (W10)

Lactobacillus farciminis PRS -| PRS-induced increase -| PRS-induced increase of LPS [80]
(2 weeks) of CORT + ACTH (portal blood)

Wistar rats 9 (plasma) -| PRS-induced increase of

{ PRS-induced increased ~ IL-1p, IL-6 + TNF-o
CRF (mRNA, PVN) (mRNA, hypothalamus)
{ PRS-induced intestinal
permeability

Lactobacillus helveticus + B. WAS -I WAS-induced increase -{ WAS-induced c-Fos (PVN, [81]
longum (2 weeks) of CORT amygdala, hippocampus)

C57BL/6 mice & -| WAS-induced decreased

neurogenesis (hippocampus)
-{ WAS-induced intestinal
permeability

L. rhamnosus + L. helveticus MS (P4-P19) -| MS-induced increase -{ MS-induced intestinal [82]
(P4-P19) of CORT permeability

Sprague-Dawley rats

Lactobacillus fermentum MS (P10) -| MS-induced increase | Intestinal permeability 1 Locomotion [83]
(P6-P21) WAS (P20) of CORT (P10) (P20)

Sprague—Dawley rats -| WAS-induced increase 4 MS-induced intestinal

of CORT (P20) permeability

{ WAS-induced intestinal
permeability

1 IFN-y (activated
splenocyte, P21)

-| = prevention; | = decrease; 1 = increase; <> = no change; HPA = hypothalamic—pituitary—adrenal; P = postnatal day; B = Bifidobacterium; MS =
maternal separation; CORT = corticosterone; TNF = tumor necrosis factor; IFN = interferon; IL = interleukin; HFD = high-fat diet; W = postnatal week;
GR = glucocorticoid receptor; TLR = Toll-like receptor; WBCS = whole-blood culture supernatants; ConA = concanavalin A; ACTH = adrenocorti-
cotropic hormone; L = Lactobacillus; PRS = partial restraint stress; PVN = paraventricular nucleus of the hypothalamus; WAS = water avoidance stress

WAS [83]. The rise of corticosterone levels in response to MS
or WAS was attenuated by the probiotic. Moreover, the pro-
biotic increased IFN-y [a marker of T helper (Th)1 response]
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secretion of activated splenocytes, whereas IL-4 (a marker of
Th2 response) secretion was inhibited. Finally, L. fermentum
increased locomotion and exploratory behavior [83].
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As it has been suggested that a combination of several
probiotic species may exert additive effects, a recent study
investigated the interaction of a HFD (starting at 4 weeks of
age) with a multispecies probiotic formulation (starting at 9
weeks of age) containing 8 bacterial strains (Bifidobacterium
bifidum W23, Bifidobacterium lactis W52, Lactobacillus
acidophilus W37, L. brevis W63, Lactobacillus casei W56,
Lactobacillus salivarius W24, Lactococcus lactis W19,
Lactococcus lactis W58) in male Sprague—Dawley rats
[84]. While the probiotic formulation did not affect HFD-
induced increase of plasma LPS levels and metabolic chang-
es, the formulation exerted various diet-independent effects.
Thus, probiotic treatment reduced depression-like behavior
and hippocampal mRNA expression of CRF receptor
(CRFR)1 and CRFR2, indicating a potentially reduced ac-
tivity of the HPA axis. In keeping with other reports, the
probiotic formulation modulated the cytokine production
by stimulated blood mononuclear cells towards T
lymphocyte-derived cytokines (IFN-y, IL-2, IL-4), whereas
macrophage-associated cytokines (TNF-«, IL-6) were re-
duced. Furthermore, the probiotic formulation increased
the levels of indole-3-propionic acid, a microbial tryptophan
metabolite that has been demonstrated to be neuroprotective
and reduce CNS inflammation [85].

The findings of predominantly beneficial effects of
probiotics in rodents are matched by some positive effects
of different probiotic strains in humans. For instance, in a
randomized, double-blind, placebo-controlled study,
Lactobacillus plantarum 299v was administered to 41 stu-
dents with an upcoming exam and associated with de-
creased corticosterone levels after 10 days [86]. Similarly,
a probiotic formulation consisting of L. helveticus R0052
and B. longum R0O175 (which had been effective in mice),
decreased median urinary free cortisol levels and psycho-
logical distress, when given to 26 healthy volunteers for 30
days in a double-blind, controlled, randomized, parallel
study [87]. Similarly, B. longum 1714 given to 22 healthy
male volunteers in a placebo-controlled study attenuated
increases in cortisol levels and subjective anxiety in re-
sponse to an acute stressor [88]. These effects were
paralleled by improvements in hippocampus-dependent vi-
suospatial memory performance and changes in brain ac-
tivity, as assessed by electroencephalography [88].

In addition to probiotics, prebiotics—non-digestible fiber
compounds that stimulate the growth of beneficial bacteria—
have also been reported to exert positive effects on the micro-
biota—gut—brain axis. A recent study compared the effects of a
3-week administration of the prebiotics fructo-
oligosaccharides (FOS), galacto-oligosaccharides (GOS),
and their combination in adult male mice [89]. Prebiotic ad-
ministration reduced stress-induced plasma corticosterone
levels, with GOS and the combination of FOS and GOS hav-
ing the strongest effects and attenuated hippocampal mRNA

expression of CRFR1. In line with this finding, GOS and FOS
+ GOS administration reduced anxiety and depression-like
behavior. In particular, the combination of FOS + GOS in-
creased the expression of BDNF and the GABAg receptor in
the hippocampus and 5-HT levels in the prefrontal cortex.
Prebiotics also induced changes in gut microbiota composi-
tion, with surprising decreases of the relative abundance of
lactobacilli and bifidobacteria. In contrast, the cecal SCFAs
acetate and propionate were increased, whereas those of
isobutyrate were decreased by the prebiotics. Remarkably,
the changes in SCFA levels correlated with the behavioral
alterations. In addition to these baseline effects, a 3-week ad-
ministration of FOS + GOS was demonstrated to blunt the
effects of chronic social stress in increasing corticosterone
levels and spleen cytokine production in response to stimula-
tion with concanavalin A and in exacerbating stress-induced
behavioral disturbances [89]. In line with these beneficial ef-
fects in mice, a clinical study reported that GOS, but not FOS,
are able to decrease the salivary cortisol awakening response
in healthy volunteers [90].

It should not go unnoticed, however, that pre- and
probiotics may also have adverse effects on HPA axis and
behavior. Thus, a recent study administering L. casei 54-2-
33, the prebiotic inulin, or a mixture of the probiotic and
prebiotic (synbiotic) to male Sprague—Dawley rats starting at
P21 for 14 days, found increased baseline corticosterone
levels in response to the probiotic or prebiotic alone, whereas
the synbiotic attenuated stress-induced increases of corticoste-
rone [91]. Surprisingly, all treatments had anxiogenic effects
in the open-field test (OFT), whereas the synbiotic exerted
anxiolytic effects in the EPM test [91].

Gut Microbiota and the HPA Axis: Evidence
from GF Mice

Studies performed in mice that have been raised within GF
isolators and are therefore devoid of any microorganisms have
been of substantial use in further delineating a role of the gut
microbiota in shaping the neuroendocrine system (Table 2).
Thus, GF mice have been demonstrated to have increased
CRF expression, reduced GR expression in the cortex, and
elevated plasma ACTH and corticosterone levels in response
to restraint stress (Table 2) [93, 95]. Colonization of neonatal
GF mice with B. infantis is able to attenuate the increased
responsiveness of the HPA axis in GF mice, whereas coloni-
zation with enteropathogenic E. coli exacerbates the HPA re-
sponse to restraint stress [93]. While the precise pathways
have not been elucidated, changes in immune-mediated ef-
fects on the HPA axis have been suggested to play a signifi-
cant role. Thus, while both E. coli and B. infantis induce
increases in plasma corticosterone and c-Fos mRNA levels
in the PVN 6 h, and a slight increase of IL-6 levels 12 h, after
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inoculation, these effects are more pronounced and longer
lasting in response to inoculation with E. coli. Furthermore,
only E. coli leads to an increase of IL-1(3 in plasma, with
highest levels 12 h after inoculation [93]. Colonization of
GF mice with feces of specific-pathogen-free (SPF) mice at
the age of 6 weeks is able to prevent the exacerbated HPA
response, whereas colonization at the age of 14 weeks does
not affect the HPA axis, indicating age-dependent effects of
bacterial colonization at a critical developmental window
[93].

GF mice present with many neuroendocrine and neuro-
chemical alterations that provide hints at a possible involve-
ment of the microbiota. For instance, there is evidence for a
decreased central gene expression of the NMDA receptor sub-
units and BDNF in GF mice (Table 2) [93]. Both BDNF and
NMDA receptor subunits play a role as mediators of synaptic
plasticity and changes in their expression have been linked to
psychiatric disorders [92, 94, 95]. Interestingly, decreases in
hippocampal BDNF, as well as glutamate NMDA receptor
subunits, are induced by maternal deprivation and have been
proposed to contribute to long-term impairment in brain func-
tion [96]. Decreased BDNF levels in the hippocampus and
amygdala of GF mice are associated with decreased expres-
sion of nerve growth factor-inducible clone A, whereas post-
synaptic density protein 95 and synaptophysin, markers that
are associated with synaptogenesis and maturation, are in-
creased in GF mice. In addition, the turnover of NE, DA,
and 5-HT is increased, as is DAp; receptor mRNA [97].

Neufeld et al. [98] reported increased corticosterone levels
in female GF mice. In contrast to the decreased BDNF levels
in the hippocampus of male mice, they observed increased
BDNF mRNA in the hippocampus of female mice. Clarke
et al. [99] also compared male and female GF mice, and could
observe marked sex differences in the neurochemical param-
eters, whereas the neuroendocrine and immunologic parame-
ters did not differ between the sexes. In line with the afore-
mentioned studies, they demonstrated that male GF mice dis-
play decreased BDNF levels in the hippocampus, whereas the
BDNF levels in female mice tended to be slightly increased.
Sex differences were also seen for hippocampal 5-HT and its
main metabolite 5-hydroxyindole acetic acid, as increased
levels were only seen in male GF mice. In contrast, cortico-
sterone levels in response to novel environment stress were
exaggerated in both male and female mice [99]. In an attempt
to establish a potential link between the immune and neuro-
endocrine system, cytokine release from splenocytes follow-
ing stimulation with LPS was found to be blunted in GF mice.
As the decrease in cytokine formation was unrelated to sex,
one could speculate that the increase in plasma corticosterone
is rather linked to the immunologic but not neurochemical
changes in GF mice.

A study investigating MS as a model of early life stress
concluded that alterations of the HPA axis in response to MS
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are independent of the gut microbiota, whereas the behavioral
disturbances are related to dysbiosis of the gut microbiota
[100]. This conclusion was based on the finding that the
MS-induced elevation of corticosterone levels was compara-
ble in GF and SPF mice, whereas anxiety-like behavior and
behavioral despair were only induced by MS in the presence
of gut microbiota [100].

In summary, it can be concluded that increased reac-
tivity of the HPA axis is frequently found in GF mice.
In contrast to other parameters, such as neurochemical
changes and behavior, which vary dependent on sex,
mouse strain, and other factors, increased reactivity of
the HPA axis is frequently found in GF mice and rats,
although only a limited number of GF mouse strains
have so far been tested (Table 2).

While various groups have demonstrated increased
sensitivity of the HPA axis in GF mice, together with
changes in neurocircuits linked to the HPA axis, the
direction of this interaction is not clear. The HPA axis
is in mutual relationship with neuronal systems in lim-
bic, midbrain, and brainstem nuclei, as well as with the
sympathetic and parasympathetic nervous system [3].
Thus, while modulation of stress hormones by the lack
of gut microbiota could potentially induce changes in
neurotransmitter systems, other factors could have an
impact on neurocircuits that subsequently affect the
HPA axis. In this regard, developmental defects of the
immune system and changes in metabolism of GF mice
are likely to contribute to the neuroendocrine phenotype
in the absence of gut microbiota.

Neuroendocrine-Associated Behavioral
Phenotype of GF Mice

In line with the increased responsiveness of the HPA axis
of GF mice, GF BALB/c mice have been demonstrated to
exhibit increased anxiety-like behavior in the OFT, as
well as increased spontancous motor activity [101].
However, 2 other reports found a decrease in anxiety-
like behavior of GF mice when tested in the light/dark
box or the EPM test, despite an increased responsiveness
of the HPA axis [97, 98]. The inconsistency of findings is
further illustrated by a report of both increased and de-
creased anxiety-like behavior in GF mice depending on
the behavioral test (step-down test and light preference,
respectively) [100]. Finally, a study conducted in male
F344 rats found increased anxiety-like behavior in the
OFT [102]. Therefore, it can be concluded that the behav-
ioral test employed, the animal species tested, and the
genetic background have an impact on the behavioral phe-
notype of GF rodents. It appears as if stress-sensitive
strains such as BALB/c mice and F344 rats display
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Table 2 Changes in
neuroendocrine system of germ-
free (GF) mice

Mouse strain

HPA axis (GF vs colonized)

Related systems

Reference

GF BALB/c mice &

1 CORT (after restraint
stress)

1 CRF mRNA + protein
(hypothalamus)

| GR mRNA (cortex)

| NR-1 mRNA (cortex)

| NR-2 mRNA (cortex + hippocampus)
| BDNF protein (cortex + hippocampus)

[93]

GF BALB/c mice

GF Swiss Webster
mice ¢

GF NMRI mice &

GF Swiss Webster
mice Q+&

1 CORT (48 h after arrival)

1 CORT (after novel
environment stress)

| NE and DA turnover (hippocampus, [101]
striatum, brainstem)

11 5-HT turnover (striatum, brainstem)
| NR2b mRNA (amygdala) [98]

1 BDNF mRNA (hippocampus)

| SHT; o mRNA (hippocampus)
1 NE, DA, and 5-HT turnover (striatum)  [97]

| NGFI-A mRNA (PFC)

| BDNF mRNA (hippocampus +
amygdala)

1 DAp; receptor mRNA (hippocampus)

1 synaptophysin + PSD-95 (striatum)
| BDNF mRNA (hippocampus, male) [99]

1 5-HT (hippocampus, male)

1 5-HIAA (hippocampus, male)

| TNF-« (splenocytes + LPS)

| kynurenine/tryptophan (plasma)

GF stress-sensitive
F344 rats &

GF C57BL/6N mice

1 CORT after OFT | DA turnover (frontal cortex, [102]
1 CRF mRNA (PVN) hippocampus, striatum)
| GR mRNA
(hippocampus)
< CORT after MS 1 BDNF protein after MS (hippocampus) ~ [100]

f+d

1 5-HT (hippocampus)
| NE (hippocampus)

HPA = hypothalamic—pituitary—adrenal; CORT = corticosterone; CRF = corticotropin-releasing factor; GR =
glucocorticoid receptor; NR = N-methyl D-aspartate receptor; BDNF = brain-derived neurotrophic factor; NE
= norepinephrine; DA = dopamine; 5-HT = 5-hydroxytryptamine; NR2b = 2b subunit of the N-methyl-D-aspar-
tate receptor; NGFI-A, nerve growth factor-inducible clone A; PFC = prefrontal cortex; PSD-95 = postsynaptic
density protein 95; 5-HIAA = 5-hydroxyindole acetic acid; TNF = tumor necrosis factor; LPS = lipopolysaccha-
ride; OFT = open-field test; PVN = paraventricular nucleus of the hypothalamus; MS = maternal separation

increased anxiety under GF conditions [101, 102], where-
as moderately emotive strains such as Swiss and NMRI
mice do not [97, 98]. In addition, the behavioral differ-
ences of different mouse strains are also affected by the
gut microbiota [103]. Thus, the transfer of the microbiota
from BALB/c mice to GF NIH Swiss mice decreases ex-
ploratory behavior versus colonization with NIH Swiss
microbiota, whereas colonization of BALB/c mice with
microbiota of NIH Swiss mice increases their exploratory
behavior [103]. Another potential confounding factor in
the assessment of anxiety-like behavior in GF mice could
be hyperlocomotion, which has been consistently ob-
served in GF mice [98, 101] and GF zebrafish [104].
Thus, increased locomotion is able to interfere with the
evaluation of anxiety and depression-like behaviors,
which may be incorrectly interpreted as paradoxical
“anxiolytic-like” behavioral patterns [105, 106].

Towards Potential Mechanisms:
Developmental Defects of GF Mice

Apart from changes in the neuroendocrine system, GF mice
show developmental deficits of the gastrointestinal tract (Fig.
1) [107]. Interestingly, the severity of animal models of Th17
cell-dependent arthritis and experimental autoimmune en-
cephalomyelitis is markedly attenuated when tested in GF
mice [108, 109]. In contrast, GF mice have higher numbers
of invariant natural killer T cells in the colonic lamina propria
and are more susceptible to inflammatory conditions that are
dependent on invariant natural killer T cells, such as
oxazolone-induced colitis [110]. A role of the microbiota in
the maturation of the immune system is indicated by the ob-
servations that colonization of neonatal GF mice with a con-
ventional microbiota is able to prevent oxazolone-induced co-
litis, whereas colonization of adult GF mice does not [110].
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It is not clear to which extent the deficits in lymphocyte
differentiation could contribute to the neuroendocrine distur-
bances in GF mice. Interestingly, however, recombinase acti-
vator gene 1-deficient mice, which lack mature B and T lym-
phocytes, display impaired nonspatial memory and increased
anxiety-like behavior, as well as increased corticosterone
levels [111]. In addition, administration of a probiotic mixture
containing L. rhamnosus and L. helveticus from weaning on-
wards is able to ameliorate the behavioral deficits and to partly
restore gut microbiota dysbiosis, whereas corticosterone
levels remain elevated [111]. In addition, GF mice present
with various functional and biochemical alterations of the
brain [57, 112—114], which may also be factors in the devel-
opment of neuroendocrine and behavioral disturbances. Thus,
genome-wide transcriptional profiling of the amygdala of GF
mice revealed features of increased neuronal activity, whereas
immune system-related genes were downregulated [115].
Furthermore, GF mice have an enlarged amygdala and hippo-
campus associated with dendritic hypertrophy of subsets of
amygdalar neurons, whereas hippocampal neurons showed
dendritic atrophy [116]. Post-transcriptional gene expression
has also been demonstrated to be controlled by the gut micro-
biota as GF mice show an altered microRNA (miRNA) ex-
pression profile in the amygdala and prefrontal cortex [117].
Interestingly, a role of the miRNA miR-21-5p has also been
demonstrated for microbiota-induced increase of intestinal ep-
ithelial permeability through upregulation of the small guano-
sine triphosphatase adenosine diphosphate ribosylation factor
4 [118].

Towards Potential Mechanisms: Metabolic
Deficiencies in GF Mice

The gut microbiota makes an important contribution to the
host’s digestion and metabolism, and is an important supplier
of vitamins [119]. Thus, GF mice require exogenous vitamin
K and vitamin B in their diet [119]. The question therefore
arises as to whether the brain’s high metabolic demand is
insufficiently covered under conditions of a missing or
dysbiotic microbiota, especially during sensitive periods, such
as in early life, and how these potential deficiencies could
contribute to long-term neuroendocrine disturbances, given
that dietary deficiencies are known to affect the HPA axis
[120—122]. Interestingly, while the polyunsaturated fatty acid
eicosapentaenoic acid is not detectable in GF mice [114],
long-term supplementation with a polyunsaturated fatty acid
mixture that includes eicosapentaenoic acid reverses MS-
induced dysbiosis and attenuates the corticosterone response
to acute stress [123]. In contrast, free fatty acids have been
reported to activate and inhibit the HPA axis in rats and
humans, respectively [124, 125].
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There are many other metabolite changes in the blood of
GF mice. For instance, the bacterially mediated production of
bioactive indole-containing metabolites that derive from tryp-
tophan is impaired, whereas the availability of tryptophan,
which is a precursor of 5-HT, is increased [114]. While
Clarke et al. [99] found increased 5-HT levels in the hippo-
campus of male, but not female, GF mice, metabolomic as-
sessment of the prefrontal cortex of male GF mice did not
reveal any differences in 5-HT levels [113]. In contrast, me-
tabolites involved in glycolysis pathways were changed in GF
mice, which suggests that GF mice consume less energy
through glycolysis than conventionalized mice. Unlike cere-
bral GABA, which was not altered, the concentration of DA
was twofold higher in GF mice and has been suggested to
underlie the increased motor activity seen in these animals
[113].

Antibiotic-Induced Manipulation of the Gut
Microbiota and Neuroendocrine System

In view of the various systems that are affected in their devel-
opment when mice are raised GF, antibiotic-induced dysbiosis
represents an alternative way to manipulate the microbiota in
adult animals without inducing developmental changes and
with the advantage of choosing the time point and severity
of the dysbiosis caused. As the composition of the gut micro-
biota can be altered by stress itself [126], we first discuss the
effects of antibiotic-induced gut dysbiosis per se on neuroen-
docrine, neurochemical, and behavioral parameters, followed
by a discussion of the effects of dysbiosis in conjunction with
different acute and chronic stress protocols.

Antibiotic-Induced Gut Dysbiosis: Effects
on Neuroendocrine, Neurochemical,
and Behavioral Parameters

Early dysbiosis disturbing the establishment of a mature mi-
crobiota could have long-lasting effects on the microbiota, the
development of the HPA axis, and the overall health of the
host (Table 3). In line with findings in GF animals, several
studies demonstrate increased corticosterone levels in re-
sponse to antibiotic-induced gut dysbiosis. To investigate the
role of early-life antibiotic treatment, Scheer et al. [127] ex-
posed mice to an antibiotic cocktail containing ampicillin,
streptomycin, vancomycin, and metronidazole, and the artifi-
cial sweetener sucralose from gestation until weaning (P21).
While serum corticosterone levels were similar in control and
antibiotic-treated pups at P7, serum corticosterone levels
tended to be increased in antibiotic-treated mice at P21 and
P42. Interestingly, co-housing of antibiotic-treated mice with
control animals 1 week after weaning (P28) was able to
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Table 3  Antibiotic-induced dysbiosis models and their impact on the neuroendocrine system

Antibiotics Administration Animal model Stress model HPA axis Reference
duration

AMP (0.5 g/1), streptomycin

(0.5 g/l), vancomycin
(0.5 g/1), metronidazole
0.5 g/,

splenda (4 g/1)

Bacitracin (24 mg/ml),
neomycin (24 mg/ml),
AMP (9.6 mg/ml),
meropenem (4.8 mg/ml),

vancomycin (1.44 mg/ml)

AMP (120 mg/kg)
or AMP(120 mg/kg)
and Lactobacillus f
ermentum NS9
(AMP light phase,
water/NS9
dark phase)
Vancomycin 10, 30, or
100 mg/kg

0.5% neomycin and
1% AMP

AMP (1 mg/ml),
vancomycin
(5 mg/ml), neomycin

(10 mg/ml), metronidazole
(10 mg/ml), amphotericin

B
(0.1 mg/ml)

AMP (1 g/l), vancomycin
(500 mg/1), ciprofloxacin
HCI (20 mg/l),

imipenem (250 mg/l),
metronidazole (1 g/1)

Streptomycin sulfate (2
mg/ml)
and penicillin G (1500
U/ml)

Minimum dose: 0.4 mg
bacitracin, 0.4 mg
neomycin, 0.1 mg
amphotericin B per
mouse/day

Drinking water;
during gestation and
until weaning (day 21)

Oral gavage;
10 days

Drinking water;
41 days

Oral gavage;
10 days

Drinking water;
12 days

Drinking water;
59 days

Drinking water;
13 weeks

Drinking water;
21 days

Oral gavage and drinking
water;
7 days

Foxp3 reporter mice No stress

on C57BL/6

background; sex

not listed

C57BL/6N mice;
3

Sprague-Dawley
rats;

3

Sprague—Dawley
rats;

3

Wistar rats;

NIH Swiss mice;

3

Sprague—Dawley
rats;

3

Sprague—Dawley
rats;

3

C57BL/6N mice;
?

No stress

No stress

No stress

Acute partial restraint

stress (2 h)

Acute restraint stress

(30 min)

Acute FST

Psychological stress—
chronic mild stress

(21 days)

Repetitive
psychological

stress—WAS (1

h/day,
7 days)

—CORT (day 7, serum,
thymus, proximal
colon, cecum)

(T)CORT (day 21 and
42, serum)

TCORT(day 21 and
42, thymus, proximal
colon, cecum)

TCORT (plasma, after
last day of treatment)

TCORT (AMP, serum,
after MWM on the last
day of treatment)

«—GR (HIP)

IMR (AMP, HIP)

—CORT (plasma, 10 weeks

after treatment)

-| CORT (plasma,
immediately
after stress)
{ CRF mRNA (HYP)
—CORT (plasma,
immediately
after stress)
—CRF mRNA (HYP)

«—CORT (during FST)

INR3C1 mRNA (AMY,
HIP)

—NR3C2 mRNA (AMY,
HIP)

|CRFR1 mRNA (AMY,
HIP)

—CRFR2 mRNA (AMY,
HIP)

3 weeks after FST

-| CORT (plasma,
immediately
after stress)

—CORT (immediately after

stress)
«—Weight of the adrenal
glands

[127]

[129]

[131]

[132]

[80]

[133]

[134]

[135]

[136]

<> = no change; -| = prevention of stress-induced increase; | = decrease; 1 = increase; () = trend; HPA = hypothalamus—pituitary—adrenal; CORT =
corticosterone; NS9 = Lactobacillus fermentum NS9; AMP = ampicillin; MWM = Morris water maze; GR = glucocorticoid receptor; HIP = hippo-
campus; MR = mineralocorticoid receptor; CRF = corticotropin-releasing hormone; HYP = hypothalamus; FST = forced swim test; NR3C1 = nuclear
receptor subfamily 3, group C, member 1 (glucocorticoid receptor); NR3C2 = nuclear receptor subfamily 3, group C, member 2 (mineralocorticoid
receptor); AMY = amygdala; CRFR1 = corticotrophin-releasing hormone receptor 1; CRFR2 = corticotropin-releasing hormone receptor 2; WAS =

water avoidance stress
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reverse the increase of serum corticosterone levels as assessed
at P56. Although the gut microbiota composition was not
investigated in this study, this finding could suggest that
antibiotic-induced changes in gut microbiota composition
and subsequent effects on the HPA axis can be reversed by
co-housing through normalization of the gut microbiota com-
position. In addition to the increased corticosterone levels,
CD4" T cells from antibiotic-treated mice showed altered ex-
pression of stress response-, cellular metabolism-, cell-cycle
regulation-, and cell death-related genes and induced an earlier
onset of colitis, when transferred to recombinase activator
gene 1-deficient mice, which develop colitis in response to
CD4" T cells owing to their defects in the immunoregulation
of mucosal T-cell responses [128].

Treatment of adult male mice with an antibiotic cocktail
(ampicillin, bacitracin, meropenem, neomycin, vancomycin)
for 10 days has been demonstrated to severely disrupt the
microbial composition (16S rDNA) in the colon and to affect
various levels of the gut-brain axis [129]. Again, basal corti-
costerone levels in the plasma were increased in antibiotic-
treated animals and nonspatial memory were impaired by
the antibiotic treatment. Furthermore, SCFA levels in the co-
lonic contents were decreased, and the levels of lipid spe-
cies and converted bacteria-derived metabolites in the
plasma were changed in antibiotic-treated mice. Gene
expression in the brain of antibiotic-treated animals
was modified in a region-specific manner. In the amyg-
dala and hypothalamus, NPY mRNA expression—an
orexigenic neuropeptide promoting stress resilience
[130]—was increased in antibiotic-treated mice, whereas
NPY receptor expression was decreased in the amygdala
and the hippocampus. Expression of the 5-HT transport-
er and a subunit of the NMDA receptor was increased
in the amygdala of antibiotic-treated animals while ex-
pression of BDNF mRNA was decreased in the medial
prefrontal cortex, hippocampus, and hypothalamus.
Whereas cytokine levels in the blood were not increased
by antibiotic treatment, mRNA expression of IL-13 was
decreased in the hippocampus and hypothalamus. In ad-
dition, the mRNA expression patterns of 3 tight junction
proteins in the amygdala and hippocampus were affected by
antibiotic treatment [129]. These findings suggest that the in-
crease in HPA axis activity associated with antibiotic-induced
gut dysbiosis may be related to complex changes in gut-brain
interaction.

Treatment with only ampicillin has been shown to
appreciably alter fecal microbiota composition (assessed
by quantitative polymerase chain reaction) in rats and to
enhance serum corticosterone levels [131]. When rats
were treated with ampicillin in the light phase and with
water or the probiotic L. fermentum NS9 (NS9) in the
dark phase, the antibiotic-evoked rise of serum cortico-
sterone was reversed by NS9. While the levels of GR
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and BDNF in the hippocampus stayed unchanged, the
levels of mineralocorticoid and NMDA receptors were
decreased in antibiotic-treated rats. Treatment with NS9
was likewise able to normalize the levels of NMDA and
mineralocorticoid receptors in the hippocampus. At the behav-
ioral level, antibiotic treatment alone induced mild anxiety-
like behavior and a deficit in spatial memory retention; these
disturbances were prevented by co-treatment with the probi-
otic NS9 [131]. In contrast to the mentioned studies, treatment
of male rat pups with different concentrations of vancomycin
from P4 to P13 did not affect basal levels of corticosterone in
the plasma in adulthood [132], whereas visceral sensitivity
and pain-related behavior were increased by this antibiotic
treatment in a dose-dependent manner. Furthermore, in rats
receiving the highest dose of 100 mg/kg vancomycin, basal
levels of IL-6 and neutrophils were increased in splenocytes,
whereas no differences in cytokine levels in whole blood were
found [132].

Antibiotic-Induced Dysbiosis in Combination
with Acute or Chronic Stressors

Antibiotic-induced dysbiosis studies investigating the effect
of acute stress on the HPA axis offer the opportunity to
measure basal and stress-induced corticosterone levels.
Ait-Belgnaoui et al. [80] showed that antibiotic treatment
(ampicillin, neomycin) for 12 days prevented the augmen-
tation of corticosterone levels in the plasma of female rats
subjected to acute partial restraint stress (2 h). Furthermore,
antibiotic treatment was able to reverse the stress-induced
increase in CRF, IL-1f3, IL-6, and TNF-oc mRNA expression
in the hypothalamus. While gut dysbiosis was not examined,
the concentration of LPS in the portal blood was significant-
ly reduced in antibiotic-treated animals [80]. Desbonnet
et al. [133] investigated an antibiotic-induced dysbiosis
model where animals were treated from weaning onwards
and then subjected to acute restraint stress (30 min) imme-
diately before sacrifice. Antibiotics blunted the stress-
induced increase of bacterial number and diversity. While
antibiotic treatment neither affected hypothalamic CRF
mRNA expression nor altered the plasma levels of cortico-
sterone levels at baseline and following acute restraint
stress, changes in behavior and HPA axis-related systems
were observed [133]. Thus, expression of hippocampal
BDNF mRNA and hypothalamic vasopressin mRNA were
reduced by antibiotic treatment [133]. Antibiotic treatment
further increased the levels of NE in the hippocampus, as
well as L-3,4-dihydroxyphenylalanine and the DA metabo-
lite homovanillic acid in the amygdala [133]. In another
study, adult male rats were treated for 13 weeks with an
antibiotic cocktail (ampicillin, vancomycin, ciprofloxacin,
imipenem, metronidazole), during which the animals were
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subjected once to the forced swim test as an acute stressor
[134]. While long-term antibiotic exposure did not alter bas-
al and stress-induced corticosterone levels, stress-induced
fecal output was increased in antibiotic-treated animals.
The levels of GR mRNA and CRFR1 mRNA were de-
creased in the amygdala and hippocampus of antibiotic-
treated rats, whereas BDNF mRNA expression was in-
creased in the amygdala of antibiotic-treated rats [134]. At
the behavioral level, antibiotic treatment increased
depression-like behavior and caused spatial memory deficits
and affected monoamine levels in several brain regions
[134].

A study investigating the effects of antibiotic treatment
(penicillin G, streptomycin sulfate) during exposure to chronic
mild stress (21 days) observed that antibiotics were able to
prevent the stress-induced increase in corticosterone levels in
the plasma of adult male rats [135]. Moreover, in stressed
animals, antibiotic treatment had an anti-inflammatory effect
in the brain as the stress-induced rise in cortical inflammatory
mediator levels (including cyclooxygenase-2, IL-1[3, and
prostaglandin E,) was prevented by antibiotic treatment. In
keeping with these anti-inflammatory effects, antibiotic treat-
ment also blocked the stress-induced decrease of the anti-
inflammatory mediator 15-deoxy-delta'*'*-prostaglandin J,
in the prefrontal cortex. The stress-induced alterations of cor-
tical nuclear factor kappa B levels were also prevented by
antibiotic treatment. Interestingly, depression-like behavior
was not affected by antibiotic treatment, but the number of
fecal boli excreted during the modified forced swim test was
increased in antibiotic-treated mice independently of the stress
protocol [135]. Gut dysbiosis was not examined, but the
stress-induced increase in LPS and LPS binding protein con-
centrations in the plasma was prevented in antibiotic-treated
animals. In keeping with these results, the stress-induced rise
of TLR4 levels in the prefrontal cortex was blocked by anti-
biotic treatment [135].

Another study using WAS as a repetitive psychological
stressor (7 days) showed that antibiotic-induced dysbiosis
does not alter endocrine responses to chronic stress but pre-
vents the enhanced visceral pain-related response seen in
stressed female mice [136]. While several inflammatory
markers (IL-6, TNF-«) stayed unaltered, secretory immuno-
globulin A levels in the cecal lumen were increased in
antibiotic-treated animals independently of stress [136].

The studies reviewed here show inconsistent effects of
antibiotic-induced dysbiosis on HPA axis activity, making it
difficult to propose a comprehensive framework for the inter-
action between the gut microbiota and the neuroendocrine
system (Fig. 3). The inconsistent findings in this respect may
be related to a number of confounding factors, including dif-
ferences in the animal’s species, strain, and sex, the choice of
antibiotics, and/or treatment regimens. Narrowing down the
effects of antibiotics to particular changes in the intestinal

microbiota composition is often not possible because the mi-
crobiota composition has not been or only partially deter-
mined or because the microbial community at baseline differs
between studies. Furthermore, an effect of the antibiotics
themselves on the observed parameters cannot be excluded
as is also discussed in the next section.

GF versus Antibiotic-Induced Dysbiosis
Models

One of the major challenges of current microbiota research is
to obtain evidence for a causal involvement of the gut micro-
biota in particular physiological and pathophysiological pro-
cesses. The major experimental approaches to this question
rest currently on the use of GF rodents, on the one hand, and
dysbiotic animals due to antibiotic treatment, on the other
hand. Both approaches have advantages and disadvantages
and differ in their translational value, given that GF conditions
cannot be studied in humans. The antibiotic-induced dysbiosis
model offers the opportunity to study microbial changes and
its (patho)physiological consequences in animals born and
raised with a conventional/normal microbiota. In conducting
valid antibiotic-based studies, special attention needs to be
paid to the selection of antibiotics and their pharmacokinetics,
because the antibiotics themselves may directly affect the pro-
cesses (e.g., neuroendocrine responses) under study. Hence, it
is important to choose antibiotics, that are not or only mini-
mally absorbed from the gastrointestinal tract, and to validate
this condition in the experimental animal species used [137].
In this respect, the approach pursued by Bercik et al. [103]
represents a benchmark model for the study of the implica-
tions of antibiotic-induced dysbiosis in mouse behavior and
brain biochemistry. Oral administration of an antibiotic mix to
SPF mice was found to cause gut dysbiosis, to increase ex-
ploratory behavior, and to alter BDNF levels in the brain. The
involvement of the gut microbiota in the antibiotic-induced
behavioral disturbances was validated by the finding that gut
dysbiosis and behavioral changes were seen only after oral,
but not intraperitoneal, administration of antibiotics. In addi-
tion, no behavioral changes were observed in GF mice treated
with the antibiotic mix by the oral route [103]. Measuring the
presence of the antibiotics in blood and the organs under study
is a further approach to identify the sites of antibiotic action
and to rule out direct effects on organs such as the brain [129].
Studies involving antibiotics that are readily absorbed from
the gastrointestinal tract and even are able to penetrate the
blood-brain barrier are thus inconclusive with regard to a
relationship between gut microbiota, brain function, and be-
havior. Such an uncertainty, for instance, applies to the antibi-
otic metronidazole [137, 138], which not only is absorbed
from the intestine and enters the brain, but may also exert
neurotoxic effects [139, 140].
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Conclusion

Studies involving oral administration of probiotics or nonab-
sorbable antibiotics, as well as analysis of GF animals, reveal a
multidirectional interplay between the gut microbiota and neu-
roendocrine system. The demonstration of homeostatic effects
of probiotics on neuroendocrine physiology has considerable
translational value as it hints at new opportunities of therapeutic
intervention. In fact, the majority of preclinical data underpin
the potential of certain probiotic strains to exert beneficial ef-
fects on the gut-brain axis, especially under conditions of
stress. The beneficial effects are likely mediated via immuno-
modulatory effects of the probiotics and their ability to decrease
intestinal translocation of microbial constituents across the in-
testinal barrier. However, despite this encouraging evidence the
underlying mechanisms, as well as the clinical efficacy of these
probiotic strains, await to be demonstrated. In contrast to the
mainly inhibitory effects of probiotics on HPA axis activity,
increased activity of the HPA axis is a consistent finding in
GF mice, which can be reversed when the gut is colonized
within a certain time window early in life. While this observa-
tion points toward a central role of the gut microbiota in the
development and regulation of the HPA axis, the underlying
processes remain elusive, given the many systems that are af-
fected in GF mice, including immune system, intestinal func-
tion, metabolism, and brain development. Finally, oral
antibiotic-induced manipulation of the gut microbiota has also
been demonstrated to affect the neuroendocrine system, al-
though in a somewhat disparate manner. On the one hand,
similar to the GF setting, antibiotic-induced disruption of the
microbiota has been reported to increase corticosterone levels,
whereas, on the other hand, similar to effects of probiotics,
protective effects of antibiotic-induced reduction of the gut mi-
crobiota under conditions of stress have also been shown. The

Fig. 3 Effects of gut microbiota
manipulation on the
hypothalamus—pituitary—adrenal
(HPA) axis. Manipulation of the
gut microbiota is able to activate
(+) or inhibit () the HPA axis
under basal conditions or in re-

sponse to various stressors (| )
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latter effect could be explained by a decrease of microbiota-
related activation of the immune system in response to stress.
Thus, oral antibiotics could exert either beneficial or harmful
effects on gut microbiota and neuroendocrine system, depend-
ing in the pre-existing composition of the gut microbiota, its
interaction with the antibiotics, off-target effects of the antibiot-
ic (e.g., microbiota-independent actions on immune and endo-
crine system as well as CNS) and environmental influences.

Unravelling the precise mechanisms that underlie the mul-
tidirectional communication between gut microbiota and neu-
roendocrine system could lead to new therapeutic possibilities
for disorders of the neuroendocrine system through controlled
manipulation of the gut microbiota.
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