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Abstract

Antibiotic use during adolescence may result in dysbiosis-induced neuronal vulnerability
both in the enteric nervous system (ENS) and central nervous system (CNS) contributing to
the onset of chronic gastrointestinal disorders, such as irritable bowel syndrome (IBS),
showing significant psychiatric comorbidity. Intestinal microbiota alterations during adoles-
cence influence the expression of molecular factors involved in neuronal development in
both the ENS and CNS. In this study, we have evaluated the expression of brain-derived
neurotrophic factor (BDNF) and its high-affinity receptor tropomyosin-related kinase B
(TrkB) in juvenile mice ENS and CNS, after a 2-week antibiotic (ABX) treatment. In both
mucosa and mucosa-deprived whole-wall small intestine segments of ABX-treated animals,
BDNF and TrkB mRNA and protein levels significantly increased. In longitudinal muscle-
myenteric plexus preparations of ABX-treated mice the percentage of myenteric neurons
staining for BDNF and TrkB was significantly higher than in controls. After ABX treatment, a
consistent population of BDNF- and TrkB-immunoreactive neurons costained with SP and
CGRP, suggesting up-regulation of BDNF signaling in both motor and sensory myenteric
neurons. BDNF and TrkB protein levels were downregulated in the hippocampus and
remained unchanged in the prefrontal cortex of ABX-treated animals. Immunostaining for
BDNF and TrkB decreased in the hippocampus CA3 and dentate gyrus subregions, respec-
tively, and remained unchanged in the prefrontal cortex. These data suggest that dysbiosis
differentially influences the expression of BDNF-TrkB in the juvenile mice ENS and CNS.
Such changes may potentially contribute later to the development of functional gut disor-
ders, such as IBS, showing psychiatric comorbidity.
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Introduction

Numerous studies have established that the naturally occurring commensal microbiota, which
in the human gut is composed of about 3.8X 10" bacterial cells belonging to approximately
2000 species, represents an essential organ for the host homeostasis by contributing to the
metabolism of nutrients, development of the immune host defence and maturation of the gas-
trointestinal (GI) tract [1]. The complex array of cellular elements constituting the enteric
microenvironment (enterocytes, enteroendocrine cells, immunocytes, smooth muscle cells,
interstitial Cajal cells, enteric neurons and glial cells) responds to microbial factors, mainly via
pattern recognition receptors (e.g. Toll-like receptors, TLRs) [2,3], neurotransmitter, neuro-
peptides and neurohormone receptors [4-6]. The commensal gut microbial flora influences
the development and function of the enteric nervous system (ENS), which consists of two
complex interconnected neuroglial networks, constituting the submucosal and myenteric
plexus [7]. Microbiota-induced neuronal plasticity is, however, not limited to the ENS but can
potentially activate responses in the central nervous system (CNS), via activation of neuroen-
docrine and metabolic pathways, along the microbiota-gut-brain axis [8]. Several preclinical
studies, carried out in animals fed with specific dietary regimens and in transgenic animals or
germ-free (GF) rodents, have shown that dysfunction of the gut microbiota during early life
(infancy, childhood and adolescence) has important consequences, not only on the normal gut
functions, but also on the brain and behaviour, including pain perception, stress response and
anxiety [9]. During adolescence neurons undergo crucial structural, neurochemical and
molecular changes in response to genetic and environmental signals both in the CNS and in
the ENS [10,11]. During this stage of life, the symbiotic microbial flora experiences dynamic
processes, such as changes in the composition and relative abundance of various microbial
constituents, which may influence neuronal development [11,12]. Environmental insults, such
as the use of antibiotics, stress, harmful events and poor diet, may result in dysbiosis-induced
neuronal vulnerability both in the ENS and CNS. This neuronal susceptibility to microbiota
alterations contributes to the onset of chronic functional GI disorders, such as irritable bowel
syndrome (IBS), which is associated with psychological distress and psychiatric comorbidity,
including depression [9, 13]. From this perspective, it is important to evaluate whether changes
in the symbiotic microbial flora during adolescence may influence the expression of some fac-
tors involved in neuronal development and plasticity both in the ENS and CNS. In this study,
we have focused on the role of brain-derived neurotrophic factor (BDNF) and its high affinity
receptor tropomyosin-related kinase B (TrkB). BDNF plays a central role in promoting neuro-
nal survival and growth, synaptic plasticity and reinforcement of synaptic communication
[14,15]. In the CNS, the neurotrophin is a key molecule influencing mood, behaviour and cog-
nitive functions, such as learning and memory, and any alteration of its levels are related to
development of psychiatric disorders, such as anxiety and depression [16,17]. The normal gut
microbiota influences the expression of BDNF in brain regions crucially involved in the devel-
opment of correct behavioral patterns, such as the hippocampus and cortex [18,19]. A relation-
ship between development of behavioral disorders, such as anxiety and cognitive deficits, and
altered BDNF levels in different CNS regions was demonstrated both in GF mice and in ado-
lescent mice after antibiotic treatment-induced dysbiosis [20-22]. In the GI tract, BDNF is
released from different cell types, including enterocytes, enteric glial cells and neurons and
plays a fundamental role in modulating both sensory and motor functions [23-26]. BDNF rep-
resents a neurotransmitter/neuromodulator in enteric neuronal circuitries, favouring the local
release of enteroendocrine molecules and neurotransmitters from sensory and motor neurons,
enhancing peristalsis and gut motility both in laboratory animals and in humans [23,24,27,28].

PLOS ONE | https://doi.org/10.1371/journal.pone.0212856  February 22, 2019 2/20


https://doi.org/10.1371/journal.pone.0212856

®PLOS | one

Dysbiosis upregulates BDNF and TrkB expression in adolescent mice gut

The neurotrophin plays also a modulatory role on visceral pain perception, as demonstrated in
studies carried out on rat models of IBS showing that BDNF may favour the development of
visceral hypersensitivity by activating both intrinsic and extrinsic primary afferent neurons
[25,29]. In addition, BDNF released from dorsal root ganglia and spinal cord contributed to
the development of exaggerated visceromotor responses to colorectal distension in a rat model
of colitis [30]. In spite, of the central role played by BDNF in the microbiota-gut-brain axis,
there are no reports, at least up to our knowledge, concerning the occurrence of BDNF and
TrkB expression changes in the ENS, caused by alterations in the gut commensal microflora
during adolescence. The demonstration of such relationship would be, even more, interesting
since, in the ENS of juvenile mice, important rearrangements of both excitatory and inhibitory
neurotransmitter pathways regulating intestinal motility occur after antibiotic-induced dys-
biosis [31]. Thus, the aim of this study was to evaluate the expression of BDNF and TrkB in the
ENS of juvenile mice after a massive chronic antibiotic treatment, by means of morphological
and molecular biology approaches. In view of the ability of the gut microbiota to influence
neurotrophin expression in the CNS, we also investigated BDNF and TrkB levels in the hippo-
campus and prefrontal cortex.

Materials and methods
Animals

Juvenile male C57BL/6] mice (3£1 week-old, body weight 18+1 g, Charles River Laboratories,
Italy) were housed in groups of four animals in individually ventilated cages with sawdust on
bottom, under controlled environmental conditions (temperature 21+1°C; relative humidity
60-70%). Animals had free access to a standard laboratory chow and tap water and were main-
tained at a regular 12/12-h light/dark cycle. Animal care and handling were in accordance with
the European Union Council Directive 2010/63, recognized and adopted by the Italian Gov-
ernment (Decree No. 26/2014). The protocol was approved by the Animal Care and Use Ethics
Committee of the University of Padova and University of Insubria and by the Italian Ministry
of Health (Ref n. 1142/2015-PR).

Animal treatment

Gut dysbiosis was induced in adolescent mice according to a previously described pharmaco-
logical procedure, which reproduces a germ free-like phenotype [31]. Briefly, a cocktail of
broad-spectrum antibiotics (50 mg/kg vancomycin, 100 mg/kg neomycin, 100 mg/kg metroni-
dazole and 100 mg/kg ampicillin, ABX-treated mice group), was administered to conscious
mice every 12 hours for 14 days by oral gavage (100 yl/mouse), using a stainless-steel feeding
tube [31]. Tap water was administered as vehicle to control (CTR) mice. Animals were ran-
domized to treatment groups. To normalize gut microbiota, mice colonies from both groups
were housed in the same room and generally in the same cages and maintained by the same
personnel. At the end of procedures, animals were euthanized by cervical dislocation. The
small intestine was removed and washed with a physiological Krebs solution (composition in
mM: NaCl 118, NaHCO3; 25, glucose 11, KCl1 4.7, CaCl,-2H,0 2.5, MgSO,-7H,0 1.2, K,HPO,
1.2). For western blot and qRT-PCR analysis, experiments were carried out separately on the
mucosa and mucosa-deprived whole wall segments. Western blot and qRT-PCR analysis
experiments were carried out on the prefrontal cortex and hippocampus. Tissues collected for
western blotting and qRT-PCR analyses were kept at -80°C until the experiments were per-
formed. For immunofluorescence staining intestinal segments, prefrontal cortex and hippo-
campus were fixed immediately after collection.
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Table 1. Primary and secondary antisera and their respective dilutions used for immunohistochemistry (HC) and western blot (WB) assay.

Antiserum
Primary antisera
HUC/D, biotin
TrkB
TrkB
Phospho-TrKB (Tyr816)
BDNF
BDNF
CGRP
Substance P
B-actin
Secondary antisera & streptavidin complexes
Anti-rabbit Alexa Fluor 488
Anti-mouse Alexa Fluor 488
Cy3-conjugated streptavidin
F(ab’), Anti-rabbit IgG (H+L) biotin
Anti-rabbit IgG HRP peroxidase conjugated
Anti-mouse IgG, HRP- linked

Dilution(WB) Dilution(HC) Source Hostspecies
o 1:100 Invitrogen (A-21272) Mouse
1:100 1: 50 Santa Cruz (sc8316) Rabbit
1: 50 Santa Cruz (sc377218) Mouse
1:200 Millipore (ABN1381) Rabbit
1:200 1:50 Santa Cruz (sc546) Rabbit
. 1:50 Santa Cruz (sc65514) Mouse
. 1:200 Immunostar (24112) Rabbit
. 1:200 Immunostar (20064) Rabbit
1:1000 Cell Signalling Technology (#3700) Mouse
. 1:300 Molecular Probes (A21206) Donkey
- 1:300 Molecular Probes (A21202) Donkey
- 1:500 Amersham (PA43001)
1:300 Caltag laboratories (L43015) Goat
1:10000 o Amersham (NA934) Donkey
1:2000 . Cell Signalling Technology (#7076) Horse

Supplying companies: Amersham, GE Healthcare, Buckinghamshire, UK; Caltag Laboratories, Invitrogen, Burlingame, CA, USA; Cell Signaling Technology, Danvers,

Massachusetts, USA; Immunostar Inc., Hudson, WI; Millipore, Temecula, CA; Molecular Probes, Invitrogen, Carlsbad, CA, USA; Santa Cruz Biotechnology Inc., CA,

USA.

https://doi.org/10.1371/journal.pone.0212856.t001

Immunofluorescence

The immunolocalization of BDNF and TrkB was performed on paraffin-embedded prefrontal
cortex and hippocampus sections and on longitudinal muscle myenteric plexus (LMMP)
whole-mount preparations obtained from the small intestine of ABX-treated and CTR mice.

Paraffin sections. The prefrontal cortex and hippocampus were dissected and postfixed
at 4°C in 4% paraformaldehyde in phosphate buffer: (PBS composition in mM: 0.14 NaCl,
0.003 KCI, 0.015 Na,HPO,, 0.0015 KH,PO,, pH 7.4) for 4 hours. Brain regions were treated
for 72 h in sucrose 30% v/v in PBS and embedded in paraffin. Cross sections (7 um) of both
ABX-treated and CTR samples were processed as described by Filpa et al. [32]. The details of
the primary and secondary antibodies and related optimal dilution are reported in Table 1.
PBS buffer used for washing steps and primary antibodies dilutions contained 2% bovine
serum albumin (BSA). Control samples were incubated with 2% BSA in PBS. Coverslips were
mounted with Citifluor mounting medium and then observed under a fluorescence micro-
scope (Nikon Instruments).

Whole-mounts. For whole-mount immunolabelling, small intestine segments were fixed
with 0.2 mol/l PBS containing 4% formaldehyde and 0.2% picric acid and the longitudinal
muscle with the attached myenteric plexus (LMMP) was gently removed from the rest of the
intestinal wall as previously described [33]. After blocking nonspecific sites for 2 hours using
PBS with added 1% Triton X-100 and 10% normal horse serum (NHS) (Euroclone, Pero,
Italy), LMMPs were incubated with optimally diluted primary antibodies (Table 1). Double-
labeling was performed during consecutive incubation times: the first primary antibody was
added overnight at 4°C, then incubation with the appropriate secondary antibody followed for
2h at room temperature (RT). Preparations were successively incubated overnight at 4°C with
the second primary antibody and for 2 h at RT with an appropriate secondary antibody.

PLOS ONE | https://doi.org/10.1371/journal.pone.0212856  February 22, 2019 4/20


https://doi.org/10.1371/journal.pone.0212856.t001
https://doi.org/10.1371/journal.pone.0212856

®PLOS | one

Dysbiosis upregulates BDNF and TrkB expression in adolescent mice gut

Preparations were mounted onto glass slides, using a mounting medium (Vectashield; Vector
Lab, Burlingame, CA, USA). Total neuron number per ganglion area was expressed as the
ratio between the number of HuC/D-immunoreactive (IR) neurons within the ganglion and
the total ganglion area (um?) measured with Image ] NTH image software (http://imagej.nih.
gov/ij). Neuronal cell body area was also measured and analyzed with Image J. Confocal
images of 15 ganglia captured from preparations obtained from ABX-treated and CTR groups,
respectively, were used both for neuronal cell counting and ganglia area measurement. To
establish the proportion of BDNF- and TrkB-expressing myenteric neurons, the number of
BDNF-IR or TrkB-IR neurons that co-localized with HuC/D were counted and expressed as
percentage of the total number of HuC/D-IR neurons [34]. Since BDNF and TrkB are known
to co-localize with some neuropeptides, some experiments were carried out to evaluate a possi-
ble co-immunostaining with substance P (SP) or calcitonin related-gene peptide (CGRP)
[24,35]. A total of 10-20 ganglia were sampled from LMMP preparations obtained from 5 ani-
mals for each experimental group. Negative controls and interference control staining were
evaluated by omitting both the primary and/or the secondary antibody, and by incubating
colonic whole-mount preparations with nonimmune serum from the same species in which
the primary antibodies were raised. No specific signal was detected under any of these condi-
tions. Preparations were analyzed using a Leica TCS SP5 confocal laser scanning system (Leica
Microsystems GmbH, Wetzlar, Germany) and pictures were processed with Adobe-Photoshop
CS6S software.

Real-time quantitative RT-PCR

Total RNA was extracted from small intestine mucosa and mucosa-deprived whole wall, pre-
frontal cortex and hippocampus samples with TRIzol and treated with DNase I (DNase Free) to
remove any traces of contaminating DNA. cDNA was obtained by retrotranscribing 2 pg of total
RNA using the High Capacity cDNA synthesis kit (Applied Biosystems, Milan, Italy). Quantita-
tive RT-PCR was performed on the Abi Prism 7000 real-time thermocycler (Applied Biosystems,
Milan, Italy) with Power Sybr Green Universal PCR Master Mix (Applied Biosystems, Milan,
Italy) according to the manufacturer’s instructions. Primers were designed using Primer Express
software (Applied Biosystems, Milan, Italy) as reported in Table 2 and a final concentration of
500 nM for each primer was used. Primers were designed to have a similar amplicon size and
similar amplification efficiency as required for applying the 2"**“* method to compare gene
expression in the ABX-treated group with respect to CTR values [36]. B-actin was used as house-
keeping gene. Experiments were performed at least five times for each different preparation.

Western immunoblot analysis

Hippocampus, prefrontal cortex, small intestine mucosa and mucosa-deprived whole wall
samples were used to analyze BDNF and TrkB protein levels. Briefly, purified membrane

Table 2. Sequence of primers used in the study for the qRT-PCR analysis.

gene Sequence

B-actin F 5’ ~ACCAGAGGCATACAGGGACA-3’
R 5’ -CTAAGGCCAACCGTGAAAAG-3’

HuC/D F5’- AAGAGTCCCCTGTCGCTCA -3’
R 5’ - TACACGAAGATGCACCAGCC -3’
BDNF F5’- AACCATAAGGACGCGGACTT -3’
R5’- TGCAGTCTTTTTATCTGCCG -3’

TrKB F 5’ - CAGCACCAAGCAGCAAGAG -3’

R 5’ - CAAGACCAGCAGGCATAAGC -3’
https://doi.org/10.1371/journal.pone.0212856.t002
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fractions were obtained after successive centrifugations, boiled for 5 min in Laemmli sample
buffer and processed for electrophoretic separation and blotting as described by Filpa et al.
[37]. Membrane incubation with BDNF or TrkB primary antibodies was followed by incuba-
tion with a horseradish peroxidase-conjugated secondary antiserum (Table 1). The antibody/
substrate complex was visualized by chemiluminescence using an enhanced chemilumines-
cence kit (ECL advance Amersham Pharmacia Biotech, Cologno Monzese, Italy). Signal inten-
sity was evaluated by densitometric analysis using Image ] NIH image software. 3-actin and o-
tubulin were used as protein loading control for intestinal and CNS areas, respectively. BDNF
or TrkB protein levels were expressed as the ratio of the optical density (expressed in arbitrary
units) of BDNF and TrkB bands and the optical density of the relevant B-actin or o-tubulin
band x1000 obtained in CTR and ABX-treated samples. Experiments were performed at least
five times. Negative controls were performed by omitting the primary antibody.

Statistical analysis

All data are expressed as mean+S.E.M. Statistical significance was calculated with applying the
unpaired Student’s t test, using GraphPad Prism (version 5.3 GraphPad software, San Diego,
CA, USA). The differences between groups were considered significant when P values

were < 0.05.

Results

BDNF mRNA and protein levels in the mouse small intestine of control
and ABX-treated mice

qRT-PCR analysis revealed a significant increase of BDNF transcript both in the mucosa
(p<0.001) and in mucosa-deprived whole intestinal wall (p<0.05) of ABX-treated mice as
reported in panels A and C, respectively, of Fig 1. In mouse small intestine preparations, west-
ern blot analysis of BDNF revealed a specific band at 28 kDa. In some samples a double band
was also observed, which may represent a post-translational change in the protein [38]. After
antibiotic-induced dysbiosis, BDNF protein levels increased significantly both in the mucosal
layer (p<0.05) and in the mucosa-deprived whole intestinal wall (p<0.05) (Fig 1, panels B
and D).

Distribution of BDNF in small intestine LMMP whole-mount preparations
from control and ABX-treated animals

In control small intestine LMMP whole-mount preparations, BDNF antibody faintly stained
the cytoplasm of few myenteric neurons (7.46+0.72%, n = 18) (Fig 2, panel G). As observed
after costaining with the pan-neuronal marker HuC/D, BDNF antibody stained the soma of
large and medium-sized neurons with either a round or an ovoidal shape. In myenteric gan-
glia, BDNF immunoreactivity was also found in prolongations discontinuously surrounding
neurons, in interconnecting strands between ganglia and in bundles of fibers running along
the longitudinal smooth muscle (Fig 2 panels A-C and D-F). A significant (p<0.0001) increase
in the number of BDNF-IR myenteric neurons was observed in ABX preparations with respect
to preparations obtained from CTR mice (Fig 2, panels D, F and G). In whole-mount LMMP
preparations obtained from both CTR and ABX-treated mice, BDNF-IR neurons co-stained
with SP (Fig 3, panels A-C). Intense SP immunoreactivity was also detected in varicose fibres
surrounding myenteric neurons, (Fig 3, panels B-C). After antibiotic treatment the number of
myenteric neurons co-expressing BDNF and SP increased significantly with respect to CTR
preparations [51.91£7.52% (n = 13); 10.69+4.97% (n = 12), respectively; p<0.001]. In both
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Fig 1. Expression of BDNF in juvenile mouse small intestine after antibiotic treatment-induced dysbiosis. (A, C)
RT-PCR quantification of BDNF transcripts in preparations of the mouse mucosa (A) and mucosa-deprived whole
wall (C) of the mouse small intestine obtained from control (CTR, empty bars) and ABX-treated (ABX, black bars).
Values are mean+S.E.M. of 9 experiments of the percentage variation of relative gene expression with respect to values
obtained in CTR animals. The relative gene expression was determined by comparing 2"~ values normalized to -
actin. (B, D) BDNF protein expression analyzed in the mucosa (B) and mucosa-deprived whole wall (D) of the mouse
small intestine obtained from CTR (empty bars) and ABX-treated animals (black bars). Blots representative of
immunoreactive bands for BDNF and B-actin in the different experimental conditions are reported on top of each
panel. Samples (200 pug) were electrophoresed in SDS-8% polyacrylamide gels. Numbers at the margins of the blots
indicate relative molecular weights of the respective protein in kDa. Values are expressed as mean+S.E.M. of 5
experiments of the ratio x1000 of the optical density (O.D.) of BDNF vs B-actin in CTR and in ABX-treated
preparations. *P<0.05 and ***P<0.001 vs CTR animals by unpaired Student’s t test.

https://doi.org/10.1371/journal.pone.0212856.9001

HuC/D HuC/D+ BDNF

(0]

30

20

% BDNF* HucC/D*
myentericneurons

Fig 2. Effect of antibiotic treatment on BDNF distribution in juvenile mouse small intestine LMMP whole-mount preparations.
Representative confocal microphotographs showing co-staining of BDNF (green) and HuC/D (pan-neuronal marker, red) in LMMPs obtained
from CTR (A-C) and ABX-treated mice (D-F). In LMMPs obtained from both CTR and ABX-treated mice BDNF stained the soma of both large
and medium size neurons with either a round or an ovoidal shape (arrow). BDNF staining was also observed in prolongation surrounding neurons
and in the interconnecting fibers between ganglia (asterisk). In CTR preparations, BDNF faintly stained the soma of few neurons. After antibiotic
treatment, the number of BDNF positive myenteric neurons was significantly higher than in CTR (D-E). Bars: 50 um. (G) Percentage of BNDF
immunoreactive myenteric neurons in small intestine of CTR and ABX-treated mice. Values are given as mean + SEM of at least 20 fields for each
intestinal region.”**P<0.001 vs CTR animals by unpaired Student’s t test vs CTR.

https://doi.org/10.1371/journal.pone.0212856.9002
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Fig 3. Relationship between BDNF, SP and CGRP immunoreactivity in juvenile mouse small intestine myenteric ganglia after antibiotic
treatment. (A-C) Representative micrographs of juvenile mouse small intestine LMMP whole-mount preparations obtained from ABX-treated mice
showing co-localization of BDNF and SP. BDNF immunoreactivity was found in the soma of a population of SP-IR expressing neurons (arrows).
BDNF-IR myenteric neurons were surrounded by varicose SP-IR fibers (asterisk). (D-F) Representative micrographs of mouse small intestine LMMP
whole-mount preparations obtained from ABX-treated mice showing co-localization of BDNF and CGRP. CGRP-IR was found in the soma (arrows)
of BDNF-IR myenteric neurons. BDNF-IR myenteric neurons were surrounded by varicose CGRP-IR fibers (asterisk). Bars: 25 um.

https://doi.org/10.1371/journal.pone.0212856.9g003

CTR and ABX-treated whole-mount preparations BDNF-IR myenteric neurons were also
immunoreactive to CGRP (Fig 3, panels D-F). CGRP immunoreactivity was also found in
dense varicose fibres surrounding myenteric neurons (Fig 3, panels E-F). The percentage of
BDNEF-IR/CGRP-IR myenteric neurons in CTR preparations was 8.33+4.95% (n = 15) and sig-
nificantly increased in preparations obtained from ABX-treated animals [40.52+4.08%

(n =16); p<0.0001]

TrkB mRNA and protein levels in the mouse small intestine of control and
ABX-treated mice

TrkB mRNA levels in mucosa and mucosa-deprived whole intestinal wall specimens signifi-
cantly increased (p<0.001 and p<0.0001, respectively) after antibiotic treatment as reported in
Fig 4, panels A and D, respectively. In mouse small intestine preparations, western blot analy-
sis of TrkB revealed a band at 145 kDa. In ABX-treated mice, TrkB protein levels significantly
increased both in the mucosa (p<0.05) and in mucosa-deprived whole intestinal wall (p<0.05)
(Fig 4, panels B and E). In both layers, the levels of TrkB phosphorylated on Tyr816 signifi-
cantly increased (p<0.05) (Fig 4, panels C and F).

Distribution of TrkB in small intestine LMMP whole-mount preparations
from control and ABX-treated animals

In control small intestine LMMP whole-mount preparations, TrkB antibody stained few neu-
rons (10.13+1.11%, n = 20) (Fig 5, panel G). As observed after co-staining with the pan
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Fig 4. Expression of TrkB mRNA in juvenile mouse small intestine after antibiotic treatment-induced dysbiosis.
(A, D) RT-PCR quantification of TrkB transcripts in preparations of the mouse small intestine mucosa (A) and
mucosa-deprived whole wall (D) obtained from control (CTR, empty bars) and antibiotic treated mice (ABX, black
bars). Values are mean+S.E.M. of 10 experiments of the percentage variation of relative gene expression with respect to
values obtained in CTR animals. The relative gene expression was determined by comparing 2*“* values normalized
to B-actin. Levels of expression of the native TrkB protein (B,E) and the phosphorylated active form at Tyr816 (pTrkB)
(C,F) analyzed in the mucosa (B,C) and mucosa-deprived whole wall (E,F) of the mouse small intestine obtained from
CTR (empty bars) and ABX-treated animals (black bars). Blots representative of immunoreactive bands for TrkB,
pTrkB and B-actin in the different experimental conditions are reported on top of each panel. Samples (200 pg) were
electrophoresed in SDS-8% polyacrylamide gels. Numbers at the margins of the blots indicate relative molecular
weights of the respective protein in kDa. Values are expressed as mean+SEM of 5 experiments of the ratio x1000 of the
optical density (O.D.) of TrkB vs B-actin in CTR and in ABX-treated preparations. “P<0.05 and ***P<0.001 vs CTR
animals by unpaired Student’s t test.

https://doi.org/10.1371/journal.pone.0212856.9004

neuronal marker, HuC/D, TrkB antibody stained the soma of large and medium-sized neu-
rons with prevalently an ovoidal shape. In myenteric ganglia, TrkB immunoreactivity was also
found in prolongations discontinuously surrounding neurons, in interconnecting strands
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Fig 5. Effect of antibiotic treatment on TrkB distribution in juvenile mouse small intestine LMMP whole-mount preparations.
Representative confocal microphotographs showing co-staining of TrkB (green) and HuC/D (pan-neuronal marker, red) in LMMPs obtained
from CTR (A-C) and ABX-treated mice (D-F). In LMMPs obtained from both CTR and ABX-treated mice TrkB stained the soma of both
large and medium neurons with an ovoidal shape (arrow). TrkB immunoreactivity was also found in discontinuous prolongations
surrounding neurons and in the interconnecting fibres between ganglia (asterisk). In CTR preparations, TrkB faintly stained the soma of few
neurons. After antibiotic treatment, the number of myenteric neurons staining for TrkB was significantly higher than in CTR (D-E). Bars:

50 um. (G) Percentage of TrkB immunoreactive myenteric neurons in small intestine of CTR and ABX-treated mice. Values are given as
mean + SEM of at least 20 fields for each intestinal region. P<0.001 vs CTR animals by unpaired Student’s t test.

https://doi.org/10.1371/journal.pone.0212856.9005
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Fig 6. Relationship between TrkB, SP and CGRP immunoreactivity in juvenile mouse small intestine myenteric ganglia. (A-C) Representative
micrographs of mouse small intestine LMMP whole-mount preparations obtained from ABX-treated mice showing co-localization of TrkB and SP.
TrkB immunoreactivity was found in the soma of a population of SP-IR expressing neurons (arrows). Some TrkB myenteric neurons were surrounded
by varicose SP-IR fibres (asterisk). (D-F) Representative micrographs of mouse small intestine LMMP whole-mount preparations obtained from ABX-
treated mice showing co-localization of TrkB and CGRP. CGRP-IR was found in the soma (arrows) and nucleus (arrowhead) of TrkB-IR myenteric
neurons. TrkB-IR myenteric neurons were surrounded by varicose CGRP-IR fibres (asterisk). Bars: 25 pum.

https://doi.org/10.1371/journal.pone.0212856.9006

between ganglia and in bundles of fibres running along the longitudinal smooth muscle (Fig 5
panels A-C and D-F). After antibiotic treatment, a significant [29.40+1.58%, (n = 21)
p<0.001) increase in the number of TrkB-IR myenteric neurons was observed with respect to
preparations obtained from CTR mice (Fig 5, panels D, F and G). In whole-mount LMMP
preparations obtained from both CTR and ABX-treated mice TrkB-IR neurons co-stained
with SP (Fig 6, panels A-C). SP immunoreactivity was also detected in varicose fibres sur-
rounding TrkB-IR myenteric neurons (Fig 6, panels A-C). The percentage of TrkB-IR neurons
expressing SP in ABX-treated mice was not significantly different with respect to values
obtained in CTR animals [14.81+4.45%, (n = 18); and 16.67+5.52% (n = 14), respectively;

p = 0.79]. In both CTR and ABX-treated whole-mount preparations TrkB-IR myenteric neu-
rons were also immunoreactive to CGRP (Fig 6, panels D-F). CGRP immunoreactivity was
found in the soma and nucleus of TrkB-IR neurons as well as in varicose fibres surrounding
TrkB-IR neurons (Fig 6, panels D-F). In CTR preparations, 16.67+5.69% (n = 16) of TrkB-IR
myenteric neurons was immunoreactive to CGRP. This percentage significantly increased in
preparations obtained from ABX-treated animals [42.86+4.68% (n = 20); p<<0.001].

BDNF and TrkB mRNA and protein levels in the hippocampus of
antibiotic treated mice

In the hippocampus of ABX-treated mice, BDNF and TrkB mRNA levels were unchanged
(p =0.071 and p = 0.876, respectively) with respect to CTR (Fig 7 panels A and C). In contrast,
both BDNF and TrkB protein levels were significantly lower in the hippocampus of ABX-
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treated mice (p<0.05 for both proteins) than in CTR (Fig 7 panels B and D). To investigate
the pattern of distribution of BDNF and TrkB, we performed fluorescent immunohistochemi-
cal staining for both proteins in hippocampal slices of CTR and ABX-treated mice. In the hip-
pocampus of both CTR and ABX-treated animals, BDNF and TrkB stained the CA1-CA3 and
dentate gyrus (DG) subregions. However, after ABX treatment, BDNF staining decreased in
the CA3 subregion (Fig 8, panels E,F), while TrkB staining was reduced in the DG subregion

(Fig 8, panels G,H).
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Fig 7. Expression of BDNF and TrkB in juvenile mouse hippocampus after antibiotic treatment-induced dysbiosis. (A, C) RT-PCR quantification of
BDNF (A) and TrkB (C) transcripts in the mouse hippocampus obtained from control (CTR, empty bars) and antibiotic treated (ABX, black bars). Values are
mean+S.E.M. of 5 experiments of the percentage variation of relative gene expression with respect to values obtained in CTR animals. The relative gene
expression was determined by comparing 224 values normalized to B-actin. (B, D) BDNF (B) and TrkB (D) protein expression levels analyzed in the
hippocampus obtained from CTR (empty bars) and ABX-treated animals (black bars). Blots representative of immunoreactive bands for TrkB and a-tubulin in
the different experimental conditions are reported on top of each panel. Samples (200 pg) were electrophoresed in SDS-8% polyacrylamide gels. Numbers at the
margins of the blots indicate relative molecular weights of the respective protein in kDa. Values are expressed as mean+S.E.M. of at least 5 experiments of the
ratio x1000 of the optical density (O.D.) of BDNF and TrkB vs o.-tubulin in CTR and in ABX-treated preparations. *P<0.05 vs CTR animals by unpaired
Student’s t test.

https://doi.org/10.1371/journal.pone.0212856.g007
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BDNF ABX TRKB CTR TRKB ABX

Fig 8. Distribution of BDNF and TrkB in juvenile hippocampus of CTR and ABX-treated mice. Fluorescence
microscopy images showing green BDNF and TrkB immunostaining in panoramic images taken from CTR (A,C) and
ABX-treated (B,D) mice, counterstained with DAPI (blue) (bars: 500 um). Panels E,F represent higher magnifications
of the CA3 subregion, showing a reduced immunostaining for BDNF (green) counterstained with DAPI (blue), in
preparations obtained from ABX-treated mice (F) with respect to CTR (E) (bars: 25 um). Higher magnification
microscopy images showing green TrkB immunostaining in the dentate gyrus (DG) subregion of CTR (G) and ABX-
treated (H) mice, counterstained with DAPI (blue) (bars: 25 um). Panels I, L, M, N represent negative controls for each
experimental group. (Bars in I, L: 500 um; bars in M, N: 50 pm).

https://doi.org/10.1371/journal.pone.0212856.g008

BDNF and TrkB mRNA and protein levels in the prefrontal cortex of
antibiotic-treated mice

In the prefrontal cortex of ABX-treated animals, BDNF and TrkB mRNA levels remained
unchanged (p = 0.489 and p = 0.844, respectively) with respect to values obtained in CTR mice
(Fig 9, panels A and C). BDNF and TrkB protein levels were also unchanged in the prefrontal
cortex of ABX-treated mice (p = 0.37 and p = 0.45, respectively) (Fig 9 panels B and D).
Immunostaining for both BDNF and TrkB in the prefrontal cortex of ABX-treated mice did
not display significant differences with respect to that observed in CTR animals (Fig 9 panels
E-F; G-H).

Discussion

In this study, we provide evidence that a 2-week antibiotic treatment carried out in juvenile
mice induces changes in the expression of BDNF and of its high affinity receptor, TrkB, in
both the ENS and CNS. However, such alterations are different along the gut-brain axis, since
BDNF and TrkB levels are up-regulated in the ENS, downregulated in the hippocampus and
unmodified in the prefrontal cortex, suggesting that dysbiosis may predispose to regionally dif-
ferentiated effects on BDNF signaling. The observed changes are closely superimposable to
BDNF alterations observed in animal models of IBS and IBS patients alike, suggesting that an
antibiotic treatment in adolescence may predispose to functional gut disorders later in life
[13,39]. A two-week course of high-dose, broad-spectrum, poorly-absorbable antibiotics is a
cost-effective model to characterize the many effects of gut dysbiosis on ENS and CNS struc-
ture and function, as shown previously by us and others [3,31,40,41]. However, we have
recently reported that ABX treatment in juvenile mice determines a marked reduction in bac-
terial loads in mouse feces [41] and, consistent with previous observations, the faded commen-
sal stimulation impacts gut neuromuscular function, brain anxiety and cognitive behaviors as
well as key neuroimmune modulators of gut-brain dialogue in a manner comparable to that
described in germ-free mice [42].
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Fig 9. Expression of BDNF and TrKB in juvenile mouse prefrontal cortex (PFC) after antibiotic treatment-
induced dysbiosis. (A, C) RT-PCR quantification of BDNF (A) and TrkB (C) transcripts in the mouse PFC obtained
from control (CTR, empty bars) and antibiotic treated (ABX, black bars). Values are mean+S.E.M. of 7 experiments of
the percentage variation of relative gene expression with respect to values obtained in CTR animals. The relative gene
expression was determined by comparing 244C values normalized to B-actin. (B, D) BDNF (B) and TrkB (D) protein
expression levels analyzed in the PFC obtained from CTR (empty bars) and ABX-treated animals (black bars). Blots
representative of immunoreactive bands for BDNF and TrkB and o-tubulin in the different experimental conditions
are reported on top of each panel. Samples (200 pg) were electrophoresed in SDS-8% polyacrylamide gels. Numbers at
the margins of the blots indicate relative molecular weights of the respective protein in kDa. Values are expressed as
mean+S.E.M. of 5 experiments of the ratio x1000 of the optical density (O.D.) of BDNF and TrKB vs o-tubulin in CTR
and in ABX-treated preparations. (E-H) Fluorescence microscopy images showing immunostaining for BDNF (green,
Panels E,F) and for TrkB (green, G,H) in the prefrontal cortex of CTR and ABX-treated mice counterstained with
DAPI (blue). Bars: 50 pm.

https://doi.org/10.1371/journal.pone.0212856.9009

In analogy with the CNS, in the ENS, BDNF is a target-derived growth factor involved in
neuronal development and survival during ontogenesis [15,43,44], but may also act as an excit-
atory neurotransmitter/neuromodulator, and is involved in the rearrangement of enteric neu-
ronal circuitries, both in physiological conditions and in disease states, such as IBS [23,25,29].
This role is consistent with the presence of BDNF and TrkB immunoreactivity in juvenile
mouse myenteric neurons, as previously demonstrated in the human and adult mouse gut
[42,45]. In the small intestine of juvenile control mice, the number of myenteric neurons stain-
ing for both BDNF and TrkB was relatively low, and increased significantly after antibiotic
treatment-induced dysbiosis. Accordingly, in mucosa-deprived intestinal wall segments of
ABX-treated mice, both BDNF and TrkB mRNA and protein levels were up-regulated.
Enhancement of BDNF and TrkB expression in the colonic muscularis propria containing the
myenteric plexus was also observed in a rat model of chronic stress, inducing IBS symptoms
[45]. We have recently demonstrated that in the juvenile mouse gut, microflora disruption is
associated with important morphological and functional changes in the ENS [29]. From this
standpoint, we cannot exclude that the increased expression of both BDNF and TrkB in the
neuromuscular compartment may contribute to neuronal adaptation to dysbiosis. This
hypothesis is strengthened by the demonstration of an augmented expression of the activated
TrkB receptor, phosphorylated at Tyr816. BDNF, by binding to TrkB induces the receptor
dimerization and autophosphorylation of tyrosine residues, including Tyr816, which is funda-
mental for BDNF-mediated structural and functional neuronal plasticity [46,47]. In the enteric
microenvironment of the human and rodent gut, epithelial mucosal cells represent an
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important non-neuronal source of BDNF, playing a paracrine role by stimulating enteric
reflexes, including peristalsis [24,25,45,48]. In the juvenile mouse small intestine mucosa, both
BDNF and TrkB mRNAs and proteins were detected and their expression was upregulated
after antibiotic treatment. High levels of BDNF and TrkB were found in the mucosal layer of
mouse and rat models of IBS [25,45] as well as in the colonic mucosa of IBS patients [39]. In
mice, intracolonic administration of fecal surnatants from IBS patients enhanced mucosal
neurotrophin release and positively correlated with increased expression of TrkB and glial
markers on mucosal enteric glial cells, which represent another source of BDNF in the gut
[25]. Animals developed visceral hypersensitivity to colorectal distension, involving activation
of an enteric glial cell-mediated connection between mucosal signals and enteric neurons via
the BDNF-TrkB signaling. In our model, upregulation of enteric glial cells markers and alter-
ations in the myenteric glial network was observed [31] suggesting the occurrence of a cross-
talk between enteric glial cells and myenteric neurons, via BDNF-TrkB signaling, also in the
small intestine of juvenile dysbiotic mice.

From a functional view point, BDNF exerts a facilitatory modulation on both motor and
sensory gut functions via TrkB activation [27,49]. Administration of either human recombi-
nant BDNF or a BDNF analog to both healthy human subjects and patients with chronic con-
stipation accelerated colonic motility and increased stool frequency [23]. In the rat colon,
endogenous BDNF favored peristalsis in a stimulus-dependent manner during mucosal strok-
ing, and this effect was significantly reduced in heterozygotic (BDNF*'") mice [24]. The excit-
atory effect of BDNF on gut motor function is mainly indirect, caused by the neurotrophin-
induced release of other excitatory neurotransmitters, such as SP and CGRP [24,45]. This indi-
rect action was substantiated by the evidence that addition of a monoclonal antibody to TrkB
could reduce SP- and CGRP-induced contractions in the mouse ileum and distal colon longi-
tudinal muscle [50]. Accordingly, in primary cultures of guinea pig myenteric plexus, BDNF
promoted synaptic vesicle cluster density, via TrkB receptor activation, and enhanced the
release of SP and CGRP [51]. In our study, as demonstrated in the rat colon [45], some popula-
tions of BDNF- or TrkB-immunoreactive myenteric neurons were also stained for SP, and
SP-containing fibers were found in close proximity of neurons expressing BDNF and TrkB
immunoreactivity. A similar co-staining was also found between subpopulations of BDNF-,
TrkB- and CGRP-immunoreactive myenteric neurons. Overall, these observations are highly
suggestive for the existence of a close interplay between the BDNF-T1kB signaling pathway
and tachykinergic and CGRP-mediated neurotransmission, also in the juvenile mouse small
intestine. The increased co-expression of BDNF and TrkB with both SP and CGRP observed
after dysbiosis, further strengthens this hypothesis, although we cannot exclude that other
neurotransmitter pathways may be related to perturbations of BDNF levels [17], such as gluta-
matergic NMDA receptors, which are highly expressed within the ENS [52,53]. Since the
tachykinergic excitatory transmission to longitudinal smooth muscle of the juvenile mice
small intestine is enhanced after chronic antibiotic treatment [29], we cannot exclude that
such facilitation may be sustained, at least in part, by BDNF and TrkB signaling up-regulation.
In agreement with this hypothesis, in a rat model of IBS, expression of endogenous BDNF and
TrkB increased, and such enhancement favoured SP-mediated contractions of colonic circular
muscle, contributing to the development of hypermotility [45].

As a neurotransmitter/neuromodulator, BDNF released from dorsal root ganglia plays a
fundamental role in the modulation of chronic pain conditions caused by peripheral inflam-
matory responses [54]. Recently, BDNF was shown to modulate visceral hypersensitivity,
which represents a crucial mechanism underlying visceral hypersensitivity in IBS. Visceral
hypersensitivity is generated from disturbances in pain perception both in higher brain regions
and in peripheral sensory pathways, including intrinsic primary afferents in the gut [52,55].
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Heterozygous BDNF*'~ mice developed lower colonic nociception under both control condi-
tions and after trinitrobenzesulfonic acid-induced colitis [29]. Enhanced BDNF expression in
the mucosa of IBS patients significantly correlated with the degree of abdominal pain and with
alterations in nerve fibers innervating the mucosa [39]. Co-localization of BDNF with CGRP,
which is a marker of primary afferent neurons in the mouse small intestine [56], indicates that
BDNF may also influence intrinsic primary afferent pathways modulating visceral sensitivity
in the juvenile mouse small intestine. Interestingly, in primary cultures of guinea pig myenteric
ganglia, BDNF is co-stored with CGRP neurons expressing the vanilloid receptor TRPV1, and
is consistent with the co-localization of BDNF and CGRP in sensory neurons of the dorsal
root ganglia [28,57].

Overall, the changes observed in enteric BDNF-TrkB signaling after antibiotic-induced
microflora depletion in the juvenile mouse small intestine share many similarities with the
alterations of BDNF signaling, previously observed in animal models of IBS and in IBS
patients. IBS is a functional GI disease, displaying comorbidity with psychiatric disorders and
is associated with anxiety and mood disorders [58]. In this study, we evaluated the occurrence
of changes in BDNF and TrkB expression in two CNS regions, such as the hippocampus and
prefrontal cortex, which are associated with development of altered behavioral patterns, stress
responses and anxiety [9,59]. Several studies suggest that the GI microbiota may influence
behavior by modulating BDNF production in the CNS. Young adult GF mice showed behav-
ioral anomalies associated with altered levels of several biomarkers, including BDNF, in the
amygdala and hippocampus and cingulate cortex [20,21]. Mice undergoing a massive antibi-
otic treatment from weaning onwards developed an altered behavioral phenotype character-
ized by impairment of cognitive functions later in life, which was paralleled by reduced BDNF
levels in the hippocampus [22]. Accordingly, in this study, the same antibiotic treatment
induced a reduction of BDNF and TrkB expression levels in the hippocampus suggesting an
overall downregulation of the neurotrophin signaling pathway in this CNS region. In particu-
lar, a marked reduction of BDNF staining was observed in the CA3 subregion, while TrkB
expression was lower in the DG subregion of dysbiotic mice. Interestingly, in a recent paper,
CA3 pyramidal hippocampal neuron activity was significantly reduced in dysbiotic mice and
correlated with reduced BDNF hippocampal levels [60]. These observations are all the more
interesting, since, alterations in both the morphology and function of hippocampal CA3 pyra-
midal and DG granular neurons, as well as changes in the hippocampal BDNF-TrkB pathway,
are associated with stress and depression [61,62]. In contrast, the antibiotic treatment did not
modify BDNF and TrkB expression in the prefrontal cortex, as suggested by both biomolecular
and immunohistochemistry data. These data may suggest that the hippocampus, more than
the prefrontal cortex, represents a target region in microbiota-mediated modulation of brain
development during adolescence [22]. Furthermore, our results suggest that changes in the
saprophytic microflora have different consequences on the regulation of BDNF expression
along the gut-brain axis. This region-specific tuning of BDNF expression may contribute to
alter specific responses in the ENS (i.e. motility and sensitivity) and in the brain, fostering the
development of GI disorders, characterized by psychiatric comorbidity ad alterations in the
gut microbiota over time, such as IBS [63].

Conclusions

In summary, the present data suggest that a dysbiosis induced by a massive antibiotic treat-
ment during adolescence may alter BDNF and TrkB expression both in the ENS and CNS,
although with different outcomes in the two nervous systems, later in life. We cannot exclude
that these molecular changes may contribute to alter specific neurotransmitter pathways,
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involved in the development of functional gut diseases, such as IBS. These results further
strengthen the concept that appropriate manipulation of the gut microbiome during adoles-
cence, may reduce the probability of developing severe disorders that could affect the gut and
the CNS later. This is all the more interesting in view of the worldwide increasing incidence of
functional gastrointestinal disorders affecting the adolescent and young population [64,65].

Acknowledgments

Dr Fabrizio Bolognese and Dr Ivan Vaghi, are kindly acknowledged for the excellent assistance
in the acquisition of confocal images. Annalisa Bosi is also gratefully acknowledged for her
contribution in performing some experiments. MB is a PhD student of the “Experimental and
Translational Medicine” Course at the University of Insubria and NB is a PhD student of the
“Biotechnology, Biosciences and Surgical Technology” Course at the University of Insubria.

Author Contributions
Conceptualization: Valentina Caputi, Alessia Pascale, Maria Cecilia Giron, Cristina Giaroni.

Data curation: Michela Bistoletti, Valentina Caputi, Annalisa Grimaldi, Maria Cecilia Giron,
Cristina Giaroni.

Formal analysis: Michela Bistoletti, Valentina Caputi, Nicolo Baranzini, Nicoletta Marchesi,
Viviana Filpa, Ilaria Marsilio, Silvia Cerantola, Alessia Pascale, Cristina Giaroni.

Funding acquisition: Genciana Terova, Andreina Baj, Francesca Crema, Maria Cecilia Giron,
Cristina Giaroni.

Investigation: Michela Bistoletti, Valentina Caputi, Nicolo Baranzini, Nicoletta Marchesi,
Viviana Filpa, Ilaria Marsilio, Silvia Cerantola, Annalisa Grimaldi, Alessia Pascale, Maria
Cecilia Giron.

Methodology: Michela Bistoletti, Valentina Caputi, Nicolo Baranzini, Nicoletta Marchesi,
Viviana Filpa, Ilaria Marsilio, Silvia Cerantola, Annalisa Grimaldi, Alessia Pascale, Maria
Cecilia Giron, Cristina Giaroni.

Project administration: Maria Cecilia Giron, Cristina Giaroni.

Resources: Genciana Terova, Andreina Baj, Francesca Crema, Maria Cecilia Giron, Cristina
Giaroni.

Supervision: Valentina Caputi, Maria Cecilia Giron, Cristina Giaroni.

Validation: Michela Bistoletti, Valentina Caputi, Nicolo Baranzini, Nicoletta Marchesi, Vivi-
ana Filpa, Ilaria Marsilio, Silvia Cerantola, Andreina Baj, Annalisa Grimaldi, Alessia Pas-
cale, Gianmario Frigo, Francesca Crema, Maria Cecilia Giron, Cristina Giaroni.

Visualization: Michela Bistoletti, Valentina Caputi, Nicolo Baranzini, Nicoletta Marchesi,
Viviana Filpa, Ilaria Marsilio, Silvia Cerantola, Genciana Terova, Andreina Baj, Annalisa
Grimaldi, Alessia Pascale, Gianmario Frigo, Francesca Crema, Maria Cecilia Giron, Cris-
tina Giaroni.

Writing - original draft: Cristina Giaroni.

Writing - review & editing: Michela Bistoletti, Valentina Caputi, Genciana Terova, Andreina
Baj, Annalisa Grimaldi, Alessia Pascale, Gianmario Frigo, Francesca Crema, Maria Cecilia
Giron, Cristina Giaroni.

PLOS ONE | https://doi.org/10.1371/journal.pone.0212856  February 22, 2019 16/20


https://doi.org/10.1371/journal.pone.0212856

®PLOS | one

Dysbiosis upregulates BDNF and TrkB expression in adolescent mice gut

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Sender R, Fuchs S, Milo R. Revised Estimates for the Number of Human and Bacteria Cells in the
Body. PLoS Biol. 2016; 14(8): €1002533. https://doi.org/10.1371/journal.pbio.1002533 PMID:
27541692

Anitha M, Vijay-Kumar M, Sitaraman SV, Gewirtz AT, Srinivasan S. Gut microbial products regulate
murine gastrointestinal motility via toll-like receptor 4 signaling. Gastroenterology. 2012; 143(4): 1006—
1016. https://doi.org/10.1053/j.gastro.2012.06.034 PMID: 22732731

Brun P, Giron MC, Qesari M, Porzionato A, Caputi V, Zoppellaro C, et al. Toll-like receptor 2 regulates
intestinal inflammation by controlling integrity of the enteric nervous system. Gastroenterology. 2013;
145(6): 1323-1333. https://doi.org/10.1053/j.gastro.2013.08.047 PMID: 23994200

Hyland NP, Cryan JF. Microbe-host interactions: Influence of the gut microbiota on the enteric nervous
system. Dev Biol. 2016; 417(2): 182—187. https://doi.org/10.1016/j.ydbio.2016.06.027 PMID: 27343895

Rhee SH, Pothoulakis C, Mayer EA. Principles and clinical implications of the brain-gut-enteric micro-
biota axis. Nat Rev Gastroenterol Hepatol. 2009; 6(5): 306—314. https://doi.org/10.1038/nrgastro.2009.
35 PMID: 19404271

Capuiti V, Giron MC. Microbiome-Gut-Brain Axis and Toll-Like Receptors in Parkinson’s Disease. Int J
Mol Sci. 2018; 19(6): pii: E1689.

Kabouridis PS, Pachnis V. Emerging roles of gut microbiota and the immune system in the development
of the enteric nervous system. J Clin Invest. 2015; 125(3): 956—964. https://doi.org/10.1172/JCI76308
PMID: 25729852

Cryan JF, Dinan TG. Mind-altering microorganisms: The impact of the gut microbiota on brain and
behaviour. Nat Rev Neurosci. 2012; 13(10): 701-712. https://doi.org/10.1038/nrn3346 PMID:
22968153

Foster JA, Rinaman L, Cryan JF. Stress & the gut-brain axis: Regulation by the microbiome. Neurobiol
Stress. 2017; 7: 124—136. https://doi.org/10.1016/j.ynstr.2017.03.001 PMID: 29276734

Giaroni C. Purinergic signalling and development of the autonomic nervous system. Auton Neurosci
Basic Clin. 2015; 191: 67-77.

Paus T, Keshavan M, Giedd JN. Why do many psychiatric disorders emerge during adolescence? Nat
Rev Neurosci. 2008; 9(12): 947-957. https://doi.org/10.1038/nrn2513 PMID: 19002191

Borre YE, O’Keeffe GW, Clarke G, Stanton C, Dinan TG, Cryan JF. Microbiota and neurodevelopmental
windows: implications for brain disorders. Trends Mol Med. 2014; 20(9): 509-518. https://doi.org/10.
1016/j.molmed.2014.05.002 PMID: 24956966

Moloney RD, Desbonnet L, Clarke G, Dinan TG, Cryan JF. The microbiome: Stress, health and dis-
ease. Mamm Genome. 2014; 25(1-2): 49-74. https://doi.org/10.1007/s00335-013-9488-5 PMID:
24281320

Park H, Poo M-M. Neurotrophin regulation of neural circuit development and function. Nat Rev Neu-
rosci. 2013; 14(1): 7-23. https://doi.org/10.1038/nrn3379 PMID: 23254191

Von Boyen GBT, Reinshagen M, Steinkamp M, Adler G, Kirsch J. Enteric nervous plasticity and devel-
opment: Dependence on neurotrophic factors. J Gastroenterol. 2002; 37(8): 583-588. https://doi.org/
10.1007/s005350200093 PMID: 12203072

Autry AE, Monteggia LM. Brain-derived neurotrophic factor and neuropsychiatric disorders. Pharmacol
Rev. 2012; 64(2): 238—-258. https://doi.org/10.1124/pr.111.005108 PMID: 22407616

Lima Giacobbo B, Doorduin J, Klein HC, Dierckx RAJO, Bromberg E, de Vries EFJ. Brain-Derived Neu-
rotrophic Factor in Brain Disorders: Focus on Neuroinflammation. Mol Neurobiol. 2018; Forthcoming;

Magsood R, Stone TW. The Gut-Brain Axis, BDNF, NMDA and CNS Disorders. Neurochem Res. 2016;
41(11): 2819-2835. https://doi.org/10.1007/s11064-016-2039-1 PMID: 27553784

Sudo N, Chida Y, Aiba Y, Sonoda J, Oyama N, Yu X-N, et al. Postnatal microbial colonization programs
the hypothalamic-pituitary-adrenal system for stress response in mice. J Physiol. 2004; 558(1): 263—
275.

Bercik P, Denou E, Collins J, Jackson W, Lu J, Jury J, et al. The intestinal microbiota affect central levels
of brain-derived neurotropic factor and behavior in mice. Gastroenterology. 2011; 141(2): 599—-609.
https://doi.org/10.1053/j.gastro.2011.04.052 PMID: 21683077

Heijtz RD, Wang S, Anuar F, Qian Y, Bjérkholm B, Samuelsson A, et al. Normal gut microbiota modu-
lates brain development and behavior. Proc Natl Acad Sci U S A. 2011; 108(7): 3047—-3052. https://doi.
org/10.1073/pnas.1010529108 PMID: 21282636

Desbonnet L, Clarke G, Traplin A, O’Sullivan O, Crispie F, Moloney RD, et al. Gut microbiota depletion
from early adolescence in mice: Implications for brain and behaviour. Brain Behav Immun. 2015; 48:
165—-173. https://doi.org/10.1016/j.bbi.2015.04.004 PMID: 25866195

PLOS ONE | https://doi.org/10.1371/journal.pone.0212856  February 22, 2019 17/20


https://doi.org/10.1371/journal.pbio.1002533
http://www.ncbi.nlm.nih.gov/pubmed/27541692
https://doi.org/10.1053/j.gastro.2012.06.034
http://www.ncbi.nlm.nih.gov/pubmed/22732731
https://doi.org/10.1053/j.gastro.2013.08.047
http://www.ncbi.nlm.nih.gov/pubmed/23994200
https://doi.org/10.1016/j.ydbio.2016.06.027
http://www.ncbi.nlm.nih.gov/pubmed/27343895
https://doi.org/10.1038/nrgastro.2009.35
https://doi.org/10.1038/nrgastro.2009.35
http://www.ncbi.nlm.nih.gov/pubmed/19404271
https://doi.org/10.1172/JCI76308
http://www.ncbi.nlm.nih.gov/pubmed/25729852
https://doi.org/10.1038/nrn3346
http://www.ncbi.nlm.nih.gov/pubmed/22968153
https://doi.org/10.1016/j.ynstr.2017.03.001
http://www.ncbi.nlm.nih.gov/pubmed/29276734
https://doi.org/10.1038/nrn2513
http://www.ncbi.nlm.nih.gov/pubmed/19002191
https://doi.org/10.1016/j.molmed.2014.05.002
https://doi.org/10.1016/j.molmed.2014.05.002
http://www.ncbi.nlm.nih.gov/pubmed/24956966
https://doi.org/10.1007/s00335-013-9488-5
http://www.ncbi.nlm.nih.gov/pubmed/24281320
https://doi.org/10.1038/nrn3379
http://www.ncbi.nlm.nih.gov/pubmed/23254191
https://doi.org/10.1007/s005350200093
https://doi.org/10.1007/s005350200093
http://www.ncbi.nlm.nih.gov/pubmed/12203072
https://doi.org/10.1124/pr.111.005108
http://www.ncbi.nlm.nih.gov/pubmed/22407616
https://doi.org/10.1007/s11064-016-2039-1
http://www.ncbi.nlm.nih.gov/pubmed/27553784
https://doi.org/10.1053/j.gastro.2011.04.052
http://www.ncbi.nlm.nih.gov/pubmed/21683077
https://doi.org/10.1073/pnas.1010529108
https://doi.org/10.1073/pnas.1010529108
http://www.ncbi.nlm.nih.gov/pubmed/21282636
https://doi.org/10.1016/j.bbi.2015.04.004
http://www.ncbi.nlm.nih.gov/pubmed/25866195
https://doi.org/10.1371/journal.pone.0212856

®PLOS | one

Dysbiosis upregulates BDNF and TrkB expression in adolescent mice gut

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Coulie B, Szarka LA, Camilleri M, Burton DD, McKinzie S, Stambler N, et al. Recombinant human neu-
rotrophic factors accelerate colonic transit and relieve constipation in humans. Gastroenterology. 2000;
119(1): 41-50. PMID: 10889153

Grider JR, Piland BE, Gulick MA, Qiao LY. Brain-derived neurotrophic factor augments peristalsis by
augmenting 5-HT and calcitonin gene-related peptide release. Gastroenterology. 2006; 130(3): 771—
780. https://doi.org/10.1053/j.gastro0.2005.12.026 PMID: 16530518

Wang P, Du C, Chen F-X, Li C-Q, Yu Y-B, Han T, et al. BDNF contributes to IBS-like colonic hypersensi-
tivity via activating the enteroglia-nerve unit. Sci Rep. 2016; 6: 20230. https://doi.org/10.1038/
srep20230

Brun P, Gobbo S, Caputi V, Spagnol L, Schirato G, Pasqualin M, et al. Toll like receptor-2 regulates pro-
duction of glial-derived neurotrophic factors in murine intestinal smooth muscle cells. Mol Cell Neurosci.
2015; 68: 24-35. https://doi.org/10.1016/j.mcn.2015.03.018 PMID: 25823690

ChenF, YuY, Wang P, Dong Y, Wang T, Zuo X, et al. Brain-derived neurotrophic factor accelerates gut
motility in slow-transit constipation. Acta Physiol. 2014; 212(3): 226-238.

Grider JR, Piland BE. The peristaltic reflex induced by short-chain fatty acids is mediated by sequential
release of 5-HT and neuronal CGRP but not BDNF. Am J Physiol—Gastrointest Liver Physiol. 2007;
292(1): G429-G437. https://doi.org/10.1152/ajpgi.00376.2006 PMID: 16973914

YangJ, YuY, YuH, Zuo X, Liu C, Gao L, et al. The role of brain-derived neurotrophic factor in experi-
mental inflammation of mouse gut. Eur J Pain. 2010; 14(6): 574-579. https://doi.org/10.1016/j.ejpain.
2009.10.007 PMID: 19932037

Aguirre JE, Winston JH, Sarna SK. Neonatal immune challenge followed by adult immune challenge
induces epigenetic-susceptibility to aggravated visceral hypersensitivity. Neurogastroenterol Motil.
2017;29(9): 13081.

Caputi V, Marsilio |, Filpa V, Cerantola S, Orso G, Bistoletti M, et al. Antibiotic-induced dysbiosis of the
microbiota impairs gut neuromuscular function in juvenile mice. Br J Pharmacol. 2017; 174(20): 3623—
3639. https://doi.org/10.1111/bph.13965 PMID: 28755521

Filpa V, Bistoletti M, Caon I, Moro E, Grimaldi A, Moretto P, et al. Changes in hyaluronan deposition in
the rat myenteric plexus after experimentally-induced colitis. SciRep 2017; 7: 17644.

Ceccotti C, Giaroni C, Bistoletti M, Viola M, Crema F, Terova G. Neurochemical characterization of
myenteric neurons in the juvenile gilthead sea bream (Sparus aurata) intestine. PLoS One. 2018; 13(8):
€0201760. https://doi.org/10.1371/journal.pone.0201760 PMID: 30075006

Giaroni C, Zanetti E, Giuliani D, Oldrini R, Marchet S, Moro E, et al. Protein kinase C modulates NMDA
receptors in the myenteric plexus of the guinea pig ileum during in vitro ischemia and reperfusion. Neu-
rogastroenterol Motil. 2011; 23(2): €91-103. https://doi.org/10.1111/j.1365-2982.2010.01644.x PMID:
21159064

Salio C, Averill S, Priestley JV, Merighi A. Costorage of BDNF and neuropeptides within individual
dense-core vesicles in central and peripheral neurons. Dev Neurobiol. 2007; 67(3): 326—338. https://
doi.org/10.1002/dneu.20358 PMID: 17443791

Bin A, Caputi V, Bistoletti M, Montopoli M, Colucci R, Antonioli L, et al. The ecto-enzymes CD73 and
adenosine deaminase modulate 5'-AMP-derived adenosine in myofibroblasts of the rat small intestine.
Purinergic Signal. 2018; 14(4):409-421. https://doi.org/10.1007/s11302-018-9623-6 PMID: 30269308

Filpa V, Carpanese E, Marchet S, Pirrone C, Conti A, Rainero A, et al. Nitric oxide regulates homeopro-
tein OTX1 and OTX2 expression in the rat myenteric plexus after intestinal ischemia-reperfusion injury.
Am J Physiol—Gastrointest Liver Physiol. 2017; 312(4): G374—G389. https://doi.org/10.1152/ajpgi.
00386.2016 PMID: 28154013

Wessels JM, Wu L, Leyland NA, Wang H, Foster WG. The brain-uterus connection: Brain Derived Neu-
rotrophic Factor (BDNF) and its receptor (Ntrk2) are conserved in the mammalian uterus. PLoS One.
2014; 9(4): e94036.

Yu Y-B, Zuo X-L, Zhao Q-J, Chen F-X, Yang J, Dong Y-Y, et al. Brain-derived neurotrophic factor con-
tributes to abdominal pain in irritable bowel syndrome. Gut. 2012; 61(5):685-694. https://doi.org/10.
1136/gutjnl-2011-300265 PMID: 21997550

Reikvam DH, Erofeev A, Sandvik A, Grcic V, Jahnsen FL, Gaustad P, et al. Depletion of murine intesti-
nal microbiota: effects on gut mucosa and epithelial gene expression. PLoS One. 2011; 6(3):e17996.
https://doi.org/10.1371/journal.pone.0017996 PMID: 21445311

Ubeda C, Pamer EG. Antibiotics, microbiota, and immune defense. Trends Immunol. 2012; 33(9): 459—
466. https://doi.org/10.1016/}.it.2012.05.003 PMID: 22677185

Champagne-Jorgensen K, Kunze WA, Forsythe P, Bienenstock J, McVey Neufeld KA. Antibiotics and
the nervous system: More than just the microbes? Brain Behav Immun. 2018 Dec 21. pii: S0889-1591
(18)30568-3. https://doi.org/10.1016/j.bbi.2018.12.014 PMID: 30582961

PLOS ONE | https://doi.org/10.1371/journal.pone.0212856  February 22, 2019 18/20


http://www.ncbi.nlm.nih.gov/pubmed/10889153
https://doi.org/10.1053/j.gastro.2005.12.026
http://www.ncbi.nlm.nih.gov/pubmed/16530518
https://doi.org/10.1038/srep20230
https://doi.org/10.1038/srep20230
https://doi.org/10.1016/j.mcn.2015.03.018
http://www.ncbi.nlm.nih.gov/pubmed/25823690
https://doi.org/10.1152/ajpgi.00376.2006
http://www.ncbi.nlm.nih.gov/pubmed/16973914
https://doi.org/10.1016/j.ejpain.2009.10.007
https://doi.org/10.1016/j.ejpain.2009.10.007
http://www.ncbi.nlm.nih.gov/pubmed/19932037
https://doi.org/10.1111/bph.13965
http://www.ncbi.nlm.nih.gov/pubmed/28755521
https://doi.org/10.1371/journal.pone.0201760
http://www.ncbi.nlm.nih.gov/pubmed/30075006
https://doi.org/10.1111/j.1365-2982.2010.01644.x
http://www.ncbi.nlm.nih.gov/pubmed/21159064
https://doi.org/10.1002/dneu.20358
https://doi.org/10.1002/dneu.20358
http://www.ncbi.nlm.nih.gov/pubmed/17443791
https://doi.org/10.1007/s11302-018-9623-6
http://www.ncbi.nlm.nih.gov/pubmed/30269308
https://doi.org/10.1152/ajpgi.00386.2016
https://doi.org/10.1152/ajpgi.00386.2016
http://www.ncbi.nlm.nih.gov/pubmed/28154013
https://doi.org/10.1136/gutjnl-2011-300265
https://doi.org/10.1136/gutjnl-2011-300265
http://www.ncbi.nlm.nih.gov/pubmed/21997550
https://doi.org/10.1371/journal.pone.0017996
http://www.ncbi.nlm.nih.gov/pubmed/21445311
https://doi.org/10.1016/j.it.2012.05.003
http://www.ncbi.nlm.nih.gov/pubmed/22677185
https://doi.org/10.1016/j.bbi.2018.12.014
http://www.ncbi.nlm.nih.gov/pubmed/30582961
https://doi.org/10.1371/journal.pone.0212856

®PLOS | one

Dysbiosis upregulates BDNF and TrkB expression in adolescent mice gut

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Hoehner JC, Wester T, Pahiman S, Olsen L. Localization of neurotrophins and their high-affinity recep-
tors during human enteric nervous system development. Gastroenterology. 1996; 110(3): 756—767.
PMID: 8608885

Lewin GR, Barde Y-A. Physiology of the neurotrophins. Ann Rev Neurosci. 1996; 19: 289-317. https://
doi.org/10.1146/annurev.ne.19.030196.001445 PMID: 8833445

Quan X, Luo H, Fan H, Tang Q, Chen W, Cui N, et al. Brain-Derived Neurotrophic Factor Contributes to
Colonic Hypermotility in a Chronic Stress Rat Model. Dig Dis Sci. 2015; 60(8): 2316—2326. https://doi.
0rg/10.1007/s10620-015-3695-8 PMID: 25963324

Lai KO, Wong AS, Cheung MC, Xu P, Liang Z, Lok KC, et al. TrkB phosphorylation by Cdk5 is required
for activity-dependent structural plasticity and spatial memory. Nat Neurosci. 2012; 15(11): 1506—1515.
https://doi.org/10.1038/nn.3237 PMID: 23064382

Minichiello L, Calella AM, Medina DL, Bonhoeffer T, Kein R, Korte M. Mechanism of trkB-mediated hip-
pocampal long-term potentiation. Neuron, 2002; 36: 121-137. PMID: 12367511

Lommatzsch M, Braun A, Mannsfeldt A, Botchkarev VA, Botchkareva NV, Paus R, et al. Abundant pro-
duction of brain-derived neurotrophic factor by adult visceral epithelia: Implications for paracrine and tar-
get-derived neurotrophic functions. Am J Pathol. 1999; 155(4): 1183-1193. https://doi.org/10.1016/
S0002-9440(10)65221-2 PMID: 10514401

Murphy MC, Fox EA. Mice deficient in brain-derived neurotrophic factor have altered development of
gastric vagal sensory innervation. J Comp Neurol. 2010; 518(15): 2934—-2951. https://doi.org/10.1002/
cne.22372 PMID: 20533354

Chen F-X, Yu Y-B, Yuan X-M, Zuo X-L, Li Y-Q. Brain-derived neurotrophic factor enhances the contrac-
tion of intestinal muscle strips induced by SP and CGRP in mice. Regul Pept. 2012; 178(1-3): 86-94.
https://doi.org/10.1016/j.regpep.2012.07.001 PMID: 22800960

Boesmans W, Gomes P, Janssens J, Tack J, Vanden Berghe P. Brain-derived neurotrophic factor
amplifies neurotransmitter responses and promotes synaptic communication in the enteric nervous sys-
tem. Gut. 2008; 57(3): 314-322. https://doi.org/10.1136/gut.2007.131839 PMID: 17965066

Carpanese E, Moretto P, Filpa V, Marchet S, Moro E, Crema F, et al. Antagonism of ionotropic gluta-
mate receptors attenuates chemical ischemia-induced injury in rat primary cultured myenteric ganglia.
PLoS One. 2014; 9(11): e113613. https://doi.org/10.1371/journal.pone.0113613 PMID: 25419700

Filpa V, Moro E, Protasoni M, Crema F, Frigo G, Giaroni C. Role of glutamatergic neurotransmission in
the enteric nervous system and brain-gut axis in health and disease. Neuropharmacology. 2016; 111:
14-33. https://doi.org/10.1016/j.neuropharm.2016.08.024 PMID: 27561972

Xia C-M, Gulick MA, Yu SJ, Grider JR, Murthy KS, Kuemmerle JF, et al. Up-regulation of brain-derived
neurotrophic factor in primary afferent pathway regulates colon-to-bladder cross-sensitization in rat. J
Neuroinflammation. 2012; 9: 30. https://doi.org/10.1186/1742-2094-9-30 PMID: 22335898

Farzaei MH, Bahramsoltani R, Abdollahi M, Rahimi R. The role of visceral hypersensitivity in irritable
bowel syndrome: Pharmacological targets and novel treatments. J Neurogastroenterol Motil. 2016; 22
(4): 558-574. https://doi.org/10.5056/jnm16001 PMID: 27431236

Qu Z-D, Thacker M, Castelucci P, Bagyanszki M, Epstein ML, Furness JB. Immunohistochemical anal-
ysis of neuron types in the mouse small intestine. Cell Tissue Res. 2008; 334(2): 147-161. https://doi.
org/10.1007/s00441-008-0684-7 PMID: 18855018

Luo X-G, Rush RA, Zhou X-F. Ultrastructural localization of brain-derived neurotrophic factor in rat pri-
mary sensory neurons. Neurosci Res. 2001; 39(4): 377-384. PMID: 11274736

Enck P, Aziz Q, Barbara G, Farmer AD, Fukudo S, Mayer EA, et al. Irritable bowel syndrome. Nat Rev
Dis Prim. 2016; 2: 1-24.

Wellman CL, Moench KM. Preclinical studies of stress, extinction, and prefrontal cortex: intriguing leads
and pressing questions. Psychopharmacology (Berl). 2018; [Forthcoming].

Guida F, Turco F, lannotta M, De Gregorio D, Palumbo I, Sarnelli G, et al. Antibiotic-induced microbiota
perturbation causes gut endocannabinoidome changes, hippocampal neuroglial reorganization and
depression in mice. Brain Behav Immun. 2018; 67: 230—245. https://doi.org/10.1016/j.bbi.2017.09.001
PMID: 28890155

Deltheil T, Guiard BP, Cerdan J, David DJ, Tanaka KF, Repérant C, et al. Behavioral and serotonergic
consequences of decreasing or increasing hippocampus brain-derived neurotrophic factor protein lev-
els in mice. Neuropharmacology. 2008; 55(6):1006—1014. https://doi.org/10.1016/j.neuropharm.2008.
08.001 PMID: 18761360

Duman RS, Malberg J, Nakagawa S. Regulation of adult neurogenesis by psychotropic drugs and
stress. J Pharmacol Exp Ther. 2001; 299(2): 401-407. PMID: 11602648

Matt6 J, Maunuksela L, Kajander K, Palva A, Riitta Korpela, Anna Kassinen, et al. Composition and
temporal stability of gastrointestinal microbiota in irritable bowel syndrome—A longitudinal study in IBS

PLOS ONE | https://doi.org/10.1371/journal.pone.0212856  February 22, 2019 19/20


http://www.ncbi.nlm.nih.gov/pubmed/8608885
https://doi.org/10.1146/annurev.ne.19.030196.001445
https://doi.org/10.1146/annurev.ne.19.030196.001445
http://www.ncbi.nlm.nih.gov/pubmed/8833445
https://doi.org/10.1007/s10620-015-3695-8
https://doi.org/10.1007/s10620-015-3695-8
http://www.ncbi.nlm.nih.gov/pubmed/25963324
https://doi.org/10.1038/nn.3237
http://www.ncbi.nlm.nih.gov/pubmed/23064382
http://www.ncbi.nlm.nih.gov/pubmed/12367511
https://doi.org/10.1016/S0002-9440(10)65221-2
https://doi.org/10.1016/S0002-9440(10)65221-2
http://www.ncbi.nlm.nih.gov/pubmed/10514401
https://doi.org/10.1002/cne.22372
https://doi.org/10.1002/cne.22372
http://www.ncbi.nlm.nih.gov/pubmed/20533354
https://doi.org/10.1016/j.regpep.2012.07.001
http://www.ncbi.nlm.nih.gov/pubmed/22800960
https://doi.org/10.1136/gut.2007.131839
http://www.ncbi.nlm.nih.gov/pubmed/17965066
https://doi.org/10.1371/journal.pone.0113613
http://www.ncbi.nlm.nih.gov/pubmed/25419700
https://doi.org/10.1016/j.neuropharm.2016.08.024
http://www.ncbi.nlm.nih.gov/pubmed/27561972
https://doi.org/10.1186/1742-2094-9-30
http://www.ncbi.nlm.nih.gov/pubmed/22335898
https://doi.org/10.5056/jnm16001
http://www.ncbi.nlm.nih.gov/pubmed/27431236
https://doi.org/10.1007/s00441-008-0684-7
https://doi.org/10.1007/s00441-008-0684-7
http://www.ncbi.nlm.nih.gov/pubmed/18855018
http://www.ncbi.nlm.nih.gov/pubmed/11274736
https://doi.org/10.1016/j.bbi.2017.09.001
http://www.ncbi.nlm.nih.gov/pubmed/28890155
https://doi.org/10.1016/j.neuropharm.2008.08.001
https://doi.org/10.1016/j.neuropharm.2008.08.001
http://www.ncbi.nlm.nih.gov/pubmed/18761360
http://www.ncbi.nlm.nih.gov/pubmed/11602648
https://doi.org/10.1371/journal.pone.0212856

®PLOS | one

Dysbiosis upregulates BDNF and TrkB expression in adolescent mice gut

and control subjects. FEMS Immunol Med Microbiol. 2005; 43(2): 213-222. https://doi.org/10.1016/j.
femsim.2004.08.009 PMID: 15747442

64. Olén O, Stephansson O, Backman A-S, Térnblom H, Simrén M, Altman M. Pre- and perinatal stress
and irritable bowel syndrome in young adults—A nationwide register-based cohort study. Neurogas-
troenterol Motil. 2018; 30(11): e13436. https://doi.org/10.1111/nmo.13436 PMID: 30084125

65. Pawlowska K, Umtawska W, lwanczak B. A Link between Nutritional and Growth States in Pediatric
Patients with Functional Gastrointestinal Disorders. J Pediatr. 2018; 199:171-177. https://doi.org/10.
1016/j.jpeds.2018.02.069 PMID: 29709346

PLOS ONE | https://doi.org/10.1371/journal.pone.0212856  February 22, 2019 20/20


https://doi.org/10.1016/j.femsim.2004.08.009
https://doi.org/10.1016/j.femsim.2004.08.009
http://www.ncbi.nlm.nih.gov/pubmed/15747442
https://doi.org/10.1111/nmo.13436
http://www.ncbi.nlm.nih.gov/pubmed/30084125
https://doi.org/10.1016/j.jpeds.2018.02.069
https://doi.org/10.1016/j.jpeds.2018.02.069
http://www.ncbi.nlm.nih.gov/pubmed/29709346
https://doi.org/10.1371/journal.pone.0212856

