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ARTICLE INFO ABSTRACT

Keywords: Neuroinflammation can severely affect brain homeostasis and adult hippocampal neurogenesis with detrimental
Probiotic effects on cognitive processes. Brain and gut are intimately connected via the “gut-brain axis”, a bidirectional
Neurogenesis communication system, and the administration of live bacteria (probiotics) has been shown to represent an
Behavior R . N

Gut-braln axis intriguing approach for the prevention or even the cure of several diseases. In the present study we evaluated the
Inflammation putative neuroprotective effect of 15-days consumption of a multi-strain probiotic formulation based on food-

LPS associated strains and human gut bacteria at the dose of 10° CFU/mouse/day in a mouse model of acute
inflammation, induced by an intraperitoneal single injection of LPS (0.1 mg/kg) at the end of probiotic
administration. The results indicate that the prolonged administration of the multi-strain probiotic formulation
not only prevents the LPS-dependent increase of pro-inflammatory cytokines in specific regions of the brain
(hippocampus and cortex) and in the gastrointestinal district but also triggers a potent proneurogenic response
capable of enhancing hippocampal neurogenesis. This effect is accompanied by a potentiation of intestinal
barrier, as documented by the increased epithelial junction expression in the colon. Our hypothesis is that pre-
treatment with the multi-strain probiotic formulation helps to create a systemic protection able to counteract or
alleviate the effects of LPS-dependent acute pro-inflammatory responses.

1. Introduction neurogenesis is particularly affected by neuroinflammation [6,7]. The

hippocampal structure represents the main brain region responsible for

Neuroinflammation is a physiological response of brain cells to
damage-associated neurodegenerative diseases, injury or infection
aimed at preserving homeostasis and repairing the tissue [1-3].
Following acute inflammation, circulating pro-inflammatory cytokines
promote a constellation of neurochemical and hormonal changes,
resulting in profound effects on motivational states, mood (depression
and anxiety disorders) and cognitive functions (impairments in learning
and memory) [4,5]. Among the brain processes, hippocampal adult

the formation and consolidation of new memories, with the pivotal
contribution of adult hippocampal neurogenesis, which provides a
continuous supply of new neurons and neuroplasticity throughout life
[8-10]. Adult neurogenesis is a cell-based form of neuronal plasticity
consisting in a life-long production of new neurons in specific brain
region of adult mammals, the dentate gyrus of hippocampus and the
subventricular zone [8,11,12]. Adult hippocampal neurogenesis has
been identified in rodents [13-17], non-human primates [15,18] and
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humans [19,20].

Inflammatory responses strongly reduce adult neurogenesis and
hippocampal homeostasis, with detrimental effects on learning and
memory processes [3].

Mounting evidence suggests a direct link between the brain and
gastrointestinal function. Brain and gut are intimately connected via the
“gut-microbiota-brain axis”, which is a bidirectional communication
system involved in neuronal and humoral mechanisms [21]. The mod-
ulation of microbiota through administration of live bacteria (pro-
biotics) could be an intriguing approach for the prevention or even cure
of some diseases. The emerging evidence that some bacteria may have
positive mental health benefit (psychobiotic) is attracting the attention
of many researchers.

According to Sarkar et al. [22], psychobiotics are beneficial bacteria
(probiotics) or support for such bacteria (prebiotics) that influence
bacteria-brain relationships. Among bacterial strains showing psycho-
biotic properties, several belong to the species B. animalis subsp. lactis,
B. breve, Lactobacillus acidophilus, L. helveticus, L. paracasei, L. plantarum,
Streptococcus thermophilus [22-24]. During the last two decades, pro-
biotic consumption has been linked with positive changes in neural
activity in specific brain areas involved in mood, cognition and
emotional processing [25,26]. Moreover, specific probiotics have been
shown to reduce the levels of pro-inflammatory cytokines such as
interleukin-1 (IL-1), IL-6 or tumor necrosis alpha (TNF-a) [27,28], often
associated with certain psychiatric disorders [29,30]. Thus, these evi-
dences strongly suggest that the immune-modulatory role of probiotics
may be crucial to alleviate and/or counteract inflammation-related
brain deficits. Notably, mice treated with a single, peripheral dose of
Lipopolysaccharide (LPS) from Gram-negative bacteria, display evident
signs of neuro-inflammation and “sickness behaviour” [31,32]. A recent
study demonstrated that a probiotic mixture is able to beneficially affect
brain function in the context of LPS-dependent inflammation occurring
within the body [33].

Based on these evidences, here we tested the potential of a new
multi-strain formulation (OttaBac®) to prevent or attenuate the acute,
low-grade systemic inflammation induced by injection of the bacterial
toxin LPS. OttaBac® is a multi-strain formulation which is a blend of 8
strains belonging to the above species [34,35].

In this study, mice were gavaged with OttaBac® at the dose of 10°
CFU/mouse/day for a period of 15 days [36-38] before a single intra-
peritoneal (i.p.) injection of low dose of LPS (0.1 mg/kg). We sacrificed
the animal after 2 and 24 hours from LPS treatment and analyzed a
putative neuroprotective effect of OttaBac® administration by evalu-
ating physiological and behavioral changes, proliferation and differen-
tiation of the new neurons within the hippocampal dentate gyrus, the
neuroinflammatory response, the modifications of intestinal perme-
ability and of the inflammatory state in OttaBac® versus
vehicle-administered mice.

2. Material and methods
2.1. Animals

Mice (C57BL/6 J, males, 8 weeks old) were used for all studies
(Charles River Laboratory). All efforts were made to minimize animal
suffering and to reduce the number of mice used, in accordance with the
European Union Directive of September 22, 2010 (2010/63/EU). All
experiments were approved by the Italian Ministry of Health (Legislative
Decree Nr. 549/2020-PR).

2.2. The multi strain probiotic product OttaBac®

OttaBac® is a probiotic mixture containing eight live, freeze-dried
bacterial strains: Bifidobacterium animalis subsp. lactis BLO3, B. animalis
subsp. lactis BI04, B. breve BB02, L. acidophilus BAO5, L. helveticus BD08,
Lcb. paracasei BPO7, Lpb. plantarum BP06, and Streptococcus thermophilus
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BTO1. According to the recent reclassification of the genus Lactobacillus,
Lactobacillus paracasei has been reclassified as Lacticaseibacillus (Lcb.)
paracasei and Lactobacillus plantarum has been reclassified as Lacti-
plantibacillus (Lpb.) plantarum [39]. The new taxonomic nomenclature
will be therefore applied in this study.

2.3. Evaluation of OttaBac® microbiological quality

The detailed description of the methods analyzing the microbiolog-
ical quality of OttaBac® (total cells quantification and microbial
composition) is reported in Supplementary Material.

2.4. Experimental protocol

The animals were group-housed (3 mice/cage) with temperature
(22-23 °C) and humidity (60 + 5%) controlled, under a 12:12 h light/
dark cycle, with food and water freshly available throughout the study.
Male mice were used to have consistency with previous behavioral
studies using probiotics [40-42].

Animals were randomly assigned to the following groups:

- Saline-injected mice pre-treated with placebo (Control Group, n =
12)

- Saline-injected mice pre-treated with OttaBac® (OB Group, n = 12)

- LPS-injected mice pre-treated with placebo (LPS Group, n = 12)

- LPS-injected mice pre-treated with OttaBac® (OB-LPS Group, n =
12)

Mice were orally gavaged with OttaBac® (10° CFU/mouse), or pla-
cebo in vehicle (100 pl) for 15 days. On day 16, mice were randomly
separated into two groups (n = 24 mice each) and intraperitoneally (i.p.)
injected respectively with LPS (0.1 mg/kg dissolved in saline) or saline.

All mice were subjected to behavioral test 90 minutes after LPS or
saline injection, at the end of which (at 2 hours post LPS) four groups of
mice (n = 6 per group) were euthanized, while four other groups of mice
(n = 6 per group) were re-exposed to behavioral tests 24 hours later and
then euthanized. We analyzed the inflammatory response in mice 2 and
24 hours post LPS in order to study the effect of the probiotic mixture at
an early time point (2 hours) in which the whole inflammatory response
is rising to the peak (approximately 4 hours post LPS) and at a later time
(24 hours) when specific inflammatory phenomena are still present, but
characterized by a partial and slow rescue. Experimental protocol is
illustrated in Fig. 1.

2.5. Sickness behaviour

Sickness behavior induced by LPS injection was assessed by
measuring body temperature, weight loss and locomotor activity. Body
temperature was measured 2 and 24 hours after LPS injection using a
digital thermometer (BAT-12, Physitemp Instruments, Clifton, New
Jersey, USA) equipped with a rectal probe for mice. Body weight was
measured before LPS treatment and 24 hours later. The percentage of
weight change is calculated as the ratio between the final and the initial
body weight. Locomotor activity was assessed 90 minutes after LPS in-
jection by introducing mice in an open field apparatus consisting of a
squared arena (40 x40 cm). Mice behavior was recorded and locomotor
activity was evaluated by measuring the time spent in immobility.

2.6. Explorative and anxiety behaviour

24 h after LPS injection, mice were subjected to open field test and
elevated plus maze test with 15-minutes inter-test-interval. The floor of
open field apparatus (described above) was subdivided into in 16
squared sectors (10-cm side each) delimitating the peripheral and the
central sub-areas of the arena. Each mouse was placed in the center of
the arena and left free to explore the environment for 5 min. The number
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Fig. 1. Schematic timeline of the experimental
protocol. Mice were administered with Otta-
Bac® or Placebo for 15 days. At the end of
treatment (day 16) mice were intraperitoneally
injected with a single dose of LPS (0.1 mg/kg)
or Saline. We analyzed 4 different experimental
groups: Placebo + Saline mice (Control), Pla-
cebo + LPS mice (LPS), OttaBac® -+ Saline mice
(OB) and OttaBac® + LPS mice (OB-LPS).
90 minutes after LPS/Saline injection, 6 mice/
group were tested for sickness behaviour. At the
end of the tests, 6 mice/groups were sacrificed

for biochemical and histological analysis, while other 6 mice/groups were re-tested for sickness behaviour 24 hour following LPS/Saline treatment and then

sacrificed.

of sectors crossed and the time spent in periphery vs center were
measured as parameters for exploratory behavior and anxiety,
respectively.

The elevated plus maze apparatus consisted of a four arms cross maze
with two arms open and the other two embedded in 10-cm high walls.
Each mouse was placed at the crossing of the four arms and left free to
explore for 5 min. The time spent in closed vs open arms and the number
of entries in closed arms were measured to assess anxious behavior.

2.7. Immunohistochemistry

Left hemispheres of brains were collected and kept overnight at
+ 4 °Cin PFA. They were subsequently equilibrated in sucrose diluted at
30% in PBS and finally cryopreserved at —80 °C. Dissection was carried
out by embedding the brain in Tissue-Tek OCT (Sakura, Torrence, CA,
USA) and then cut using a cryostat at —25 °C throughout the whole
rostro-caudal extent. The coronal sections were processed in a one-in-six
series protocol at a 40 ym thickness. Sections were then stained for
multiple labelling using different fluorescence techniques. Sections were
initially washed with glycine 0.1 M for 10 minutes followed by per-
meabilization using 0.3% Triton X-100 in PBS for further 10 minutes.
The sections were then incubated for 30 minutes in a blocking solution
containing 3% normal donkey serum (NDS) in 0.3% Triton X-100 in PBS
to saturate the aspecific sites, followed by incubation with the same
blocking solution containing primary antibodies for 16-18 hours at
4 °C. The primary and secondary antibodies used are listed in Table 1.
Nuclei were observed incubating sections with Hoechst (1:500).

2.8. Quantification of cell number

Slices were collected using systematic random sampling. Approxi-
mately 40 coronal sections of 40 pm were obtained from each brain;

about 1-in-6 series of sections (each slice thus spaced 240 ym apart from
the next) were analyzed by Olympus (FV 1200) confocal microscopy and
used to count the number of cells expressing the indicated markers
throughout the rostro-caudal extent of the whole hippocampus. The
total estimated number of cells positive for Ki67 (specific marker of cell
proliferation), SOX2 and GFAP (both expressed in the Neural Stem Cells)
and finally DCX (marker of neural precursors), within the Dentate Gyrus
(DG) was obtained by multiplying the average number of positive cells
per section by the total number of 40 um sections comprising the entire
DG (spaced 240 um). Cell number for Ibal™ cells for each DG and ce-
rebral cortex section was divided by the corresponding area of the in-
dividual section to calculate the average number of cells per 100 um? of
DG and cerebral cortex area. Region of interest was calculated by tracing
the outline of the desired structure, identified by the presence of nuclei
stained with Hoechst 33258, on a digital picture captured using ImageJ
system, which was also used to count the labeled cells.

2.9. NeuronJ measurement of DCX "' cells arborization

Cell arborization determination was performed on DCX* cells by the
NeuronJ plugin of ImageJ software as described previously [43].
Olympus confocal microscopy was utilized to collect full thickness 63x
z-stack images of DG hippocampus from 40-pm-thick brain sections that
were immunostained for DCX and DAPI. Z-stacks were collected at
512 x 512 resolution with 3 frame averages for each color channel and
1 ym z-step size. Olympus Software was used to prepare a maximum
intensity projection image of the DCX channel, which was thresholded
before the analysis with Fiji Software. For each image, surrounding
processes were manually removed in Fiji, thereby isolating a total of 10
DCX* cells per mouse. The tracing of ramification was performed
automatically by following the path of neurite by the Fiji Plugin named
NeuronJ, which allows also to determine the total length of the tracings

Table 1

List of antibodies used in this study.
Antibody Company Cat # Dilution Test
Primary antibodies:
GFAP Sigma-Aldrich G3893 1:400 Immunohistochemistry
DCX Santa Cruz Biotechnology 5c-8066 1:300 Immunohistochemistry
SOX2 Santa Cruz Biotechnology sc-17320 1:300 Immunohistochemistry
Iba-1 Abcam ab5076 1:500 Immunohistochemistry
Ki67 Lab Vision RM-9106-S 1:150 Immunohistochemistry
TNFa GeneTex GTX110520 1:1000 Western Blot
1L10 GeneTex GTX130513 1:1000 Western Blot
B-actin Thermofisher AM4302 1:5000 Western Blot
Occludin GeneTex GTX114949 1:1000 Western Blot
E-Cadherin GeneTex GTX100443 1:1000 Western Blot
Secondary antibodies:
Donkey anti-goat Cy2 Jackson Immunoresearch 705-225-147 1:200 Immunohistochemistry
Donkey anti-rabbit Cy3 Jackson Immunoresearch 711-165-152 1:300 Immunohistochemistry
Donkey anti-mouse Alexa-647 Thermofisher A-21235 1:300 Immunohistochemistry
goat anti-rabbit IgG-HRP Thermofisher G-21234 1:5000 Western Blot
goat anti-mouse IgG-HRP Thermofisher G-21040 1:5000 Western Blot
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of a single cell (Arborization Length). The counting of number of neu-
rites and branching point was carried out manually with Fiji Software.

2.10. Sholl analysis of microglial morphology

Sholl analysis of microglial morphology was carried out as described
previously [44]. Briefly, Olympus confocal microscopy was utilized to
collect full thickness 63x z-stack images of DG hippocampus and cere-
bral cortex from 40 um-thick brain sections that were immunostained
for Iba-1 and DAPI (as outlined above; n = 6 mice/ group, 10 image
stacks per animal). Z-stacks were collected at 512 x 512 resolution with
3 frame averages for each color channel and 1 m z-step size. Olympus
Software was utilized to prepare a maximum intensity projection image
of the Iba-1 channel, which was thresholded before the analysis. For
each image, surrounding processes were manually removed in Fiji,
thereby isolating a total of 10 microglia cells per mouse. The line
segment tool was adopted to draw a line from the center of each soma to
the tip of its longest process, which provided the maximum process
length (Ending Radius). The Sholl analysis plugin with the first shell set
at 10-pm step size, was utilized to determine intersections at each Sholl
radius. This also provided Maximum intersection (the maximum value
of intersection between arborization and Sholl radii), Sum intersection
(sum of the intersection between microglia process and Sholl radii),
Intersecting radii (number of Sholl radii intersecting the arborization at
least once). The soma size of the cell was manually measured in Fiji.

2.11. Expression analysis by qRT-PCR

Total RNA from Cerebral Cortex and Hippocampus was obtained by
homogenizing the tissues with a tissue homogenizer (OMNI GLH IN-
TERNATIONAL; power 1; 5seconds) in TriReagent (Sigma-Aldrich
Cat#: T9424). The RNA extraction was performed following TriReagent
manufacturer’s protocol. RNA was quantified with NanoDrop (Thermo
Scientific NanoDrop 2000C). For mRNA analysis, total RNA (500 ng)
was retro-transcribed with a retrotranscription kit (Thermo Fisher Sci-
entific Cat#: 8080234) by using random examers. Quantitative Real
Time PCR (qRT-PCR) analysis was performed with SYBR Green Master
Mix (PowerUp - Applied Biosystems) and primer pairs designed with
Primer3 Input software (primer3.ut.ee). All the murine expression
primers used in this study span an exon-exon junction. The sequences of
murine expression oligonucleotides for qRT-PCR are listed in Table 2.
The reactions were run on 7900HT ABI prism PCR machine (Applied
Biosystems). All Ct values were obtained in duplicate or triplicate and
the analysis of output values was made using standard AACt method.

2.12. Western blot analysis of colonic mucosa samples

Immediately after sacrifice, colon samples were removed and rinsed
with saline. Colonic mucosa samples were stored frozen at —80 °C.
Tissue proteins were extracted with RIPA buffer (1% Igepal,0.5%
deoxycholic acid, and 0.1% sodium dodecyl sulphate in Tris buffered
saline 1 x; pH 7.4) with protease inhibitor cocktail (Roche Diagnostics,
Mannheim, Germany). Clear lysates were prepared by centrifugation at
10,000g for 10 min, and protein concentrations were assessed using the
BC Assay Uptima kit (Interchim). Equivalent amounts of proteins (25 pg)
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with 5% non fat dry milk for 1 h, membranes were incubated overnight
with the primary and secondary antibodies listed in Table 1. Immuno-
reactivity was determined using the enhanced chemiluminescence re-
action and captured by iBright CL1500 Imaging System. Densitometric
analysis was performed using Image J software. Data were expressed,
after normalization respect to f-actin housekeeping, as fold of change
respect to Control groups.

2.13. Statistical analysis

For comparison of four groups, a two-way (OttaBac®, LPS) ANOVA
was used and when the interaction was significant, a Bonferroni post hoc
pairwise multiple-comparison procedure was used. For behavioral
studies, data measured at 2 time points, were compared using two-way
(OttaBac®, LPS) ANOVA for repeated measures. For all analyses,
p < 0.05 was considered significant. Post-hoc comparisons within
logical sets of means were performed using the Tukey’s test, the use of
which is permissible or even recommended also in the absence of sig-
nificant main or interaction effects in the ANOVA, in order to minimize
frequency errors of both type I and II following the indications given by
Wilcox (1987, pp. 187-189).

3. Results
3.1. Evaluation of OttaBac® microbiological quality

Evaluation of probiotics quality is fundamental to provide a better
comparison between different studies and contribute to further assessing
the role of probiotics in human health [35]. To this aim the multi-strain
OttaBac® was subjected to the quantification of: i) cell viability by
single cell analysis, and ii) microbial and strains composition by shotgun
metagenomic sequencing. Results indicate high level of cells viability
and confirmed that OttaBac® is composed of a blend of 7 species and 8
different strains (see Supplementary results).

3.2. LPS induces sickness behavior in both OttaBac® and Placebo treated
mice

We first evaluated the impact of LPS treatment in both OttaBac®
(OB) and Placebo treated mice. At the end of the 15-days treatment (OB
or placebo), mice were administered with 0.1 mg/kg LPS or saline and
sickness behavior was assessed 1.5 and 24 hours later. In both OB and
placebo treated mice, LPS treatment induced hypothermia (1.5 hours
post LPS, LPS effect: F (1, 20y = 37,46; p < 0.0001, Table 3), and weight
loss (24 hours post LPS, LPS effect: F (1, 29) =59,14; p < 0.0001,
Table 4), two well characterized symptoms of sickness behavior
[45-471].

As shown in Table S5, compared to relative saline-injected control
groups, locomotor activity was significantly reduced 90 minutes after
LPS injection, as evidenced by the high amount of time spent in
immobility by both OB and placebo treated mice (effect of LPS: F(; 20)
= 62,51, p < 0.0001) during the 5-minutes exposition in the open field.

Table 3
Effect of LPS on body temperature.

were electrophoresed on 12% or 4-12% Bis-Tris Bolt Gels (Thermo- Treatment Body Temperature (°C) 2 Hours ~ Body Temperature (°C) 24
fisher, Italy) and transferred to 0.45un PVDF membrane. After blocking Post LPS Hours Post LPS
CONTROL 36,2 + 0,14 36,7 £ 0,16
Table 2 OttaBac® 36,5+ 0,21 37,3+0,19
List and sequence of primers used in this study. LPS 34,6 & 0’445 ” 86,7 0,17
OttaBac®- 34,7 £ 0,22” 36,9 + 0,06
Gene Symbol Forward Reverse LPS
GAPDH CACCATCTTCCAGGAGCGAG CCTTCTCCATGGTGGTGAAGAC Values are given as mean + SEM (n =6). The intergroup variation was
IL-6 TCCTCTCTGCAAGAGACTTCC  TTGTGAAGTAGGGAAGGCCG measured by two-way ANOVA followed by Bonferroni post hoc pairwise mul-
IL-1p GACCTTCCAGGATGAGGACA TCCATTGAGGTGGAGAGCTT tiple-comparison
TNF-a TCTTCTCATTCCTGCTTGTGG CACTTGGTGGTTTGCTACGA )

***p < 0.001 vs CONTROL; §§§ p < 0.001 vs OttaBac®
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Table 4
Effect of LPS on body weight in LPS-treated mice.

Treatment Body Weight Body Weight (grams) 24 % Weight Loss
(grams) PRE LPS HOURS POST LPS
CONTROL 28,17 + 0,87 27,7 £1,20 2% + 1,60
OttaBac® 26,00 + 0,85 25,8 + 0,75 0,6% + 0,57
LPS 27,81 + 0,65 24,7 + 0,55 11,3% + 0,97
OttaBac®- 26,7 + 1,02 23,5 + 0,67 11,6% + 1,78%
LPS

The percentage of weight loss is calculated from the ratio between the weight at
24 hours post LPS and the initial weight, multiplied by 100.Values are given as
mean + SEM (n = 6). The intergroup variation was measured by two-way
ANOVA followed by Bonferroni post hoc pairwise multiple-comparison.

***p < 0.001 vs CONTROL; §5§ p < 0.001 vs OttaBac®

These data indicate that LPS injection causes sickness behavior in
both OttaBac® and Placebo treated mice. We next probed whether the
effect of LPS was transient by measuring the same parameters 24 hours
later. With the exception of weight loss which needs some days to
recover (F(1,20) = 59,14, p < 0.0001, Table 4), values for body temper-
ature (F(1 20) = 6,77, p = 0,21, Table 3), and time spent in immobility
(F1,20) = 0074, p = 0,78, Table S5) were rescued 24 hours after LPS
administration. This data indicates that LPS effects on sickness behavior
are transient and recovered 24 hours after LPS administration.

3.3. OttaBac® enhances exploratory behavior in mice

We next investigated the long-term effects of OttaBac®
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administration on exploration, a key behavior in rodents. As parameter
for exploration, we refer to the number of sectors crossed during the 2nd
exposition to the open field arena (24 hours-time point), when the effect
of LPS is over. OttaBac® treated mice crossed more sectors than their
placebo controls (Effect of OB: F (1 20y= 9958, p < 0.01) in the open field
(Fig. 2A) with no differences due to LPS (effect of LPS: F (1 20)= 0,7114,
p = 0.408).

To better investigate the exploratory behavior in these mice, we
compared their performances between the first and the second explo-
ration of the same environment. To avoid any bias due to LPS effect on
locomotor activity during the 1st exposition (see Table S5), we analyzed
LPS and saline-injected mice separately. Since exploration normally
decreases during the re-exposition to the same environment (a process
known as habituation), we performed an ANOVAs for repeated measures
in order to assess habituation effect in both groups of mice. As shown in
Fig. 2B, in the group of saline-injected mice, the number of crossed
sectors was reduced between the first and the second exposition (time
effect: Fiq,100= 12,91, p < 0,01), and multiple comparisons indicated
that this effect was more pronounced in placebo control mice (p < 0,01)
than in OB treated mice (p > 0,05) meaning that the latter group
maintains elevated exploration during the 2nd exposition to the open
field. On the other side, exploration was low soon after LPS injection in
both OB and placebo mice but when these mice were re-exposed to the
same environment 24 hours later, exploration was increased (time ef-
fect: F1,10) = 13,62, p < 0,01, Fig. 2C) in OB (p < 0,01) but not placebo
mice (p > 0,05). Together, these data indicate that mice treated with
OttaBac® display elevated exploratory behavior during the second
exposition to the same environment, and once the effect of LPS is over.

Fig. 2. Effects of OttaBac® administration on Exploratory Behaviour. A) Graphs showing the enhanced exploratory behaviour in the Open Field arena of OB mice, as
compared to relative placebo- and LPS-treated groups after 24 hours from saline administration. Data were collected after saline/LPS injection. B) Graph shows the
reduction of exploration in saline-injected mice re-exposed to the same environment 24 hours after the first exposition. C) Graph indicates that in LPS-treated mice,
re-exposition to the same environment leads to increased exploration only in mice treated with OttaBac®. Statistical significance: * p < 0.05. All data reported are
mean + SEM. Two-way ANOVA analysis (Fig. 2 A) and ANOVA for repeated measures analysis were performed (in Fig. 2 B and C).
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As enhanced exploration may be indicative of anxiety, we assessed
whether OttaBac® administration was associated with the tendency to
avoid open spaces, which is a typical anxiety behavior. In mice exposed
to open field, we did not detect any group difference for time spent in the
central area (Supplementary Table S6), although the number of cross-
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overall enhanced exploration. Furthermore, when mice were tested in
the Elevated Plus Maze, we did not detect group differences for time
spent or number of entries in the open arms (Supplementary Table S6).
Overall, these data indicate that OttaBac® has no effect on anxiety and
confirm that its administration rises exploratory behavior in rodents.

ings in central sectors of the open field was higher in OB vs placebo
groups (main effect of OB: F(; 20) = 7589, p < 0,05), consistent with the

Fig. 3. Effect of OttaBac® on microglia resident in the Dentate Gyrus. A) Representative images showing the distribution of Ibal™ cells (in green) in the Dentate
Gyrus (DG) of mice from the 4 experimental groups. Scale bar: 100 um. B and C) Histograms indicating the comparable total number of Ibal* cells in the DG among
the groups at 2 and 24 hours after LPS injection. D) Representative images displaying the retraction of microglial processes and the decreased arborization detected in
DG microglia of the LPS mice group. Scale bar: 100 um E-I) Diagrams showing the decreased arborization in LPS group and the neuroprotective effect exerted by OB
at 2-hour post LPS injection. The graphs indicate a diminution of three different parameters of Sholl Analysis, Max Intersection (G), Intersecting radii (H) and Sum
Intersection (I), in the LPS group, with respect to the Control and the OB-LPS groups. J-N) Graphs displaying the evident activation of microglial cells in the DG of LPS
group after 24 hours from endotoxin injection, as assessed by the enlarged area soma with respect to the Control group (J) and the decreased arborization and
processes complexity in comparison to the Control (L, Max Intersection and N, Sum Intersection) and OB-LPS mice (K, Ending Radius, M, Intersecting radii and N Sum
Intersection). Data are obtained from the analysis of six animals per condition. Statistical significance: * p < 0.05, * * p < 0.01 and * ** p < 0.001. Two-way ANOVA
analysis. DG = Dentate Gyrus.
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3.4. OttaBac® exerts an anti-inflammatory effect on hippocampus and
cerebral cortex

LPS injection stimulates microglia cells to promptly switch from a
resting/surveillance form to an activated state, which is characterized
by an increase of microglial density and modification of their morpho-
logical features toward an amoeboid phenotype [48-50]. In order to
analyze the modulation of microglia after OttaBac® administration and
LPS injection, we quantified the density of Ibal™ cells and evaluated the
microglia morphology by Sholl Analysis in dentate gyrus (DG) and ce-
rebral cortex of the different experimental groups. In DG, we observed
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that microglial density was not modulated within the four experimental
groups at the two different time points upon LPS injection (Fig. 3 A, B).
However, the Sholl Analysis revealed that 2 hours after treatment with
LPS, the microglial population of LPS group showed a significant
retraction of the processes, as assessed by the decrease of Max inter-
section (LPS effect: F(1, 29y = 5,19; p = 0.03 Fig. 3 G) and Sum inter-
section (LPS x OB interaction: F(;, 29y = 34.12, p < 0.001; followed by
Bonferroni post-test Control vs LPS, p > 0.001, Fig. 3 I). OttaBac®
administration prevented microglia activation in the OB-LPS group, as
assessed by overall increased of Sum intersection (LPS x OB interaction:
Fa, 200 = 34.12, p < 0.001; followed by Bonferroni post-test LPS vs

Fig. 4. Effect of OttaBac® on cortical microglia A) Representative images showing the increased cortical density of Iba* cells (in green) in the LPS group. B)
Histogram showing the enhanced microglial density in the cerebral cortex of LPS group, when compared to the Control mice at 2-hour after LPS injection. C) Graph
indicating the increase of the cortical microglial number in the LPS mice, if compared with Control and OB-LPS groups after 24 hours from LPS injection. D)
Representative images displaying the morphological changes (retraction of the processes and enlargement of cell body) observed in cortical microglia of the LPS mice
groups. Scale bar: 100 um. E) Diagrams showing the increased area soma of the LPS group cortical microglia when compared to the OB-LPS mice, 2 hours after LPS
injection. F-I) Graphs illustrating the increase of microglial complexity and arborization in term of Ending Radius (F), Intersecting Radii (H) and Sum Intersection (I)
observed in the cerebral cortex the OB-treated groups when compared to their respective counterpart 2 hours after LPS injection. J-N). In mice examined 24 hours
after LPS treatment we observed in the LPS group an increase of Area Soma respect to the Control mice (J). At this time point Sholl Analysis revealed in the LPS mice a
reduction of Max Intersection (L) and Sum Intersection (N) in comparison with Control and OB-LPS groups. Data are obtained from the analysis of six animals per
condition. Statistical significance: * p < 0.05, ** p < 0.01 and *** p < 0.001. Two-way ANOVA analysis. DG = Dentate Gyrus.
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OB-LPS, p > 0.001, Fig. 3 I), Max intersection (OB effect: F;, 20) = 5,61;
p = 0.028 Fig. 2 G) and Intersecting radii (LPS x OB interaction: F(1, 20)
= 29,77, p < 0.0001; followed by Bonferroni post-test LPS vs OB-LPS,
p = 0.0036, LPS vs OB, p = 0.0015 Fig. 3 H), with respect the LPS group.

In the LPS mice sacrificed 24 hours after LPS injection, the microglia
activation was even more pronounced and characterized not only by the
decrease in the extension of the microglial processes, but also by the
enlarged soma area (LPS effect: F(1, 20y = 11,11; p = 0.003, Fig. 3 J). At
this time point, 15 days of OttaBac® administration was able to main-
tain the microglia in the resting state at values comparable to the
physiological level (Fig. 3 M, N). Finally, under physiological condi-
tions, OttaBac® induces a significant increase, compared to the control
group, in the length of the microglia branches assessed by the ending
radius (OB effect: F(1, 20) = 5.08; p = 0.035, Fig. 3 K) as well as of their
complexity of arborization (Intersecting radii: OB effect: F(1, 20) = 6.34;
p = 0.02; Sum intersection: OB effect: F(1, 29y = 7.94; p = 0.010, Fig. 3
M, N).

In cerebral cortex, two-way ANOVA analysis of microglia revealed a
main effect of LPS in increasing the microglia density both after 2 hours
(LPS effect: Fq, 20y = 5,03; p = 0.036, Fig. 4B) and 24 hours (LPS x OB
interaction: F;, 22) = 8,76; p = 0.0072, followed by Bonferroni post-test
Control vs LPS, p < 0.001, Fig. 4 A, C) after LPS injection. The admin-
istration of OttaBac® did not exert any significant effect in the mice
sacrificed after 2 hours from LPS injection (OB effect: F(;, 20y = 0,60;
p = 0.44, Fig. 4 B), while after 24 hours we observed that the density of
microglia in the OB-LPS group was comparable to the Control group
(LPS x OB interaction: F(;, 22) = 8,76; p = 0.0072, followed by Bonfer-
roni post-test LPS vs OB-LPS, p = 0.006, Fig. 4 A,C).

The Sholl analysis did not reveal any significant modification in
microglial morphology after 2 hours from LPS injection (Fig. 4 E-I). The
OB administration resulted in a significant increase of Ending Radi-
us = OB effect: F(1, 20y = 6,76; p = 0.017, Fig. 4 F), Intersecting radii
(OB effect: F (1, 20) = 14,44; p = 0.001, Fig. 4 H), and sum intersection
(OB effect: Fq, 29y = 10,29; p = 0.0044 Fig. 41) in OB and OB-LPS groups
compared to their respective counterpart.
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In the mice sacrificed 24 hours following the toxin injection we
observed a LPS-dependent modification of microglia toward an acti-
vated phenotype characterized by an enlarged area of the soma (LPS
effect: F(1, 20y = 5,67; p = 0.027, Fig. 4J) and by a retraction of the
arborization complexity with a significant decrease of Sum intersection
(LPS effect: Fq, 20) = 19,53; p = 0.0003, Fig. 4N) and Max intersection
(LPS effect: F(1, 20) = 50,49; p > 0.0001, Fig. 4G). Administration of
OttaBac® was able to induce an improvement of the resting/surveil-
lance morphology of microglia in the OB group and to protect the OB-
LPS group by the LPS-dependent activation of these cells.

Taken together, the data obtained in the study of microglia reveal
that LPS induces a shift towards a pro-inflammatory phenotype of
microglia both in DG and in cortex through an increase in cell density
and morphological changes. Treatment with OttaBac® a) improves the
surveillance microglial phenotype by increasing the ramification
complexity in the OB mice group, b) prevents the transition to an acti-
vated neurotoxic phenotype in the DG and cortex of OB-LPS mice.

The anti-inflammatory effect of OttaBac® was also tested by
analyzing the expression of pro-inflammatory markers both in DG and
cerebral cortex.

The expression level of the main pro-inflammatory factors was
analyzed by qRT-PCR. As expected, we found both in cortex and in
hippocampus a significant induction of inflammatory genes such as I1-6
(interleukin-6), I1-1p (interleukin-1f) and Tnf-a (Tumor Necrosis Factor
a) 2 hours after LPS injection, with or without OB administration (Fig. 5
A and C), according with the activation of an inflammatory response. Il-
1B and Tnf-a are still robustly expressed 24 hours after LPS injection in
cortex and hippocampus and significantly induced in both LPS and OB-
LPS groups (Fig. 5 B and D); I1-6 expression is not consistently detectable
24 hours upon LPS injection (data not shown). Notably, OttaBac® per se
does not induce the expression of inflammatory markers. Interestingly,
the two-way ANOVA analysis revealed that the expression of some in-
flammatory markers is significantly reduced upon LPS injection in the
mice treated with OttaBac®. Specifically, we found, at 2 hours after LPS
injection, an OttaBac®-dependent reduction of the pro-inflammatory

Fig. 5. Anti-inflammatory role of OttaBac® on the expression of pro-inflammatory markers in cortex and hippocampus. Expression analysis by qRT-PCR of in-
flammatory markers in Cerebral cortex (A and B) and Hippocampus (C and D) isolated from mice treated with OB or placebo for 15 days and injected with LPS or
saline 2 hours (A and C) or 24 hours (B and D) before sacrifice. The data are reported as relative to housekeeping gene GAPDH, and represented as mean + SD (n = 4
biological replicates for each experimental group). The induction of inflammatory markers upon LPS stimulation is always significant related to control animals (#),
both in LPS and OB-LPS groups. A two-way (OB, LPS) ANOVA was used for comparison related to LPS group (*, p < 0.05; **, p < 0.01).
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markers, even not always significant, especially in the hippocampus
(Fig. 5 C), while the neuroprotection exerted by OttaBac® is quite
evident in the cerebral cortex (Cortex: OB effect on II-6: LPS vs OB-LPS:
Fa,12) = 5,4; p < 0,05. OB effect on Tnf-o: LPS vs OB-LPS: F(1,12) = 7,15;
p < 0,05; Fig. 5 A). The data obtained at 24 hours after LPS injection
demonstrate a more evident and significant effect of OttaBac® both in
cortex and hippocampus (Cortex: OB effect on Il-1p: LPS vs OB-LPS:
Fa,12) = 8,54; p < 0,05; OB effect on Tnf-a: LPS vs OB-LPS: F(; 12
=13,73; p < 0,01; Hippocampus: OB effect on Il-14: LPS vs OB-LPS:
Fa,12) = 8,56; p < 0,05; OB effect on Tnf-a: LPS vs OB-LPS: F(; 12
= 9,45; p < 0,01; Fig. 5 B and D). Collectively, these results suggested
that the treatment with OttaBac® could attenuate the inflammatory
response under acute inflammatory condition and prevent the pro-
inflammatory over-activation leading to neuronal damage.

3.5. OttaBac® induces an enhancement of hippocampal neurogenesis
both in saline and LPS-injected mice

In this section we analyzed the effect of OttaBac® treatment and LPS
injection in the early phase of DG adult neurogenesis, by dissecting the
different stages of differentiation of the newly generated neurons.

As a first, we evaluated the proliferation rate of newborn neurons by
using the specific marker of proliferation named Ki67. The two-way
ANOVA did not reveal any significant effect of LPS injection both at
2 hours (LPS effect: F;, 20) = 2,39; Control and OB vs LPS and OB-LPS,
p = 0.137, Fig. 6B) and 24 hours (LPS effect: F(;, 20y = 1,02; p = 0.32,
Fig. 6D) after injection. Conversely, two-way ANOVA analysis indicated
a main effect of the prolonged administration of OttaBac® in increasing
the number of proliferating cells in the DG of OB and OB-LPS mice in
comparison to Control and LPS mice respectively, at 2 hours and
24 hours after LPS injection (2 hours: OB effect: F(;, 29y = 66,8; Control
and LPS vs OB and OB-LPS p > 0.0001, Fig. 6A and B, 24 hours: OB
effect: F(1, 20) = 27,6; p > 0.0001, Fig. 6 A and C).

We next defined which differentiation stage of adult neurogenesis
was modulated by the administration of OttaBac® and the following
injection of LPS. For this purpose, we analyzed the differentiation dy-
namics of Type-1 neural stem cells (NSCs), characterized by the
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expression of stemness markers GFAP and SOX2, and of the Type-2b,
Type-3 neural progenitors, expressing the marker DCX.

The statistical analysis of NSCs in the mice sacrificed after 2 hours
from LPS injection did not revealed any significant effect exerted by the
toxin in the LPS and OB-LPS groups, compared to their respective saline-
injected counterpart, Control and OB mice (Fig. 7 A-C).

Conversely, we observed in the OB and OB-LPS groups a main effect
of OttaBac® treatment in the percentage of NSCs that exited the quies-
cent state and were recruited in the cell cycle (expressed as the ratio of
Sox2"GFAP'Ki67" cells to total Sox2"GFAP" cells) (OB Effect: F(, 20)
= 32.89; p < 0.0001, Fig. 7 A), as well as in the number of proliferating
Type-1 NSCs (Sox2'GFAP'Ki67" cells, OB Effect: Fa, 200 =14.17;
p = 0.0012, Fig. 7 B), while the NSCs pool size (assessed by the counting
of Sox2 + GFAP + cells) was not affected (OB effect: F (1, 20) = 0,10;
p = 0.75, Fig. 7 C).

In mice from LPS and OB-LPS groups sacrificed after 24 hours from
LPS injection, we observed a significant effect of toxin treatment in
decreasing the total number of Type-1 NSCs (LPS effect: F (1, 20) = 5,10;
p = 0.035, Fig. 7 F). OttaBac® treatment induced a striking increase of
NSCs recruitment (OB effect: F (1, 20) = 18.05; p = 0.0004, Fig. 7D) and
proliferation (OB effect: F (1, 17y = 13.15; p = 0.0021, Fig. 7 E) in the OB
and OB-LPS mice respect to their respective counterpart, Control and
LPS mice. However, probiotic mixture treatment did not fully prevent
the reduced Type-1 pool size in the OB-LPS mice group (OB Effect: F (1,
20) = 1,58; p = 0.22, Fig. 7F).

The two-way ANOVA analysis of DCX " progenitor cells highlighted a
main effect of LPS in the significant reduction of the pool size of neural
progenitors in the LPS and OB-LPS mice sacrificed 24 hours after the
bacterial toxin injection (LPS Effect: F (1, 29) = 4,65; p = 0.043, Fig. 8 A,
E) when compared to Control and OB mice, respectively.

OttaBac® administration induced in the DG a striking increase of the
number of proliferating progenitor cells (Ki67TDCX™ cells) after 2 and
24 hours from LPS injection (2 hours: OB effect: F (1, 20) =10,77;
p = 0.0037, Fig. 8 B; 24 hours: OB effect: F (1, 24y = 36,45; p > 0.0001,
Fig. 8 D). This event induced a significant enhancement in the neural
progenitor pool size, assessed by the counting of the DCX™, regardless
the administration of LPS 2 hour and 24 hours before the sacrifice

Fig. 6. OttaBac® increases proliferation in the Dentate Gyrus of Saline- and LPS-injected mice. A) Representative pictures describing the enhanced number of Ki67 "
cells (in red) detected in the OB and OB-LPS groups, in comparison to their respective counterpart Control and LPS groups. Arrow indicate Ki67 " cells. Scale bar:
100 pym. B and C) Graphs showing the OB-dependent increased proliferation after 2 (B) and 24 (C) hours after LPS treatment. Data are obtained from the analysis of
six animals per condition. Statistical significance: *** p < 0.001. Two-way ANOVA analysis.
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Fig. 7. OttaBac® induces Neural Stem Cells recruitment and expansion in the Dentate Gyrus of Control and LPS-injected mice. A, B) Histograms showing the increase
of Neural Stem Cells (NSCs) recruitment (A) and proliferation (B) observed in the OB and OB-LPS mice, when compared to their respective counterpart Control and
LPS groups, 2 hours after LPS injection. C) NSCs pool size remains unvaried among the experimental groups analyzed. D, E) The data obtained 24 hours after LPS
injection show that the toxin induces a significant drop of NSCs pool, which is counteracted by pre-treatment with OB. F) LPS induces a significant decrease of NSCs
pool after 24 hours from injection. Data are obtained from the analysis of six animals per condition. Statistical significance: * p < 0.05, ** p < 0.01 and ***

p < 0.001. Two-way ANOVA analysis.

(2 hours: OB effect: F (1, 20y = 14,64; p = 0.0011, Fig. 8 A, C, 24 hours:
OB effect: F (1, 29y = 15,06; p = 0.0006, Fig. 8 A, E).

We next evaluated different parameters describing the dendritic
arborization complexity of DCX' neural progenitors, such as the
arborization length, the number of dendrites and branching points of the
ramification.

Our data revealed a main effect of LPS treatment in the LPS and OB-
LPS groups sacrificed 2 hours later in decreasing the arborization length
(LPS Effect: F (1, 20) = 10,26; p = 0.0045, Fig. 9 A, B), and number of
neurites (LPS effect: F (1, 20y = 7,56; p = 0.012, Fig. 9 A, C), when
compared to their relative counterpart, Control and OB mice groups. The
administration of OttaBac® is able to increase the dendritic complexity
of DCX™ cells in the Control group and to counteract the detrimental
effect of the bacterial toxin in the OB-LPS group (arborization length: OB
effect: F (1, 20) = 24,4; p < 0.0001; branching points: OB effect: F (1, 20)
=7,19; p=0.014; dendrites number: OB effect: F (1, 20) = 4,51;
p = 0.04 Fig. 9 A-D).

In the mice sacrificed at 24 hours from injection, two-way ANOVA
analysis revealed a main effect of LPS in the general impairment of the
dendritic complexity of the DCX" cells (arborization length: LPS effect: F
@, 20) = 21,26; p = 0.0002; branching points: LPS effect: F (1, 20) = 4,74;
p = 0.041; dendrites number: LPS effect: F (1, 20y = 7,88; p =0.011,
Fig. 9 E-G), while also at this time point OttaBac® treatment had a main
effect in improving the differentiation parameters in DCX" progenitors
cells both in the Control and OB-LPS experimental groups.

Collectively, our data clearly indicate that a single injection of LPS
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induced a decrease in the NSCs and neural progenitors 24 hours later;
surprisingly, the 15-days administration of OttaBac® provided a
powerful proneurogenic effect, by increasing the proliferation and dif-
ferentiation of the neural progenitor in the Control mice, and by
neutralizing the anti-neurogenic processes triggered by LPS injection in
OB-LPS mice.

3.6. OttaBac® increases e-cadherin and occludin colonic expression

The integrity of the intestinal barrier is an essential prerogative for
the maintenance of intestinal homeostasis and also influences the sta-
bility of the whole organism.

We performed an expression analysis at protein level of the tight
junctions, occludin, and adherens junctions, e-cadherin, under the
different experimental conditions. The statistical analysis revealed that
LPS injection did not alter epithelial junction expression in mice sacri-
ficed 2 and 24 hours after toxin administration. (Fig. 10 A, B). However,
multiple comparison analyses showed that prolonged consumption of
OttaBac® induced a significant increase in both e-cadherin (OB effect: F
(1,20) = 53,05; p < 0,0001, Fig. 10 A, B) and occludin colonic expression
(OB effect: F (1,20) = 19.53; p = 0,0003, Fig. 10 A, B), in comparison
with Control group. Moreover, in LPS groups, OttaBac® maintained
increased expression of occludin 2 hours after toxin injection (OB effect
p = 0.0262, Fig. 10 A), and of e-cadherin 24 hours after LPS (OB effect
p = 0.0059, Fig. 10 B).
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Fig. 8. OttaBac® enhances cell proliferation in the Dentate Gyrus of Control and LPS mice. A) Representative pictures describing the enhanced number of DCX"
neural progenitors (in green) observed in the OB and OB-LPS groups, in comparison to their counterpart Control and LPS groups, respectively. Scale bar: 100 um. B,
D) Histograms showing the increased DCX™ cell proliferation in OB and OB-LPS groups in comparison with Control and LPS mice, respectively, after 2 (B) and 24 (D)
hours from LPS injection. C, E) The graphs show that at 2 (C) and 24 (E) hours post LPS injection the total number of DCX" cells in the DG of OB and LPS OB mice
significantly exceeds the value observed in the relative counterparts. At 24 hours post LPS injection it is possible to observe a significant decrease of the DCX™"
progenitors in the DG of LPS group in comparison to the other experimental groups (E). Data are obtained from the analysis of six animals per condition. Statistical
significance: * p < 0.05, ** p < 0.01 and *** p < 0.001. Two-way ANOVA analysis. DG = Dentate Gyrus.

3.7. OttaBac® prevents LPS-induced colonic TNF-a expression and 4. Discussion
increases IL-10 levels in LPS treated mice
In the present paper we explored the role of the probiotic mixture

We have analyzed the expression of a pro-inflammatory cytokine, OttaBac® in counteracting the acute inflammatory effects induced by
TNF-a, and of the anti-inflammatory IL-10, in the different experimental LPS. Using a LPS-based mouse model of systemic inflammation, we
conditions. showed that the prolonged administration of OttaBac® (15 days) before

A single injection of LPS caused a significant increase of colonic TNF- the LPS injection induces a robust pro-neurogenic and neuroprotective
a expression both 2 and 24 hours after toxin administration (LPS effect response capable of enhancing hippocampal neurogenesis.
2h: F (1,20) = 54.82, p < 0,0001; LPS effect a 24 h: F (1, 209) = 18,22, Moreover, the pre-treatment with OttaBac® counteracts both the
p = 0,0004, Fig. 11 A, B). OttaBac® consumption, that was not able to LPS-dependent activation of microglia and the increase of pro-
modify TNF-a expression in basal condition, significantly counteracted inflammatory cytokines in brain and in the gastrointestinal district.
cytokine increase, at both time points analyzed (OB effect 2 h: F (1, 20 We have also demonstrated a specific effect of OttaBac® in enhancing
= 25,02, p < 0,0001; OB effect 24 h: F (1, 59y = 4.625, p = 0.0439, the stability of the colonic barrier, as documented by the increased
Fig. 11 A, B). expression of epithelial junction proteins. While the pre-treatment with

24 hours after LPS injection, prolonged ingestion of OttaBac® caused OttaBac® could not prevent the typical sickness behavior associated
an increased expression of colonic IL-10, revealed after endotoxin with LPS injection, the positive effects of OttaBac® administration were
treatment (F (1, 20) = 4766, p = 0,0411 Fig. 11 B). accompanied by enhanced exploratory behavior in mice after that the

acute LPS effect is over. This enhanced exploration manifests with
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Fig. 9. OttaBac® increases arborization complexity of DCX™ neural progenitors. A) Representative images illustrating the decreased arborization complexity
detected in the LPS group and the improved differentiative rate induce by the OB consumption in the saline and LPS-injected mice. Scale bar: 100 um. B, E) His-
tograms showing the pro-differentiative effect exerted by OttaBac® in the saline and LPS-injected mice at 2 and 24 hours after LPS injection, assessed by the sig-
nificant increase of arborization length in OB and OB-LPS groups. C, D, F, G) At the two time-points analyzed, LPS causes a reduction of branching point (C, F) and
dendrites number (D, G) in the DCX " neural progenitors, which is totally counteracted by OB pre-administration. Data are obtained from the analysis of six animals
per condition. Statistical significance: * p < 0.05, ** p < 0.01 and *** p < 0.001. Two-way ANOVA analysis.

reduced habituation to surrounding environment, which may be asso-
ciated with enhanced anxiety and/or reduced memory. We excluded any
effect of OttaBac® on anxiety, but future studies are needed to investi-
gate the impact of OttaBac® on memory, with particular relevance to
the correlation with enhanced hippocampal neurogenesis.

The most unexpected finding of this study is that the prolonged
consumption of OttaBac® exerted an evident pro-neurogenic effect even
in physiological condition. Previous studies have never highlighted the
ability of probiotics to improve neurogenic processes [51,52]. Our data
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show for the first time that in physiological state, 15 days of OttaBac®
administration induces a significant increase of adult hippocampal
neurogenesis, as assessed by enhanced NSCs recruitment from quies-
cence, proliferation and progenitor differentiation.

Our data suggest that OttaBac® could exert its pro-neurogenic effect
by mediating the induction in length and complexity of microglia
branches in the hippocampal dentate gyrus and therefore increasing the
surveillance activity of microglia. In this regard, it has been widely
demonstrated that microglia is an essential component of the neurogenic
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Fig. 10. OttaBac® increases e-cadherin and occludin colonic expression. Histograms and representative bands of colonic epithelial junction expression under
different experimental conditions. 15 days-treatment with OB caused an enhanced expression of occludin and e-cadherin (A and B), respect to the Control group. LPS
didn’t show any significant differences in epithelial junction expression, neither 2 hours (A) or 24 hours (B) after endotoxin treatment, respect to Control group. OB
consumption maintains enhanced expression of occludin (2 hours post LPS, A) and of e-cadherin (24 hours post LPS, B). Statistical significance: * p < 0.05, * *

p < 0.01. Two-way ANOVA analysis.

Fig. 11. OttaBac® prevents LPS-induced colonic TNF-a expression and increases IL-10 levels in LPS treated mice Histograms and representative bands of colonic
inflammatory state. LPS group showed an increased expression of TNF-a, both at 2 hours (A) and 24 hours (B) after treatment. OB pre-treatment prevented colonic
inflammation at both time points (A and B). 24 hours after LPS injection, an increased level of colonic IL-10 was observed only in OB-LPS group. * p < 0.05, **

p < 0.01 and *** p < 0.001. Two-way ANOVA analysis.

dentate gyrus due to its pivotal role in phagocytosing excess of newborn
cells undergoing apoptosis [53], in remodeling the volume and geom-
etry of extracellular space, thus allowing the higher concentration of
signaling molecules in the niche environment [54], and finally in pro-
ducing pro-neurogenic factors such as IGF-1 [54-56], fractalkine [57,
58] and VEGF [59]. An alternative and not mutually exclusive
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hypothesis is that OttaBac® may induce the increase in the expression of
specific pro-neurogenic factors such as BDNF, a pleiotropic neuro-
trophin that plays a fundamental role in neurogenic processes, and
which can be regulated by probiotic administration [60,61].

Another relevant aspect that arises from our data is that OttaBac®
not only maintains its pro-neurogenic effect, but also exerts a
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neuroprotective action in conditions of LPS-dependent neuro-
inflammation. Several studies have demonstrated that systemic inflam-
mation induces a profound impairment of hippocampal adult
neurogenesis, which can be at the origin of cognitive decline during
aging as well as neuropsychiatric and neurodegenerative pathologies [3,
62-65]. The impact of systemic or intracerebral LPS-dependent in-
flammatory response on hippocampal neurogenic niche has been widely
investigated [7,66] and the effects include decrease in DCX™ cell pop-
ulation, impairment of the survival of new neurons [67] and deficiency
in the integration of newborn neurons into behaviorally relevant
pre-existing neural networks [68].

Systemic inflammatory diseases are usually associated with
enhanced cytokine levels, which reach the brain through the systemic
circulation [69,70] or the vagal nerve [71], increasing in local blood
flow, adhesion and extravasation of circulating monocytes, neutrophils
and lymphocytes [72]. In line with other studies [7,69,73-75], we found
that the peripheral injection of LPS triggers in brain tissue the expression
of pro-inflammatory cytokines, such as I1-6, II-1f, and Tnf-a, which are
the primary negative modulators of the neurogenic processes in adult
hippocampus. The astrocytic overexpression of I1-6 can reduce prolif-
eration and progenitor differentiation in the hippocampus of transgenic
mice [76], while in vitro studies have evidenced that treatment of mouse
NSCs with Tnf-a was able to inhibit neuronal and glial differentiation
[77]. Furthermore, the anti-neurogenic role of Tnf-o has been also
highlighted by the discovery that circulating Tnf-o can trigger the acti-
vation of microglia [78,79] which, in turn, produces and releases
pro-inflammatory cytokines into the brain tissue, with profound detri-
mental effects on proliferation, differentiation and survival of newborn
neurons [80]. Our data suggest that the decrease in hippocampal neu-
rogenesis observed in LPS-treated mice may have been caused by the
increase in pro-inflammatory cytokines I16, I1-1p, and Tnf-a, detectable
at the hippocampal level both at 2 and 24 hours after LPS treatment. In
our study, we observed that a single injection of LPS was sufficient to
induce a decrease in NSCs pool size as well as in the number and dif-
ferentiation rate of DCX' progenitors within 24 hours, in line with
previous studies reporting a temporal shift between the LPS-dependent
inflammatory peak, and the alteration of neurogenic parameters [81].

We also assumed that the LPS-dependent activation of microglia
within the Dentate Gyrus may play an important anti-neurogenic role.
To this regard, several studies have demonstrated that activated
microglia plays a pivotal role in the production and release of pro-
inflammatory cytokines, capable of exacerbating the inhibitory pro-
cesses of neurogenesis in the hippocampus [33,82,83]. In our hands,
Sholl Analysis revealed numerous morphological changes (process
retraction and soma increase) characteristic of the transition of micro-
glia to a state of pro-inflammatory activation, which may have played an
important role in the decrease of neurogenesis observed in LPS-treated
mice.

Our data clearly indicate that pretreatment with OttaBac® supports a
powerful systemic defense able to counteract or partially alleviate the
anti-neurogenic processes and the pro-inflammatory response triggered
by the administration of LPS. In particular, we demonstrate how the
levels of proinflammatory cytokines I1-6, II-1p, and Tnf-o are signifi-
cantly lower in the cortex and hippocampus of OttaBac®-treated mice
upon LPS injection, compared to those measured in the LPS group. In
this regard, it has been shown that an eight strains probiotic mixture was
able to significantly reduce the circulating levels of Tnf-o, in mouse
models of systemic inflammation with a consequent improvement in
sickness behavior, attenuation of the microglia activation and reduced
recruitment of monocytes into the brain vasculature and brain paren-
chyma [33,78,79]. Furthermore, clinical studies have found that the
intake of the above eight strains probiotic mixture reduces the levels of
circulating pro-inflammatory cytokines, including Tnf— «, in patients
suffering from various inflammatory diseases [84-86]. Consequently,
we believe that the new probiotic formula may induce an
anti-inflammatory and neuroprotective effect through the modulation of
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some still unexplored molecular pathways and cellular processes.
Another important aspect that reflects the anti-inflammatory properties
of OttaBac® is represented by the lack of activation of the microglia in
OttaBac®-LPS animals; indeed, in these mice microglia remains in a
state of resting/surveillance comparable to that observed in the control
animals. All these observations suggest that this probiotic blend could
represent an important therapeutic tool in preventing peripheral
inflammation-associated brain dysfunction and in particular altered
adult hippocampal neurogenesis.

In our experimental model LPS caused inflammatory condition, not
only at central level, but also in the colon, where we detected increased
expression of TNF-a, both at 2- and 24 hours after LPS injection. Pre-
treatment with OttaBac® was able to counteract both colonic and cen-
tral inflammation, reinforcing the hypothesis that probiotics exert a
protective effect both in peripheral and central districts. Interestingly,
OttaBac® increased colonic anti-inflammatory Il-10 in OttaBac®-LPS
group 24-hours after endotoxin treatment, without affecting basal con-
dition, suggesting that OttaBac® stimulates anti-inflammatory path-
ways. Many studies have established that neurological disorders may be
associated with intestinal inflammatory process, which could trigger or
maintain the pathological condition [87]. Generally, impairments in the
intestinal compartment do not remain locally confined, and
pro-inflammatory and pro-oxidant mediators may reach the brain
through systemic circulation, thereby influencing neuronal homeostasis.
In particular, some cytokines (i.e. TNF-a and IL-6), have the ability to
modify the permeability of the blood-brain barrier allowing the move-
ment of peripheral immune cells to the brain, and the release of in-
flammatory markers, finally promoting neuronal damage [88,89].
Considering that, OttaBac® consumption, driving anti-inflammatory
pathways could represent an interesting new preventive approach in
the inhibition of inflammation-related states.

We also evaluated the intestinal barrier integrity, as the preservation
of a functional intestinal permeability is of primary importance for the
maintenance of the homeostasis in the entire organisms. In our experi-
mental conditions, LPS did not cause an alteration of colonic epithelial
junctions, as shown by the unmodified expression of occludin and e-
cadherin upon LPS injection. Probably the low dose of LPS triggers an
inflammatory state, which is not sufficient to elicit a disruption of in-
testinal barrier integrity. However, a very interesting finding is that the
prolonged consumption of the probiotic mixture caused a significant
increase of tight and adherens junctions, under physiological conditions,
that persists under inflammatory condition. In particular, OttaBac®
consumption maintains high occludin expression 2 hours after LPS in-
jection, whilst the increased e-cadherin level is observed 24 hours after
administration of the toxin. This temporal distinction supports the idea
that the junction system is a dynamic network that acts in concert to
ensure intestinal homeostasis [90]. Several studies showed a protective
effect of probiotics in counteracting gut epithelial alterations caused by
different pathological conditions; in addition, we found that the new
multi-strain formula produced a strong reinforce of the epithelial “glue”,
independently from the negative stimuli. We speculate that the different
strains included in OttaBac® mix could work in cooperation to elicit an
effect difficult to be reached by a single strain. A correlation between
modification of gut permeability and some neurodegenerative disorders
has been documented. Indeed, in Parkinson’s disease (PD) the gut is a
site of crucial events underlying the onset, progression and symptom-
atology of this pathology [91]. Gut leakiness has often been found
increased in PD patience and in mouse models of the pathology [92,93]
and it is accompanied by a-synuclein deposit in the enteric nervous
system. More in general, the leaky gut may be considered a silent driver
that in cooperation with inflammatory mediators self-feeds a progres-
sive inflammation that, finally, could involve the brain compartment.

The main limitation of this work is represented by the lack of a
detailed description of the putative molecular mechanisms underlying
the pro-neurogenic and anti-inflammatory effect exerted by the pro-
biotic mixture. However, this is the first in vivo study on the novel
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probiotic product and we primarily focused on its effectiveness in a
mouse model of acute systemic inflammation, leaving out the identifi-
cation of the underlying molecular pathways for future research.

5. Conclusion

This study highlights for the first time that a multi-strain probiotic
formulation based on food-associated strains and human gut bacteria is
effective in inducing a significant increase in initial neurogenic pro-
cesses (increase in NSC pool, cytogenesis and differentiation rate of
neural progenitors) both in basal conditions and in an acute neuro-
inflammatory context induced by LPS. Our research also reveals the
powerful anti-inflammatory action of OttaBac® which is expressed with
an evident reduction of specific pro-inflammatory parameters in the
brain and gut, and with a reinforcement of the intestinal barrier, sug-
gesting an involvement of the gut-brain axis in orchestrating the un-
derlying molecular processes. Certainly, the comprehension of such
pathways represents an intriguing aspect of the investigation, to identify
putative metabolites and gut-brain communication routes involved in
the effects induced by mixture consumption. Thus, our study provides
pivotal reference for designing future strategy of probiotic usage in the
pre-clinical and medical context as a pro-neurogenic and anti-
inflammatory agent.
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