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Neurobiology of Disease

Probiotics Improve Inflammation-Associated Sickness
Behavior by Altering Communication between the Peripheral
Immune System and the Brain

Charlotte D’Mello,' Natalie Ronaghan,? Raza Zaheer,” Michael Dicay,? Tai Le,' Wallace K. MacNaughton,

Michael G. Surrette,® and Mark G. Swain!
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Research Institute, McMaster University, Hamilton, Ontario L8S 4L8, Canada

Patients with systemic inflammatory diseases (e.g., rheumatoid arthritis, inflammatory bowel disease, chronic liver disease) commonly
develop debilitating symptoms (i.e., sickness behaviors) that arise from changes in brain function. The microbiota-gut-brain axis alters
brain function and probiotic ingestion can influence behavior. However, how probiotics do this remains unclear. We have previously
described a novel periphery-to-brain communication pathway in the setting of peripheral organ inflammation whereby monocytes are
recruited to the brain in response to systemic TNF-« signaling, leading to microglial activation and subsequently driving sickness
behavior development. Therefore, we investigated whether probiotic ingestion (i.e., probiotic mixture VSL#3) alters this periphery-to-
brain communication pathway, thereby reducing subsequent sickness behavior development. Using a well characterized mouse model of
liver inflammation, we now show that probiotic (VSL#3) treatment attenuates sickness behavior development in mice with liver inflam-
mation without affecting disease severity, gut microbiota composition, or gut permeability. Attenuation of sickness behavior develop-
ment was associated with reductions in microglial activation and cerebral monocyte infiltration. These events were paralleled by changes
in markers of systemic immune activation, including decreased circulating TNF-« levels. Our observations highlight a novel pathway
through which probiotics mediate cerebral changes and alter behavior. These findings allow for the potential development of novel
therapeutic interventions targeted at the gut microbiome to treat inflammation-associated sickness behaviors in patients with systemic
inflammatory diseases.
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This research shows that probiotics, when eaten, can improve the abnormal behaviors (including social withdrawal and immo-
bility) that are commonly associated with inflammation. Probiotics are able to cause this effect within the body by changing how
the immune system signals the brain to alter brain function. These findings broaden our understanding of how probiotics may
beneficially affect brain function in the context of inflammation occurring within the body and may open potential new therapeu-
tic alternatives for the treatment of these alterations in behavior that can greatly affect patient quality of life. j

ignificance Statement

Introduction
Symptoms occurring during inflammatory diseases (e.g., bowel,
joint, liver) greatly affect patient quality of life (QOL) (Dantzer et
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al., 2008; D’Mello and Swain, 2014). However, how peripheral
inflammation leads to changes in brain function and altered be-
havior are poorly understood. Disease-associated changes in be-
havior have been modeled in animals and are defined as sickness
behaviors (Bluthé et al., 2006). Previously, using a model of ex-
perimentally induced liver inflammation, we identified periph-
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eral TNF-a-induced microglia activation and recruitment of
monocytes to the brain as critical steps in the development of
inflammation-associated sickness behaviors (D’Mello et al.,
2013). Moreover, the clinical relevance of these findings is sup-
ported by the widely reported effect of anti-TNF-a therapies in
improving sickness behaviors in patients suffering from a num-
ber of inflammatory diseases, often well before changes in tissue
inflammation are observed (Lichtenstein et al., 2002; Strand et
al., 2011; Weiler-Normann et al., 2013).

The influence of gut microbiota on brain function and behav-
ior are increasingly recognized (De Palma et al., 2014). Probiotics
are live microorganisms that are commonly ingested to provide
health benefits. Interestingly, probiotic consumption has also
been shown to alter brain function and behavior in healthy hu-
mans. Specifically, probiotic ingestion can have beneficial effects
on mood and cognition (Messaoudi et al., 2011) and has also
been associated with changes in neural activity in brain regions
involved in emotional processing (Tillisch et al., 2013). In addi-
tion, probiotic consumption has been associated with changes in
brain function in patients with a variety of medical conditions
including chronic fatigue (Ahmed et al., 2009), irritable bowel
syndrome (O’Mahony et al., 2005), and in patients with hepatic
encephalopathy (Mittal et al., 2011; Lunia et al., 2014). The
mechanism whereby probiotic ingestion leads to changes in brain
function and behavior remain unclear, but have been linked to
changes in gut flora (although not routinely observed), changes
in gut permeability, and shifts in systemic immunity with de-
creased production of proinflammatory cytokines, including
TNF-a (O’Mahony et al., 2005; Hemarajata and Versalovic,
2013).

VSL#3 is a probiotic mixture that has been widely used clini-
cally, mainly to treat mild to moderately active inflammatory
bowel disease (Hungin et al., 2013). VSL#3 also appears to be
beneficial in some patients with advanced liver disease because
VSL#3 ingestion decreased plasma levels of proinflammatory cy-
tokines (e.g., TNF-a) (Loguercio et al., 2005), improved QOL
(Mittal et al., 2011), and reduced hospitalizations for hepatic
encephalopathy (Dhiman et al., 2014). Furthermore, VSL#3 has
recently been linked to an effect on brain function in that VSL#3
ingestion altered brain gene expression (Distrutti et al., 2014).
Therefore, we administered VSL#3 to mice with liver inflamma-
tion to determine its effects on sickness behavior development
and to determine how oral VSL#3 administration leads to
changes within the brain. Our findings highlight a novel pathway
whereby probiotic administration mediates improvement in
inflammation-associated sickness behaviors by altering systemic
immunity, decreasing microglial activation, and reducing re-
cruitment of TNF-a-secreting monocytes to the brain.

Materials and Methods

Murine model of peripheral inflammation. Mice (all on C57BL/6 genetic
background, males, 6—8 weeks old) were used for all studies (The Jack-
son Laboratory) and were maintained in a pathogen-free facility. All
procedures conformed to guidelines established by Canadian Council on
Animal Care. For these experiments, we used the well characterized
model of liver inflammation due to bile duct ligation (BDL) as described
previously (Kerfoot et al., 2006; Nguyen et al., 2008; D’Mello et al., 2009;
Nguyen et al., 2012; D’Mello et al., 2013); sham ligated mice served as
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controls. This model is associated with elevated circulating cytokine lev-
els (e.g., TNF-a, IL-6) and the reproducible development of sickness
behaviors (D’Mello et al., 2009; D’Mello et al., 2013). Systemic anticyto-
kine treatment (e.g., anti-TNF-«) in this model improves sickness be-
haviors, mimicking findings from clinical settings in patients with
inflammatory diseases (Strand et al., 2012). All experiments were per-
formed 10 d after surgery. Mice were gavaged orally with a VSL#3 probi-
otic mixture containing eight live, freeze-dried bacterial species:
Streptococcus salivarius subsp., thermophilis, Bifidobacterium (B. breve, B.
infanti, B. longum), Lactobacillus acidophilis, L. planarum, L. casei, and L.
delbrueeki subsp. Bulgaricus; 1.7 billion bacteria, or placebo (both kindly
provided by Prof. C. De Simone, VSL Pharmaceuticals, Rome, Italy) in
saline vehicle (0.1 ml) for 10 d before surgery. Mice were then randomly
separated into BDL and sham surgery groups and VSL#3 or vehicle treat-
ment continued until day 10 after surgery, when tissues were harvested or
behavioral studies performed. Changes in liver injury severity were de-
termined by measuring serum alanine aminotransferase (ALT) and total
bilirubin levels and by histological changes. ALT and bilirubin levels were
measured in a commercial laboratory (Calgary Laboratory Services).
Histological assessment of liver inflammation and fibrosis were done
using H&E and sirius red-fast green (for collagen) stains, respectively.

For studies examining the potential effects of TNF-« inhibition, mice
were administered etanercept (Enbrel; Amgen; 3 mg/kg subcutaneously;
dose previously shown to block TNF-e activity) (O’Connor et al., 2009)
or saline vehicle daily from day 2 post-BDL to day 10 post-BDL.

Body weight and sickness behavior assessment. Mice were weighed daily
in the morning. The assessment of “social exploratory” behavior in ro-
dents is a highly reproducible and robust behavioral paradigm used to
quantify sickness behavior (Bluthé et al., 2006). This paradigm examines
the motivation, interest, and ability of an adult mouse to engage in social
behaviors (Bluthé et al., 2006), all of which are adversely affected by
peripheral organ inflammation in humans and in experimental models
(D’Mello et al., 2013; D’Mello and Swain, 2014). The time spent by an
adult mouse engaging in social investigative behavior toward a juvenile
mouse, which has been introduced into the adult mouse home cage,
compared with time spent in nonsocial behavior and the time spent
remaining immobile, were recorded as described previously (D’Mello et
al.,, 2013).

Assessment of gut permeability. The intestinal tract from the stomach to
the rectum was removed from the mice and the most distal portion of the
colon was removed and snap-frozen for myeloperoxidase (MPO, a
marker of neutrophilic inflammation) analysis. The next 1.5 cm of the
colon and a 1.5 cm section from the center of the small intestine were
dissected for Ussing chamber (Physiologic Instruments) analysis. Tissue
in Ussing chambers was bathed in Krebs buffer containing the following
(inmm): 115 NaCl, 2 KH,PO,, 2.4 MgCl, 6H,0, 25 NaHCO,, 8 KCI, and
1.25 CaCl, with 10 mm mannitol (mucosal) or glucose (serosal) and
maintained at 37°C and bubbled with 95% O,-5% CO,. Fluorescein-
isothiocyanate (FITC) dextran (0.5 mum; Sigma-Aldrich) was added to the
mucosal compartment and the serosal side was sampled every 20 min for
80 min total (colon) or every 10 min for 60 min total (small intestine).
FITC fluorescence was measured using a Victor X4 2013 Multilabel
Reader (PerkinElmer) (Wang et al., 2014).

Microbiome analysis. DNA extraction, 16sRNA amplification, and se-
quence processing analysis were done as described previously (Whelan et
al., 2014).

Intravital microscopy of cerebral vasculature. Intravital microscopy of
cerebral vasculature was conducted as described previously (Kerfoot et
al., 2006; D’Mello et al., 2013). Briefly, under ketamine (100 mg/kg)/
xylazine (10 mg/kg) anesthesia, a craniotomy was performed and the
dura mater removed to expose the underlying pial vasculature. The
mouse was maintained at 37°C and the tail vein cannulated for adminis-
tration of dyes and antibodies. Rhodamine-6G dye (0.3 mg/kg; Sigma-
Aldrich) was used to label all circulating leukocytes. Cerebral endothelial
cells (CECs) were labeled with a FITC/allophycocyanin-labeled anti-
CD31 antibody (2 ug/mouse, i.v.; eBioscience). Five vessels of 30—70 um
diameter were recorded using a video recorder for 1 min and data were
averaged. Rolling leukocytes were defined as cells that moved at a velocity
less than that of an erythrocyte past a given point within a 100 wm vessel
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segment. Adherent leukocytes were defined as cells that remained sta-
tionary for 30 s or longer within a 100 wm vessel segment.

Leukocyte—CEC interactions were imaged using a Quorum WaveFX
spinning disk confocal microscope driven by Volocity 6.1 acquisition
software (PerkinElmer). Labeled cells were imaged using 491, 561, or 635
nm laser excitation and visualized with the appropriate long-pass filters
using a 10X/0.33 numerical aperture air objective. A 512 X 512 pixel
back-thinned EMCCD camera (Model C9100-13; Hamamatsu) was used
for fluorescence detection.

Assessment of probiotic-related changes in systemic immunity. Blood was
collected by cardiac puncture into tubes containing EDTA and stored at
—80°C. To determine potential VSL#3-related changes in systemic im-
munity, serum cytokine and chemokine levels were measured by Lu-
minex (Millipore MCYTOMAG-70K mouse cytokine 32-plex; Eve
Technologies).

Assessment of cerebral monocyte infiltration and microglia activation.
Brain mononuclear cells (i.e., infiltrating monocytes and microglia) were
isolated from cerebral cortices using our previously described protocols
and characterized by flow cytometry (D’Mello et al., 2009; D’Mello et al.,
2013). To distinguish between resting/activated microglia and cerebral
infiltrating monocytes, we used the expression of CD11b coupled with
the differential expression of CD45 antigen, as determined by flow cy-
tometry. Based on these criteria, resting and activated microglia are
defined as CD45'°% CD11b " and CD45 termediate CD11h * cells, respec-
tively; infiltrating monocytes are defined as CD45™8" CD11b ™" cells
(Sedgwick et al., 1991). Intracellular TNF-a production by cerebral in-
filtrating monocytes and microglia was examined as described previously
using flow cytometry with a PE-labeled anti-TNF-a antibody (D"Mello et
al., 2013). All antibodies were from eBioscience. Immunohistochemitsry
for Iba-1 (Wako Chemicals) was performed as described previously
(D’Mello et al., 2013).

Statistical analysis. Data (mean * SEM) were analyzed using SPSS
Statistics 22 software. For comparison between two means, Student’s
unpaired ¢ test was used. For comparison of four groups, a two-way
(surgery X treatment) ANOVA was used and when the interaction was
significant, a Tukey—Kramer post hoc pairwise multiple-comparison pro-
cedure was used. p < 0.05 was considered significant.

Results

Characterization of liver inflammation and sickness behavior
development in BDL mice

BDL mice showed: (1) an ~31-fold increase in serum ALT levels
(surgery effect: F = 69.47, p < 0.0001), (2) an ~189-fold increase
in serum bilirubin levels (surgery effect: F = 39.98, p < 0.0001),
(3) a decrease in body weight (surgery effect: F = 282.03, p <
0.0001), and (4) a mild increase in liver fibrosis compared with
sham controls (Fig. 1A-D). There was no evidence of colonic
inflammation (as measured by determining bowel MPO levels;
data not shown) or significant changes in colonic or small bowel
permeability in BDL compared with sham mice (Fig. 1E). As
previously reported using a social investigation behavioral para-
digm to delineate sickness behavior development (D’Mello et al.,
2009; D’Mello et al., 2013), BDL mice reproducibly developed
overt sickness behaviors, spending significantly less time engag-
ing in social investigative behavior (i.e., interacting with the ju-
venile mouse; surgery effect: F = 72.17, p < 0.0001) and more
time in noninvestigative behaviors (e.g., grooming, being immo-
bile; surgery effect: F = 40.01, p < 0.0001) compared with sham
controls (Fig. 2).

Impact of oral VSL#3 administration in BDL mice

We next determined the effects of VSL#3 treatment upon liver
injury severity, bowel permeability, gut microbiota, and sickness
behavior development.

J. Neurosci., July 29, 2015 - 35(30):10821-10830 + 10823

Effect on markers of liver injury and bowel permeability

VSL#3 treatment had no discernible hepatic effects or effects on
bowel permeability measures in sham mice. Moreover, in BDL
mice, VSL#3 treatment did not alter serum ALT or bilirubin lev-
els or body weight and no changes in liver inflammation or fibro-
sis were detected histologically (Fig. 1A-D). Furthermore, VSL#3
treatment did not alter colonic or small bowel permeability (Fig.
1E) or colonic MPO levels in BDL mice (data not shown).

Effect of VSL#3 treatment on gut microbiota

To investigate the impact of VSL#3 treatment on the gut micro-
biota, 16S rRNA gene profiling was performed on fecal pellets
from each mouse. Paired-end Illumina sequencing of the V3 re-
gion was performed and the data processed as described previ-
ously (Whelan et al., 2014). For the 36 samples, a total of
4,957,160 sequence reads were used in the analysis (the minimum
and maximum number of reads per sample was 66,131 and
188,558, respectively; Table 1) that clustered into 1657 opera-
tional taxonomic units. There was no difference in a-diversity
between the four groups of mice, indicating no major disruption
to the gut microbiome by the surgical procedure or probiotic
treatment (Fig. 3A, Table 1). When examined using -diversity
metrics, the samples separated based on the presence of liver
inflammation (i.e., sham vs BDL), but not probiotic intervention,
using Bray—Curtis (Fig. 3B) or weighted Unifrac analysis (Table
1). The distribution of taxa between the four groups were similar,
although the Bacteroidetes and Firmicutes were increased and
reduced, respectively, in the BDL group compared with sham
controls (Fig. 3C,D).

Effect of VSL#3 on sickness behavior development

VSL#3 treatment did not alter behavior in sham mice (Fig. 2). In
contrast, BDL mice treated with VSL#3 showed a significant im-
provement in sickness behavior development. This improvement
in sickness behavior was indicated by a significant increase in the
time that VSL#3-treated BDL mice spent in social investigation
(surgery X treatment: F = 6.37, p = 0.016) and a significant
decrease in time spent remaining immobile (surgery X treat-
ment: F = 5.26, p = 0.029) compared with BDL mice treated with
placebo (Fig. 2).

VSL#3 treatment alters systemic immunity and attenuates
inflammatory monocyte recruitment to the brain in BDL
mice

We have shown previously that peripheral monocytes are acti-
vated, produce TNF-q, and specifically transmigrate into the
brains of BDL compared with sham control mice. Moreover,
cerebral monocyte recruitment in BDL mice is critical for sick-
ness behavior development (D’Mello et al., 2009). Microglia are
activated before monocyte infiltration into the brains of BDL
mice and produce the potent monocyte chemoattractant MCP-
1/CCL2 (D’Mello et al., 2009). Moreover, peripheral TNF-a sig-
naling plays a key role in mediating microglial activation and
cerebral monocyte recruitment in this setting. Therefore, we de-
termined whether VSL#3 treatment attenuates sickness behavior
development in BDL mice by altering this pathway. Specifically,
we delineated whether the improvement in sickness behaviors
seen with VSL#3 treatment in BDL mice was paralleled by alter-
ations in peripheral TNF-a production, microglial activation,
and/or cerebral monocyte infiltration.

VSL#3 treatment alters systemic immunity in BDL mice
To determine whether VSL#3 treatment alters systemic immu-
nity, we screened peripheral blood samples obtained from
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Figure 1. VSL#3 treatment does not alter markers of liver injury or gut permeability. 4, B, Change in body weight (4) and ALT and bilirubin values (B) for placebo- and VSL#3-treated sham and
BDL mice. All data represented as mean == SEM, n = 5-10/group, *p << 0.05 vs sham mice. Representative images of liver sections depicting histology (H&E; €) and Sirius red-fast green staining
(for collagen; D) in placebo- and VSL#3-treated sham and BDL mice. E, No change in colonic or small intestinal barrier function in BDL- or VSLi#3-treated BDL mice. FITC— dextran flux (arbitrary
fluorescence units) was assessed in colonic (4, n = 6-10) and small intestinal (B, n = 4-7) tissue mounted in Ussing chambers from sham and BDL mice. No significant differences in

macromolecular flux were observed.

placebo- and VSL#3-treated mice for a number of cytokines and
chemokines using a Luminex assay (Millipore Mouse Cytokine
32-plexkit). Both placebo and VSL#3 treated groups of BDL mice
exhibited significant increases in circulating levels of a number of
cytokines/chemokines compared with sham mice, including eo-
taxin (surgery effect: F = 16.61, p < 0.001), IL-6 (surgery effect:

F=24.52,p <0.001), CXCL10/IP-10 (surgery effect: F = 25.17,
p <0.001), CXCL9/MIG (surgery effect: F = 9.8, p = 0.004), and
CXCL1/KC (surgery effect: F = 36.1, p < 0.001); however, the
elevated levels of these cytokines/chemokines in BDL mice
were not altered by VSL#3 treatment (Table 2) Plasma levels of
the cytokines TNF-a and granulocyte-colony stimulating factor
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Figure 2.  VSL#3 treatment improves sickness behavior in BDL mice. Total time in seconds an adult test mouse spent in social exploration (4) or remaining immobile (B) during a 10 min
observation period; n = 5—14/group, *p << 0.05, **p << 0.01, ***p << 0.0001. All data are represented as mean == SEM.

Table 1. Summary of a- and B-diversity metrics for all samples

a-Diversity Bray—Curtis Weighted Unifrac
Sample Group Reads chaol Shannon PCoAT(23.5) PCoA2 (14.2) PCoA3 (11.0) PCoA1(33.3) PCoA2 (16.1) PCoA3 (9.8)
Swain1 A 153147 3779 4,03 —0.0185 0.1298 —0.0934 —0.2424 —0.0288 —0.0654
Swain10 A 183226 581.5 4.52 —0.7001 0.1021 —0.0381 —0.0906 —0.0769 0.0799
Swain14 A 174603 382.5 3.86 —0.0143 0.1516 —0.059% —0.2610 —0.0144 0.0277
Swain15 A 147902 407.2 3.72 —0.0068 0.1597 —0.1714 —0.2275 —0.0479 0.1741
Swain19 A 146159 363.7 3.81 —0.0242 0.1359 —0.1792 —0.2115 —0.0602 0.2139
Swain2 A 166995 4147 435 —0.2497 —0.0248 —0.0367 —0.0233 —0.1788 —0.0981
Swain20 A 145865 593.6 4.57 —0.2757 —0.0830 0.0047 0.0836 —0.1842 0.1266
Swain21 B 133292 466.8 434 —0.0159 —0.0425 —0.1368 —0.0169 —0.0405 —0.0480
Swain22 B 90725 412.5 410 —0.0402 —0.1817 —0.1927 0.2195 —0.1235 —0.0403
Swain26 B 66131 356.7 3.82 —0.1583 0.1165 —0.0742 —0.1868 —0.0441 —0.0256
Swain27 B 89916 3483 3.89 0.1164 0.0718 —0.0041 —0.1523 0.0840 —0.0733
Swain5 B 134335 419.2 4.09 0.0039 0.2088 0.0892 —0.2264 —0.0024 —0.0360
Swain6 B 171262 383.6 3.90 —0.0485 0.2095 0.0475 —0.2574 —0.0659 —0.0234
Swain9 B 171570 554.7 419 —0.2596 0.0116 0.0824 0.0572 —0.1428 0.0746
Swain13 C 159246 395.8 3.94 0.1568 —0.1971 —0.1076 0.3516 0.0396 0.0829
Swain16 C 145630 471.9 4.21 0.1543 —0.0466 0.0669 0.1090 0.0816 —0.1050
Swain17 ( 149986 376.1 3.87 0.2273 —0.0699 0.0009 0.1140 0.2157 0.1061
Swain24 C 92301 400.3 3.70 0.0848 0.0555 —0.0889 —0.0965 0.0992 0.0903
Swain25 C 99272 334.8 3.54 0.1695 0.0492 —0.0305 —0.0722 0.1852 0.1218
Swain3 C 160756 4973 439 0.0850 0.0194 —0.0139 —0.0458 0.0655 —0.0869
Swain30 C 121335 403.3 435 0.1048 —0.0828 0.0007 0.0639 0.0739 —0.0944
Swain31 C 77896 360.4 420 0.0350 —0.2315 —0.0014 0.2369 0.0288 —0.0272
Swain33 C 108864 178.8 2.77 0.1959 0.0913 —0.0900 —0.2096 0.1557 0.0452
Swain34 C 102766 365.2 4.25 —0.3673 —0.1081 0.0699 0.0325 —0.1935 —0.0607
Swain35 C 127051 315.5 3.97 0.1263 —0.0731 0.0639 0.0184 0.1094 —0.0883
Swain36 C 130537 283.6 331 0.0846 —0.2474 —0.1585 0.4277 —0.0888 0.2696
Swain4 C 159247 482.1 427 0.0124 0.0239 —0.0498 0.0225 —0.0451 —0.1236
Swain11 D 185944 458.8 3.97 —0.0903 0.1364 0.1502 —0.0774 —0.0653 —0.0005
Swain12 D 163919 619.4 470 0.0107 —0.0961 0.2524 0.2388 0.0304 0.0102
Swain18 D 155890 312.0 3.55 0.2315 0.0488 0.0631 —0.0810 0.2231 —0.0006
Swain23 D 123825 3153 331 0.2291 —0.1595 0.1857 0.2914 0.2187 —0.0888
Swain28 D 122809 463.8 4.60 —0.3888 —0.1587 —0.0842 0.1129 —0.2688 —0.0527
Swain29 D 119788 388.6 4.47 —0.2484 —0.0731 0.1704 0.1149 —0.1917 —0.1646
Swain32 D 124881 325.5 3.75 0.2103 —0.0785 0.0169 0.1200 0.1483 —0.0464
Swain7 D 161531 3357 3.67 0.0349 0.2472 0.0817 —0.2313 —0.0034 —0.0053
Swain8 D 188558 4742 413 0.0331 —0.0145 0.2643 0.0953 0.1078 —0.0676

Group A, Sham placebo; Group B, sham VSL-3; Group C, BDL placebo; Group D, BDL VSL#3.

(G-CSF) were also elevated in BDL versus sham mice, but, in ~ gery X treatment: F = 6.3, p = 0.016) and decreased plasma
contrast to the other groups of chemokines/cytokines listed in =~ TNF-a levels (surgery X treatment: F = 9.81, p = 0.005) com-
Table 2, plasma levels of both TNF-a and G-CSF were signifi-  pared with placebo-treated BDL mice (Fig. 4).

cantly altered by VSL#3 treatment. Specifically, VSL#3 treatment To determine whether VSL#3 was potentially mediating its
of BDL mice significantly increased plasma G-CSF levels (sur-  effects on sickness behavior in BDL mice by inhibiting TNF-«
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Figure3. VSL#3 treatment does not affect the composition of gut microbiota in BDL mice. 4, Average c-diversity measures for each group using Chao1and Shannon diversity indices. The values

were calculated using QIIME with 10 rarefactions to a depth of 10,000 sequences. B, Principal coordinate analysis based on Bray—Curtis distance shows distinct clustering of samples based on
whether the mice had undergone BDL, but no distinct separation was observed based on VSL#3 administration. The axis labels represent the first two principal coordinate axis and the numbers in
brackets the percentage variation explained. This separation of groups is supported by the Unweighted Pair Group Method with Arithmetic Mean (UPGMA) tree of weighted UniFrac distance with
jackknife support (data not shown). ¢, Taxonomic summary at the phyla level for each of the four treatment groups. D, Taxonomic profiles of fecal pellets for each mice. The data are presented at the
phyla level (/) and highest resolved taxonomic level for the 25 most abundant groups (i) for each of the four treatment groups. Taxa summaries are indicated as being resolved to the class (c) order
(0), family (), or genus (g) level where indicated. Groups in Cand D are as follows: 4, sham placebo; B, sham VSL#3; C, BDL placebo; D, BDL VSL#3.

Table 2. Plasma levels of cytokines as determined using a Luminex assay

Cytokine  Sham placebo BDL placebo Sham VSL#3 BDL VSL#3
Eotaxin 8745 £196.2 15884 £160.2¢  753.1 £2266  1356.8 = 185*
IL-6 47 =431 206.8 = 38* 3.7 £466 2182 = 43.1*
IP-10 1119 + 455 371.2 + 39.4* 121.2 = 55.8 339.6 + 48.3*
KC 46.9 =319 201.7 = 24.4% 421 £345 252.7 £ 29.9%
MiG 573 = 446 249.2 = 35.6* 83.6 £ 446 1534 =417

No significant difference was found between the BDL placebo and BDL VSL#3 groups. Data are shown as mean =
SEM, n = 6—8/group.
*p < 0.05 versus sham.

signaling, we treated BDL mice with VSL#3 and etanercept. We
found that BDL mice treated with both VSL#3 and etanercept
were similar to BDL-VSL#3 vehicle-treated mice with regard to
the time spent being immobile (BDL-VSL#3-etanercept: 194.6 =
32.6 s vs BDL-VSL#3-vehicle: 185.4 = 42 s) or engaged in social
exploration (BDL-VSL#3-etanercept: 241.6 * 50.8 s vs BDL-
VSL#3-vehicle: 249 + 33.1s).

VSL#3 treatment reduces microglial activation in BDL mice

Oral VSL#3 treatment significantly reduces elevations of circulat-
ing TNF-a levels documented in BDL mice. Therefore, to deter-
mine whether this reduction in circulating TNF-a levels is linked
to changes in microglial activation within the brain in VSL#3-
treated BDL mice, we performed immunohistochemistry for ion-
ized calcium-binding adapter molecule (Iba)-1* microglia
(Ahmed et al., 2007) in brain sections from VSL#3- and placebo-

treated BDL mice. We observed that microglia in placebo-treated
BDL mice exhibited a morphology typical of activated microglia
(i.e., were more rounded in appearance with retracted and
thicker processes), whereas microglia in VSL#3-treated BDL
mice demonstrated a “resting” morphology (Fig. 5A). We next
isolated cerebral mononuclear cells and characterized them by
flow cytometry to quantify the number of microglia that were
activated in placebo- and VSL#3-treated BDL mice. Resting
microglia were identified as CD11b* CD45'“-expressing
cells, whereas activated microglia were identified as CD11b *
CD45™Mermediate_eypressing cells, as described previously (Sedgwick et
al,, 1991). VSL#3 treatment significantly reduced the number of acti-
vated microglia isolated from brains of BDL mice (surgery X treatment:
F = 834, p = 0.01; Fig. 5B). In addition, the number of TNF-a-
expressing microglia in BDL mice was also significantly reduced by
VSL#3 treatment (surgery X treatment: F = 13.59, p = 0.001; Fig. 5C).
Furthermore, we also investigated the number of activated microglia in
BDL mice treated with both etanercept and VSL#3. We found similar
numbers of activated microglia in VSL#3-treated BDL mice adminis-
tered etanercept (1154 = 187 cells/brain) compared with those treated
with vehicle (1416 =+ 272 cells/brain).

VSL#3 treatment reduces leukocyte:CEC adhesive interactions and
monocyte infiltration into the brain in BDL mice

We used intravital microscopy to examine leukocyte:CEC inter-
actions within the cerebral vasculature. To do this, cortical blood
vessels were visualized through a small cranial window using a
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spinning disk confocal microscope as described previously (Ker-
foot et al., 2006). Mice were administered rhodamine-6G dye (to
label circulating leukocytes) and CECs were labeled with an anti-
CD31 antibody (D’Mello et al., 2013). We documented a striking
increase in the number of leukocytes rolling (surgery effect: F =
143.74, p < 0.0001) and adherent (surgery effect: F = 10.35, p =
0.005) along CECs in BDL mice (Fig. 6A-C). However, VSL#3
treatment in BDL mice significantly reduced the number of leu-
kocytes that rolled (surgery X treatment: F = 5.5, p = 0.03) or
were adherent (surgery X treatment: F = 6.1, p = 0.02) to CECs
compared with placebo-treated BDL mice (Fig. 6A-C). To
determine whether the reduction in leukocyte:CEC adhesive in-
teractions translated into reduced numbers of monocytes trans-

migrating into the brain, we isolated cerebral mononuclear cells
and characterized them by flow cytometry. We found that VSL#3
treatment significantly reduced the number of monocytes (i.e.,
CD11b* CD45"#" cells) that infiltrated the brains of BDL mice
compared with placebo-treated BDL mice (surgery X treatment:
F = 6.86, p = 0.016; Fig. 6 D, E). Moreover, the number of TNF-
a-expressing monocytes infiltrating the brain of BDL mice was
also significantly reduced by VSL#3 treatment (surgery X treat-
ment: F = 7.49, p = 0.013; Fig. 6F). Furthermore, we also found
similar numbers of cerebral infiltrating monocytes in BDL mice
treated with both etanercept and VSL#3 [VSL#3-treated BDL
mice administered etanercept (1250 * 180 cells/brain) vs those
treated with vehicle (1091 = 180 cells/brain)].
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Discussion

Patients with inflammatory diseases involving peripheral organs
or tissues commonly experience altered brain function giving rise
to symptoms that adversely affect their QOL (D’Mello and Swain,
2014). How peripheral inflammation leads to remote changes in
brain function remains unclear and, as a result, there are limited
therapeutic options available clinically to address this issue. A
number of general pathways have been described that link sys-
temic inflammation to changes occurring in the brain, which in
turn give rise to altered behavior (Dantzer et al., 2014). These

pathways traditionally have included signaling via neural path-
ways (mainly vagal nerve afferents) and immune signaling
(mainly via circulating cytokines, which either enter the brain
directly or activate cerebral endothelium; Capuron and Miller,
2011). Recently, we described a novel peripheral signaling path-
way occurring in the setting of liver inflammation, which involves
increased peripheral TNF-a production driving increased micro-
glial activation, followed by monocyte recruitment into brain
vasculature and brain parenchyma, which in turn drives the de-
velopment of sickness behaviors (D’Mello et al., 2013).
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The beneficial effect of probiotic consumption on behavior
and brain function is now becoming increasingly appreciated in a
variety of inflammatory diseases. Specifically, probiotic adminis-
tration improves QOL in patients with irritable bowel syndrome
(O’Mahony et al., 2005) and was associated with significant im-
provements in cognitive function and the restoration of impaired
hippocampal long-term potentiation in a model of diabetes (Da-
varietal., 2013). In addition, probiotic treatment in patients with
rheumatoid arthritis led to an improvement in symptoms and
daily functioning (Mandel et al., 2010; Pineda et al., 2011). Our
current data further support a role for probiotics in altering brain
function during peripheral inflammation. Specifically, treatment
with the probiotic mixture VSL#3 significantly improved sick-
ness behaviors in mice with liver inflammation. This effect was
independent of changes in the severity of liver injury, indicating
that the reduction in sickness behaviors seen with VSL#3 treat-
ment was not due to changes in liver inflammation. Interestingly,
and consistent with observations by others (Michail and Kenche,
2011), VSL#3 treatment did not significantly alter the gut micro-
biota, suggesting that the effects of VSL#3 on behavior are inde-
pendent of overt changes in the gut microbiome.

Potential peripheral pathways that link probiotic ingestion to
changes in brain function have primarily focused on the role of
vagal afferent nerve signaling and changes in cerebral levels of
neuromodulators such as brain-derived neurotrophic factor
(Bercik et al., 2010). We now define an alternate signaling path-
way established in the setting of liver inflammation, which links
probiotic consumption to changes within the brain and altera-
tions in behavior. In patients with inflammatory disease and in
animal models of systemic inflammation, VSL#3 ingestion has
been previously shown by others to reduce circulating TNF-a
levels (Loguercio et al., 2005; Dhiman et al., 2014; Sdnchez et al.,
2015; Vaghef-Mehrabany et al, 2014). In addition, VSL#3
treatment-induced reductions in circulating TNF-« levels were
associated with improved neuropsychiatric outcomes, as seen in
patients with chronic liver disease (Dhiman et al., 2014). Our
current findings in BDL mice parallel these clinical observations
and are consistent with our previous studies demonstrating a
critical role for elevated levels of TNF-« in the circulation of BDL
mice driving sickness behavior development (D’Mello et al.,
2009; D’Mello et al., 2013). TNF-a-associated sickness behaviors
in BDL mice are linked directly to cerebral microglial activation
and recruitment of monocytes into the brain vasculature and
brain parenchyma (D’Mello et al., 2009; D’Mello et al., 2013). In
addition, we have also made similar observations of increased
leukocyte recruitment to brain vasculature in a model of inflam-
matory bowel disease (D’Mello et al., 2009). Our current findings
are consistent with a role of VSL#3 ingestion in disrupting this
signaling pathway in BDL mice. Furthermore, TNF-« blockade
using etanercept in VSL#3-treated BDL mice did not further im-
prove sickness behavior development, microglial activation, or
cerebral monocyte infiltration in VSL#3-treated BDL mice, con-
sistent with the VSL#3 effects in BDL mice being TNF-« related.
Interestingly, although VSL#3 treatment reduced circulating
TNF-« levels in BDL mice to sham levels, sickness behavior de-
velopment was not completely abrogated by VSL#3 treatment.
This finding suggests that alternative signaling pathways must
also exist in BDL mice to cause sickness behaviors, possibly those
driven by vagal afferent signaling to the brain (Capuron and
Miller, 2011).

Changes in cross-talk among the intestinal epithelium, the
intestinal immune system, and gut microbes has increasingly
been recognized for its capacity to modulate systemic immunity
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(Belkaid and Naik, 2013). As a result, probiotics have been ad-
ministered in an attempt to beneficially alter systemic immunity.
Consistent with this paradigm, administration of Bifidobacterium
infantis to patients with irritable bowel syndrome was associated
with an improvement in symptoms and a normalization of the
IL-10 to IL-12 cytokine ratio in peripheral blood mononuclear
cells (O’Mahony et al., 2005). Furthermore, probiotic treatment
has been shown to reduce circulating levels of systemic proin-
flammatory biomarkers, including TNF-a levels, in patients with
a range of systemic inflammatory conditions including psoriasis
(Groeger et al., 2013), rheumatoid arthritis (Vaghef-Mehrabany
et al., 2014), chronic fatigue syndrome, and liver disease (Logu-
ercio et al., 2005; Dhiman et al., 2014); all findings replicated in
our study. However, it remains unclear how oral VSL#3 treat-
ment leads to changes in systemic immunity and circulating
TNF-« levels. Probiotic administration has been reported previ-
ously to induce increased intestinal production of the cytokine
G-CSF (Martins et al., 2009). In our current study, consistent
with this previous report, we found a striking increase in plasma
G-CSF levels in VSL#3-treated BDL mice compared with
placebo-treated BDL and sham mice. G-CSF can affect a wide
variety of biological functions that are potentially relevant to our
current experimental observations in VSL3#-treated BDL mice.
Specifically, G-CSF significantly attenuates monocyte/macro-
phage production of TNF-« (Nishiki et al., 2004). Furthermore,
G-CSF can mediate a reduction in cerebral inflammation (Ni-
shiki et al., 2004). In BDL mice, monocyte/macrophage produc-
tion of TNF-« is significantly enhanced compared with sham
controls (Kerfoot et al., 2006; D’Mello et al., 2009). Therefore,
increased plasma G-CSF levels in BDL mice treated with VSL#3
may contribute to the reduced circulating TNF-« levels observed
in these mice and warrants future investigation.

Together, our data define a novel pathway whereby VSL#3
ingestion prevents peripheral inflammation-associated increases
in circulating TNF-« levels, cerebral microglial activation, and
recruitment of activated monocytes into the brain, ultimately
attenuating BDL-associated sickness behavior development.
Therefore, probiotic therapy may have a therapeutic role in reg-
ulating peripheral inflammation-associated brain dysfunction
and behavioral alterations that often significantly affect patient
QOL.
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