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Abstract

Human intestinal flora comprises thousands of bacterial species. Growth and composition
of intestinal microbiota is dependent on various parameters, including immune mecha-
nisms, dietary factors and intestinal motility. Patients with spinal cord injury (SCI) frequently
display neurogenic bowel dysfunction due to the absence of central nervous system control
over the gastrointestinal system. Considering the bowel dysfunction and altered colonic
transit time in patients with SCI, we hypothesized the presence of a significant change in
the composition of their gut microbiome. The objective of this study was to characterize the
gut microbiota in adult SCI patients with different types of bowel dysfunction. We tested our
hypothesis on 30 SClI patients (15 upper motor neuron [UMN] bowel syndrome, 15 lower
motor neuron [LMN] bowel syndrome) and 10 healthy controls using the 16S rRNA
sequencing. Gut microbial patterns were sampled from feces. Independent of study groups,
gut microbiota of the participants were dominated by Blautia, Bifidobacterium, Faecalibac-
terium and Ruminococcus. When we compared all study groups, Roseburia, Pseudobutyri-
vibrio, Dialister, Marvinbryantia and Megamonas appeared as the genera that were
statistically different between groups. In comparison to the healthy group, total bacterial
counts of Pseudobutyrivibrio, Dialister and Megamonas genera were significantly lower in
UMN bowel dysfunction group. The total bacterial count of Marvinbryantia genus was signif-
icantly lower in UMN bowel dysfunction group when compared to the LMN group. Total bac-
terial counts of Roseburia, Pseudobutyrivibrio and Megamonas genera were significantly
lower in LMN bowel dysfunction group when compared to healthy groups. Our results dem-
onstrate for the first time that butyrate-producing members are specifically reduced in SCI
patients when compared to healthy subjects. The results of this study would be of interest
since to our knowledge, microbiome-associated studies targeting SCI patients are non-exis-
tent and the results might help explain possible implications of gut microbiome in SCI.
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Introduction

Human intestinal tract is colonized by thousands of different genera of bacterial species whose
number and genetic content exceed that of the host by a factor of ten and 150-fold, respectively
[1]. These commensal microorganisms and their metabolites have substantial effects on the
host, modulating the functions of the immune system, [2], the endocrine system, the enteric
nervous system [3] and the central nervous system [4]. The growth and the composition of
intestinal microbiota are affected by a plethora of factors, including immune mechanisms, die-
tary factors and intestinal motility. Recent studies have shown that an imbalance of the normal
gut microbiota (dysbiosis) is associated with inflammatory bowel diseases [5], irritable bowel
syndrome [6] and some other diseases [7].

Patients with spinal cord injury (SCI) commonly have neurogenic bowel dysfunction due to
absence of central nervous system control over the gastrointestinal system. Bowel problems
can cause major physical and psychological difficulties for these patients [8]. There are two dif-
ferent bowel dysfunction types In SCI: upper motor neuron (UMN) and lower motor neuron
(LMN) bowel syndrome [9,10]. The UMN bowel syndrome is associated with increased anal
sphincter and colonic wall tonus. Although stool propulsion and reflex mechanisms are pre-
served due to intact neuronal circuitry between the colon and the spinal cord, the intestinal
transit time has been shown to be reduced. These patients often represent with constipation
and fecal retention [9]. In contrast, the LMN bowel syndrome or flaccid bowel is associated
with loss of reflex mechanisms. Constipation is frequent in this bowel type since stool propul-
sion is very slow. There is also a high risk for incontinence due to atonic sphincters [11].

Gut is known to be a target organ for various kinds of stress triggered by sepsis, shock, burn,
trauma and infection [12]. Considering that SCI is a stressor altering a number of physiological
processes, we hypothesized that bowel dysfunction and altered colonic transit time in SCI
patients could lead to a significant change in the composition of gut microbiome. The objective
of this study was to characterize the gut microbiota in adult SCI patients with different types of
bowel dysfunction. Our results demonstrate for the first time that butyrate-producing mem-
bers are specifically reduced in SCI patients when compared to healthy subjects. These findings
could be of interest in defining the probable impacts of microbiome dysbiosis in SCI patients.

Materials and Methods
Patients and controls

Subjects were recruited from a national rehabilitation center of SCI clinic and healthy controls
(able-bodied) were included from the same hospital employees. Written informed consent
form was obtained from all participants and the study protocol was approved by the Kecioren
Education and Research Hospital, Ethics Committee (Approval #: B10.4.ISM.4.06.68.49, Date:
13/March/2013). Patients were included if they met the following criteria: 1) neurologically
complete (as defined by the American Spinal Injury Association, Atlanta, GA, USA) spinal
cord injury (level of injury above T-6) or traumatic cauda equina syndrome occurring 12 or
more months prior to the study, 2) 18 years of age or older, 3) traumatic spinal cord injury.
Exclusion criteria included use of antibiotics in the past three weeks and incomplete SCI. All
patients underwent a general examination and a full American Spinal Injury Association
(ASIA) examination before being included in the study. Demographic data, bowel manage-
ment types, infection frequency and history of antibiotic use was recorded. To exclude probable
effects of diet on microbiota, all patients and healthy subjects were fed with standard hospital
food 1-3 weeks before stool collection. There were no other diet restrictions. Laboratory staff
was blinded to the case-control identification.
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Sample collection and DNA isolation

Gut microbial patterns were determined from stool samples. Patients collected the samples into
sterile disposable containers in commode chairs or during a side-lying position in the bed without
using enema. Control group also collected samples into the same disposable containers. Faecal
samples were frozen and kept at -80°C until use. For isolation of bacterial DNA from stool samples,
PowerSoil bacterial DNA extraction kit (MoBio, Carlsbad CA) was used with some modifications.
Prior to the isolation protocol described by the manufacturer, each sample was homogenized using
a sterile disposable spatula and treated with Lysozyme (10 pg/ml final concentration). Extraction
was then continued using the bead-beating method in the presence of lysozyme.

16S rRNA gene amplification

The 16S rRNA gene V4 variable region PCR primers 515/806 (515F GTGCCAGCMGCCGCGG
TAA and 806R GGACTACVSGGGTATCTAAT) with barcode on the forward primer were
used in a 30 cycle PCR using the HotStarTaq Plus Master Mix Kit (Qiagen, USA) under the fol-
lowing conditions: 94°C for 3 minutes, followed by 28 cycles of 94°C for 30 seconds, 53°C for

40 seconds and 72°C for 1 minute, after which a final elongation step at 72°C for 5 minutes was
performed. After amplification, PCR products were verified on a 2% agarose gel to determine
the success of amplification and the relative intensity of bands. Multiple samples were pooled
together in equal proportions based on their molecular weight and DNA concentrations. Pooled
samples were purified using calibrated Ampure XP beads. The pooled and purified PCR product
was used to prepare the DNA library following Illumina TruSeq DNA library preparation proto-
col. Sequencing was performed on a MiSeq following the manufacturer’s guidelines. The bar-
codes and primers were trimmed from the sequences and then short sequences < 200bp were
removed from the raw data. The sequences that contained 6bp and bigger homopolymer regions
and ambiguous base calls were removed. Sequences were then denoised and chimeras removed.
Operational taxonomic units (OTUs) were identified after removal of sequences clustering at

3% divergence (97% similarity). OTUs were then taxonomically grouped and classified using
BLASTn tool against a curated GreenGenes database [13] and compiled into each taxonomic
level into both “counts” and “percentage” files. Counts files contain the actual number of
sequences while the percent files contain the relative (proportion) percentage of sequences within
each sample that map to the designated taxonomic classification.

Bioinformatics and statistical data analyses

Relative abundance of identified organisms were normalized prior to analysis based on maximum
read counts per sample. The organisms with low relative frequencies (< %0.1) were filtered. The
remaining 100 different types (at the genus level) were used for group comparison analysis. All
analyses used the RStudio-software package (v.0.98.1091). Significance of differences in the relative
abundances between experiment and control groups were assessed by ANOVA (analysis of vari-
ance) method. Group based comparisons between the experiment and control microbial groups
with a confidence interval %95 were carried out using Tukey’s Test using the "TukeyHSD" function
of the R package “stats”. Hierarchical clustering based on the R package “cluster” was generated
using average linkage. Heatmaps used the heatmap.2 function based on R package “gplots”.

Results
Patient and control groups

Patients were divided into two groups according to their bowel dysfunction types. Fifteen com-
plete spinal cord injury patients (level of injury above T6) were included in the upper motor
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Fig 1. Flow diagram of the study design (UMN: Upper motor neuron, LMN: Lower motor neuron).

doi:10.1371/journal.pone.0145878.g001

neuron (UMN) bowel syndrome group whereas 15 patients with cauda equina syndrome were
included in the lower motor neuron (LMN) bowel syndrome group (Fig 1). Ten healthy sub-
jects were included in the control group. Characteristics of the participants are shown in

Table 1. All of the patients with SCI had neurologically complete injuries (ASIA-A) and all
injuries were due to contusion of spinal cord. Levels of injury within the patient groups were as
follows: UMN group: C4 (n =1, 6.7%), C5 (n =1, 6.7%), C6 (n =1, 6.7%), C7 (n =1, 6.7%), T3
(n=1,6.7%), T4 (n=4,26.7%), T5 (n = 6, 40.0%); LMN group: T12 (n =5, 33.3%), L1 (n=9,
60.0%), L2 (n = 1, 6.7%). There was no statistically significant difference between groups in
terms of age and gender. Comparisons of etiology and disease interval were performed between
UMN and LMN bowel syndrome groups. Bowel management types (Chi-square test, p>0.05)
and antibiotic usage (Mann-Whitney U test, p>0.05) were not statistically different between
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Table 1. Demographic characteristics of the participants.

Age (mean years (s.d.))
Sex (Yomale;%female)

Months from injury (median, (min-max))

Etiology (%)
Motor vehicle collisions
Fall from an elevated height
Gunshot wound
Diving into shallow water

*Kruskal-Wallis test
**Chi-square test

UMN Bowel Syndrome LMN Bowel Syndrome Healthy Controls p
35.0 (9.5) 34.0 (8.9) 34.4 (8.0) >0.05*
86.7;13.3 93.3;6.7 100.0;0.0 >0.05%*

21.0(13.0-105.0) 18.0(13.0-94.0) NA >0.05*%
>0.05%*

46.6 46.7 NA

40.0 26.7 NA

6.7 26.7 NA

6.7 - NA

UMN: Upper motor neuron, LMN: Lower motor neuron, NA: Not applicable.

doi:10.1371/journal.pone.0145878.1001

the groups. According to participants’ self-reports, urinary tract infection rates per year were
3.0+1.8 and 2.6+1.8 in UMN bowel syndrome and LMN bowel syndrome groups, respectively.
In healthy control group, nobody reported urinary tract infection.

Characterization of intestinal microbiota

16S rRNA gene sequences were generated using [llumina's MiSeq platform. Briefly, a total of
4,444,553 reads were obtained with a mean of 111,000 reads per participant. Reads were clus-
tered in OTUs at 97% of identity. Independent of study groups, gut microbiota of the partici-
pants were dominated by Blautia, Bifidobacterium, Faecalibacterium and Ruminococcus. Total
bacterial DNA counts were similar between groups (Fig 2A). Hierarchical cluster analysis
shows the relative percent abundances of each genus in different groups (Fig 3, and S1 Fig).
The analysis was based on UPGMA (Unweighted Pair Group Method with Arithmetic Mean)
method. Compositional dissimilarity between different categories were calculated using the
Bray—-Curtis dissimilarity method.

Comparison between study groups

To highlight possible GI flora differences between groups, SCI patients were compared to
healthy controls. To exclude age related fecal composition differences, we selected age-matched
healthy subjects. Both patient and control groups were on the same diet profile and did not use
antibiotics for the last 3-weeks period. When we compared all study groups, Roseburia, Pseudo-
butyrivibrio, Dialister, Marvinbryantia and Megamonas appeared as the genera that were statis-
tically different between groups.

Gut microbiota in UMN bowel dysfunction group

In comparison to the healthy group, total bacterial counts of Pseudobutyrivibrio, Dialister and
Megamonas genera were significantly lower in UMN bowel dysfunction group (p = 0.019,

p = 0.042 and p = 0.029 respectively, Tukey’s HSD test) (Fig 2B, 2C and 2D respectively). The
total bacterial count of Marvinbryantia genus was significantly lower in UMN bowel dysfunc-
tion group (p = 0.021, Tukey’s HSD test) (Fig 2E) when compared to the LMN group. These
results suggest that Pseudobutyrivibrio, a butyrate, lactic acid and formic acid producer [14]
and Bacteroides members Dialister and Megamonas that are involved in interactions with the
intestine [15] are significantly reduced in UMN bowel dysfunction group.
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Fig 2. Gut microbiome composition profiles that differed between UMN group (n = 15), LMN group
(n = 15), and control group (n = 10). The values represent bacterial DNA counts in gut microbiome. (A) Total
bacterial counts; (B) Pseudobutyrivibrio; (C) Dialister; (D) Megamonas; (E) Marvinbryantia; (F) Roseburia.
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Gut microbiota in LMN bowel dysfunction group

Total bacterial count of Marvinbryantia genus was significantly higher in LMN bowel dysfunc-
tion group (p = 0.021, Tukey’s HSD test) (Fig 2E) when compared to the UMN bowel dysfunc-
tion group. Furthermore, total bacterial counts of Roseburia, Pseudobutyrivibrio and
Megamonas genera were significantly lower in LMN bowel dysfunction group (p = 0.019,

p =0.002 and p = 0.031 respectively, Tukey’s HSD test) (Fig 2F, 2B and 2D, respectively) when
compared to healthy controls. Roseburia and Marvinbryantia belong to the Lachnospiraceae
family that degrade complex polysaccharides to short chain fatty acids including acetate, buty-
rate, and propionate [16]. Our results show that compared to healthy controls, there is a prefer-
ential decrease in Marvinbryantia in the UMN group, whereas in the LMN group, Roseburia is
decreased. These results suggest that although the identity of the genera that are dysregulated
in both groups may differ, the outcome (i.e reduced butyrate production) would be expected to
be similar.

Discussion

In this study we hypothesized that gut microbiome in SCI patients may change according to
their bowel dysfunction types and would be different when compared to healthy subjects. We
tested our hypothesis on 30 SCI patients and 10 healthy controls using the 16S rRNA
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Fig 3. Hierarchical cluster analysis showing the relative percent abundance of each genus in the study groups. UMN: Upper motor neuron group;
LMN: Lower motor neuron group; H: Healthy controls.

doi:10.1371/journal.pone.0145878.9003
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sequencing. The results of this study would be of interest since to our knowledge, microbiome-
associated studies targeting SCI patients are non-existent and the results might help explain
possible implications of gut microbiome dysbiosis in SCL

Firmicutes and Bacteroides spp. are the most predominant phylum in the gut [17]. They fer-
ment non-digestible polysaccharides and generate metabolites that can be used for energy by
the host. Among these, acetate, propionate and butyrate are among the most well characterized
single chain fatty acid metabolites that are produced following carbohydrate fermentation in
the gut [18]. Butyrate is the most pronounced single chain fatty acid (SCFA) with modulatory
effects on epithelial cell growth and differentiation and immune function [18,19]. Of interest,
microglia, the resident macrophages of the central nervous system contributes to secondary tis-
sue damage and axonal retraction following spinal cord injury [20,21]. Short chain fatty acids,
butyrate in particular, have potent anti-inflammatory effects on macrophages [22,23] and can
suppress ongoing inflammation in the CNS [24]. In this context, our findings revealed a signifi-
cant reduction in butyrate producing phylum members in SCI patients, suggesting that
reduced levels of butyrate may contribute to microglia-mediated neurotoxicity in these
patients. It is plausible that low butyrate levels may have an impact on long-term recovery after
SCI. Of note, glial cells are also known to increase pain hypersensitivity by releasing signaling
molecules like multiple pro-inflammatory cytokines [25-28]. Considering microglia mediated
neurotoxicity and their contribution to pain sensation, reduced levels of butyrate may be a per-
sistent triggering factor for neuropathic pain.

Gastrointestinal transit times are significantly increased in UMN and LMN bowel syn-
dromes and did not differ from each other [29]. Motility of the upper gastrointestinal tract is
mainly modulated by vagal output. The underlying reason(s) accounting for gastrointestinal
dysmotility following SCI remains enigmatic considering that the vagal output remains intact
in these patients. Our results revealed that Marvinbryantia Spp. is significantly decreased in
UMN group in comparison with LMN group. We suspect that such a alteration between the
UMN and LMN groups might not be related to bowel motility differences but might imply that
the existence of this commensal might be affected by the autonomic nervous system dysfunc-
tion in the UMN group. One other explanation to account for this decrease might be a com-
pensation mechanism operating in response to the changes in levels of other commensals.
Since total bacterial DNA counts were not significantly different in UMN and LMN groups,
this might be a reasonable explanation.

We believe that our findings demonstrating dysbiosis in gut microbiome following SCI
could initiate future studies to address unresolved issues such as how the microbiome of
patients with SCI affects bidirectional microbiota-gut-brain axis and whether this relates to
brain reorganization after SCI. Emerging evidence imply that gut microbiome exerts consider-
able modulatory effects of on host neural functions and development [3]. Dysbiosis in micro-
biota can affect the immune system, regulating CNS functions and thus change mood and
behavior [30,31].

Immune dysfunction in patients living with SCI is crucial in terms of increased infection
tendency. When the effects of microbiome on the development and modulation of immune
system are considered, it is likely that a possible contribution of altered microbiome on this
immune dysfunction might be expected. In this study we only characterized gut microbiome
and did not investigate its impact on the immune system. However, how microbiome alters
immune functions in SCI remains an important question and might be investigated in future
studies.

A strong point of this study was the inclusion of only complete SCI patients with level of
injury above T-6 or cauda equina syndrome. This approach excluded probable confounding
effects of thoracic splanchnic nerves on gut functions, and therefore other levels of injuries
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were not included in this study. Participants were fed with standard hospital food for 1-3
weeks before stool collection. However, whether a longer term (i.e. >2 weeks) dietary recall
would be necessary to account for individual diet-associated flora differences could not be
determined and remains as a major weakness of this study.

Supporting Information

S1 Fig. Combined data with relative percentages among groups. UMN: Upper motor neuron
group (Group A, N = 15); LMN: Lower motor neuron group (Group B, N = 15); and H:
Healthy controls (Group C, N = 10).

(XLSX)

Acknowledgments

This project was supported by a METU-GATA collaborative grant to MG and BY (BAP-08-
11-2013-005)

Author Contributions

Conceived and designed the experiments: MG BY IG. Performed the experiments: BG EA.
Analyzed the data: MG BY IG. Contributed reagents/materials/analysis tools: MG BY IG.
Wrote the paper: MG BY BG EA IG.

References

1.

10.

11.

12.

13.

Dethlefsen L, McFall-Ngai M, Relman DA. An ecological and evolutionary perspective on human-
microbe mutualism and disease. Nature. 2007; 449: 811-818. PMID: 17943117

Round JL, Mazmanian SK. The gut microbiota shapes intestinal immune responses during health and
disease. Nat Rev Immunol. 2009; 9: 313-323. doi: 10.1038/nri2515 PMID: 19343057

Forsythe P, Kunze WA. Voices from within: gut microbes and the CNS. Cell Mol Life Sci. 2013; 70: 55—
69. doi: 10.1007/s00018-012-1028-z PMID: 22638926

Cryan JF, Dinan TG. Mind-altering microorganisms: the impact of the gut microbiota on brain and
behaviour. Nat Rev Neurosci. 2012; 13: 701-712. doi: 10.1038/nrm3346 PMID: 22968153

Sartor RB. Microbial influences in inflammatory bowel diseases. Gastroenterology. 2008; 134: 577—
594. doi: 10.1053/j.gastro.2007.11.059 PMID: 18242222

Collins S, Verdu E, Denou E, Bercik P. The role of pathogenic microbes and commensal bacteria in irri-
table bowel syndrome. Dig Dis. 2009; 27: 85-89. doi: 10.1159/000268126 PMID: 20203502

Robles Alonso V, Guarner F. Linking the gut microbiota to human health. Br J Nutr. 2013; 109: S21-26.
doi: 10.1017/S0007114512005235 PMID: 23360877

Longo WE, Ballantyne GH, Modlin IM. The colon, anorectum and spinal cord patient. A review of the
functional alternations of the denervated hindgut. Dis Colon Rectum. 1989; 32: 261-267. PMID:
2646085

Stiens SA, Bergman SB, Goetz LL. Neurogenic bowel dysfunction after spinal cord injury: clinical evalu-
ation and rehabilitative management. Arch Phys Med Rehabil. 1997; 78: S86—-S102. PMID: 9084372

Singal AK, Rosman AS, Bauman WA, Korsten MA. Recent concepts in the management of bowel pro-
bles after spinal cord injury. Adv Med Sci. 2006; 51: 15-22. PMID: 17357271

Valles M, Mearin F. Pathophysiology of bowel dysfunction in patients with motor incomplete spinal cord
injury: Comparison with patients with motor complete spinal cord injury. Dis Colon Rectum. 2009; 52:
1589-1597. doi: 10.1007/DCR.0b013e3181a873f3 PMID: 19690487

Clark JA, Coopersmith CM. Intestinal crosstalk: a new paradigm for understanding the gut as the
“motor” of critical iliness. Shock. 2007; 28: 384—-393. PMID: 17577136

DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, et al. Greengenes, a chimera-
checked 16S rRNA gene database and workbench compatible with ARB. Appl Environ Microbiol. 2006;
72:5069-5072. PMID: 16820507

PLOS ONE | DOI:10.1371/journal.pone.0145878 January 11,2016 9/10


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145878.s001
http://www.ncbi.nlm.nih.gov/pubmed/17943117
http://dx.doi.org/10.1038/nri2515
http://www.ncbi.nlm.nih.gov/pubmed/19343057
http://dx.doi.org/10.1007/s00018-012-1028-z
http://www.ncbi.nlm.nih.gov/pubmed/22638926
http://dx.doi.org/10.1038/nrn3346
http://www.ncbi.nlm.nih.gov/pubmed/22968153
http://dx.doi.org/10.1053/j.gastro.2007.11.059
http://www.ncbi.nlm.nih.gov/pubmed/18242222
http://dx.doi.org/10.1159/000268126
http://www.ncbi.nlm.nih.gov/pubmed/20203502
http://dx.doi.org/10.1017/S0007114512005235
http://www.ncbi.nlm.nih.gov/pubmed/23360877
http://www.ncbi.nlm.nih.gov/pubmed/2646085
http://www.ncbi.nlm.nih.gov/pubmed/9084372
http://www.ncbi.nlm.nih.gov/pubmed/17357271
http://dx.doi.org/10.1007/DCR.0b013e3181a873f3
http://www.ncbi.nlm.nih.gov/pubmed/19690487
http://www.ncbi.nlm.nih.gov/pubmed/17577136
http://www.ncbi.nlm.nih.gov/pubmed/16820507

@’PLOS ‘ ONE

Altered Microbiome in SCI patients

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

Paillard D, McKain N, Chaudhary LC, Walker ND, Pizette F, Koppova I, et al. Relation between phylo-
genetic position, lipid metabolism and butyrate production by different Butyrivibrio-like bacteria from the
rumen. Antonie Van Leeuwenhoek. 2007; 91: 417—422. PMID: 17077990

Joly F, Mayeur C, Bruneau A, Noordine ML, Meylheuc T, Langella P, et al. Drastic changes in fecal and
mucosa-associated microbiota in adult patients with short bowel syndrome. Biochimie. 2010; 92: 753—
761. doi: 10.1016/j.biochi.2010.02.015 PMID: 20172013

Biddle A, Stewart L, Blanchard J, Leschine S. Untangling the Genetic Basis of Fibrolytic Specialization
by Lachnospiraceae and Ruminococcaceae in Diverse Gut Communities. Diversity. 2013; 5: 627—640.

Tap J, Mondot S, Levenez F, Pelletier E, Caron C, Furet JP, et al. Towards the human intestinal micro-
biota phylogenetic core. Environ Microbiol. 2009; 11: 2574-2584. doi: 10.1111/].1462-2920.2009.
01982.x PMID: 19601958

Roediger WE. Short chain fatty acids as metabolic regulators of ion absorption in the colon. Acta Vet
Scand Suppl. 1989; 86: 116—125. PMID: 2699772

Arpaia N, Campbell C, Fan X, Dikiy S, van der Veeken J, deRoos P, et al. Metabolites produced by
commensal bacteria promote peripheral regulatory T-cell generation. Nature. 2013; 504: 451-455. doi:
10.1038/nature 12726 PMID: 24226773

Kigerl KA, Gensel JC, Ankeny DP, Alexander JK, Donnelly DJ, Popovich PG. Identification of two dis-
tinct macrophage subsets with divergent effects causing either neurotoxicity or regeneration in the
injured mouse spinal cord.J Neurosci.2009; 29: 13435—-13444. doi: 10.1523/JNEUROSCI.3257-09.
2009 PMID: 19864556

Busch SA, Horn KP, Silver DJ, Silver J. Overcoming macrophage-mediated axonal dieback following
CNS injury. J Neurosci. 2009; 29: 9967-9976. doi: 10.1523/JNEUROSCI.1151-09.2009 PMID:
19675231

Park JS, Woo MS, Kim SY, Kim WK, Kim HS. Repression of interferon-gamma-induced inducible nitric
oxide synthase (iNOS) gene expression in microglia by sodium butyrate is mediated through specific
inhibition of ERK signaling pathways. J Neuroimmunol. 2005; 168: 56-64. PMID: 16091294

Chen PS, Wang CC, Bortner CD, Peng GS, Wu X, Pang H, et al. Valproic acid and other histone deace-
tylase inhibitors induce microglial apoptosis and attenuate lipopolysaccharide-induced dopaminergic
neurotoxicity. Neuroscience. 2007; 149: 203-212. PMID: 17850978

Kim HJ, Rowe M, Ren M, Hong JS, Chen PS, Chuang DM. Histone deacetylase inhibitors exhibit anti-
inflammatory and neuroprotective effects in a rat permanent ischemic model of stroke: multiple mecha-
nisms of action. J Pharmacol Exp Ther. 2007; 321: 892-901. PMID: 17371805

Watkins LR, Milligan ED, Maier SF. Glial activation: a driving force for pathological pain. Trends Neu-
rosci. 2001; 24: 450-455. PMID: 11476884

Watkins LR, Milligan ED, Maier SF. Spinal cord glia: new players in pain. Pain. 2001; 93: 201-205.
PMID: 11514078

DelLeo JA, Yezierski RP. The role of neuroinflammation and neuroimmune activation in persistent pain.
Pain. 2001; 90: 1-6. PMID: 11166964

Hanisch UK. Microglia as a source and target of cytokines. Glia. 2002; 40: 140-155. PMID: 12379902

Fynne L, Worsoe J, Gregersen T, Schlageter V, Laurberg S, Krogh K. Gastric and small intestinal dys-
function in spinal cord injury patients. Acta Neurol Scand. 2012; 125: 123—128. doi: 10.1111/j.1600-
0404.2011.01508.x PMID: 21428967

Dantzer R, Konsman JP, Bluthe RM, Kelley KW. Neural and humoral pathways of communication from
the immune system to the brain: parallel or convergent? Auton Neurosci. 2000; 85: 60-65. PMID:
11189027

Vitkovic L, Konsman JP, Bockaert J, Dantzer R, Homburger V, Jacque C. Cytokine signals propagate
through the brain. Mol Psychiatry. 2000; 5: 604—615. PMID: 11126391

PLOS ONE | DOI:10.1371/journal.pone.0145878 January 11,2016 10/10


http://www.ncbi.nlm.nih.gov/pubmed/17077990
http://dx.doi.org/10.1016/j.biochi.2010.02.015
http://www.ncbi.nlm.nih.gov/pubmed/20172013
http://dx.doi.org/10.1111/j.1462-2920.2009.01982.x
http://dx.doi.org/10.1111/j.1462-2920.2009.01982.x
http://www.ncbi.nlm.nih.gov/pubmed/19601958
http://www.ncbi.nlm.nih.gov/pubmed/2699772
http://dx.doi.org/10.1038/nature12726
http://www.ncbi.nlm.nih.gov/pubmed/24226773
http://dx.doi.org/10.1523/JNEUROSCI.3257-09.2009
http://dx.doi.org/10.1523/JNEUROSCI.3257-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19864556
http://dx.doi.org/10.1523/JNEUROSCI.1151-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19675231
http://www.ncbi.nlm.nih.gov/pubmed/16091294
http://www.ncbi.nlm.nih.gov/pubmed/17850978
http://www.ncbi.nlm.nih.gov/pubmed/17371805
http://www.ncbi.nlm.nih.gov/pubmed/11476884
http://www.ncbi.nlm.nih.gov/pubmed/11514078
http://www.ncbi.nlm.nih.gov/pubmed/11166964
http://www.ncbi.nlm.nih.gov/pubmed/12379902
http://dx.doi.org/10.1111/j.1600-0404.2011.01508.x
http://dx.doi.org/10.1111/j.1600-0404.2011.01508.x
http://www.ncbi.nlm.nih.gov/pubmed/21428967
http://www.ncbi.nlm.nih.gov/pubmed/11189027
http://www.ncbi.nlm.nih.gov/pubmed/11126391

