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Acute brain ischemia induces a local neuroinflammatory reaction and alters peripheral immune homeostasis at the same time. Recent
evidence has suggested a key role of the gut microbiota in autoimmune diseases by modulating immune homeostasis. Therefore, we
investigated the mechanistic link among acute brain ischemia, microbiota alterations, and the immune response after brain injury. Using
two distinct models of acute middle cerebral artery occlusion, we show by next-generation sequencing that large stroke lesions cause gut
microbiota dysbiosis, which in turn affects stroke outcome via immune-mediated mechanisms. Reduced species diversity and bacterial
overgrowth of bacteroidetes were identified as hallmarks of poststroke dysbiosis, which was associated with intestinal barrier dysfunc-
tion and reduced intestinal motility as determined by in vivo intestinal bolus tracking. Recolonizing germ-free mice with dysbiotic
poststroke microbiota exacerbates lesion volume and functional deficits after experimental stroke compared with the recolonization with
a normal control microbiota. In addition, recolonization of mice with a dysbiotic microbiome induces a proinflammatory T-cell polar-
ization in the intestinal immune compartment and in the ischemic brain. Using in vivo cell-tracking studies, we demonstrate the
migration of intestinal lymphocytes to the ischemic brain. Therapeutic transplantation of fecal microbiota normalizes brain lesion-
induced dysbiosis and improves stroke outcome. These results support a novel mechanism in which the gut microbiome is a target of
stroke-induced systemic alterations and an effector with substantial impact on stroke outcome.
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Introduction
The inflammatory reaction to sterile tissue injury is a critical
pathophysiological component in organ-specific injuries, includ-

ing ischemic stroke (Iadecola and Anrather, 2011; Chamorro et
al., 2012), myocardial infarction (Hofmann and Frantz, 2015),
and other conditions (Huang et al., 2007). Previous reports have
shown that T cells play a defining role in secondary neuroinflam-
mation after brain ischemia (Shichita et al., 2009; Liesz et al.,
2013c; Schwartz and Raposo, 2014). Experimental approaches
using pharmacological or genetic lymphocyte depletion para-
digms (Yilmaz et al., 2006; Kleinschnitz et al., 2010) or pharma-
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Significance Statement

We have identified a bidirectional communication along the brain– gut microbiota–immune axis and show that the gut microbi-
ota is a central regulator of immune homeostasis. Acute brain lesions induced dysbiosis of the microbiome and, in turn, changes
in the gut microbiota affected neuroinflammatory and functional outcome after brain injury. The microbiota impact on immunity
and stroke outcome was transmissible by microbiota transplantation. Our findings support an emerging concept in which the gut
microbiota is a key regulator in priming the neuroinflammatory response to brain injury. These findings highlight the key role of
microbiota as a potential therapeutic target to protect brain function after injury.
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cological approaches to block cerebral lymphocyte invasion
(Liesz et al., 2011; Neumann et al., 2015) have established a pri-
mary role for lymphocytes, particularly T cells, as crucial media-
tors of an inflammatory collateral damage to the injured brain
after stroke. Previous work from our group and others has pro-
posed that Thelper cell subpopulations might have differential ef-
fects on stroke outcome: proinflammatory Th1, Th17, and �� T
cells have been associated with increased inflammatory damage
and worse outcome, whereas regulatory T cells (Tregs) have been
shown to suppress an overshooting neuroinflammatory reaction
to brain injury (Liesz et al., 2009a; Shichita et al., 2009; Gelder-
blom et al., 2012; Liesz et al., 2013c). In contrast to primary
autoimmune diseases of the CNS, acute brain ischemia induces a
rapid local and peripheral immune activation (Iadecola and An-
rather, 2011; Shichita et al., 2012; Liesz et al., 2015). T cells are
recruited to the injured brain already within the first days after stroke
(Gelderblom et al., 2009; Zhou et al., 2013) and peripheral T-cell
activation can also be observed (Offner et al., 2006; Yilmaz et al.,
2006; Liesz et al., 2009b; Vogelgesang et al., 2010). Nevertheless, the
mechanisms of peripheral T-cell activation, specifically Thelper cell
polarization, after acute brain injury are still elusive.

Several lines of evidence suggest that the gut microbiota is a key
regulator of T-cell homeostasis and is intricately involved in the mat-
uration of the immune system and maintaining the mutual coexis-
tence of host and microbe (Ivanov et al., 2009; Hooper et al., 2012;
Arpaia et al., 2013). Recently, the functional relation between the gut
microbiota and brain function, termed the “gut–brain axis,” has
become an emerging field in neuroscience and neuroimmunology
(Collins et al., 2012; Cryan and Dinan, 2012). The gut microbiota has
been attributed a decisive role in autoimmune diseases of the CNS
(Berer et al., 2011; Lee et al., 2011). A recent report by l (Benakis et al.
(2016) has demonstrated that antibiotic-treatment-induced dysbio-
sis of intestinal microbiota influences poststroke neuroinflamma-
tion and outcome in an experimental stroke model. However, the
impact of stroke on the microbiota composition and the contribu-
tion of stroke-specific microbiota alterations on neuroinflammation
were previously unknown. Therefore, the aim of this work was to
investigate microbiota alterations after brain ischemia and their role
in the poststroke neuroinflammatory reaction.

In this study, we observe dysbiosis of the gut microbiota via
stress-mediated intestinal paralysis after stroke. In turn, microbi-
ota dysbiosis is causally linked to changes in T-cell homeostasis,
induction of a proinflammatory response, and deterioration of
stroke outcome. Fecal microbiota transplantation to normalize
poststroke dysbiosis is associated with an improved stroke out-
come. Altogether, our data point to a novel and highly complex
interplay between the brain and the gut microbiota after acute
brain injury in which the microbiota is a target of stress-mediated
pathways resulting dysbiosis, as well as an effector of immune
homeostasis with profound impact on stroke outcome.

Materials and Methods
Animal experiments. All animal experiments were performed consistent
with the guidelines for the use of experimental animals and were ap-
proved by the governmental committee of Upper Bavaria (Regier-
ungspraesidium Oberbayern #2532-65-2014). Wild-type C57BL/6J mice
and Rag1 � / � male mice were obtained from Charles River Laboratories.
Germ-free (GF) C57BL/6J and GF Rag1 � / � female mice were obtained
from the Clean Mouse Facility, University of Bern, Switzerland. A priori
sample size calculation was based on either variance and effect size from
previous studies or on preliminary pilot experiments performed during
this study. Data were excluded from all mice that died after surgery.
Animals were randomized to treatment groups and all analyses were
performed by investigators blinded to group allocation. Unblinding was

performed after completion of statistical analyses. All animal experi-
ments were performed and reported consistent with the ARRIVE guide-
lines (Kilkenny et al., 2010).

GF mouse handling and intestinal recolonization. GF mice were housed
in sterile HAN-gnotocages and received the same sterile water and pel-
leted food as conventional or recolonized mice. All surgical procedures,
cage changes, and behavioral tests of GF mice were performed in a dis-
infected laminar flow microbiological safety cabinet. GF mice were re-
colonized with gut microbiota obtained from sham or post-filament
middle cerebral artery (MCA) occlusion model (fMCAo) donor mice by
gastric gavage of freshly prepared cecum microbiota. In brief, the donor
mice were killed, cleaned with 70% ethanol, and the peritoneal cavity was
opened to expose the cecum. The contents of the cecum were collected in
sterile tubes, diluted in sterile water to 200 mg/ml, and centrifuged at
2000 rpm for 10 min to remove the large particles. The supernatants were
collected into fresh sterile tubes and each recipient mouse received a
single 200 �l bolus of the freshly prepared microbiota suspension.

Permanent distal MCA occlusion model (cMCAo). Focal cerebral isch-
emia was induced as described previously by permanent occlusion of the
MCA distal of the lenticulostriate arteries (Llovera et al., 2014). In brief,
the mice were anesthetized with an intraperitoneal injection of fentanyl
(0.05 mg/kg), midazolam (5 mg/kg), and medetomidine (0.5 mg/kg).
The skull was exposed by skin incision, a burr hole was drilled in the
temporal bone, and the MCA was permanently occluded using high-
frequency electrocoagulation forceps. Immediately after surgery, anes-
thesia was antagonized by intraperitoneal injection of a combination of
naloxon (1.2 mg/kg), flumazenil (0.5 mg/kg), and atipamezol (2.5 mg/
kg). After recovery, mice were returned to their cages with ad libitum
access to water and food. Sham surgery was performed by the same
surgical procedures without coagulation of the exposed MCA. Through-
out the surgical procedure, body temperature was maintained at 37°C
using a feedback-controlled heating pad. The overall mortality rate in
this experimental group was �5%. Exclusion criteria were subarachnoid
hemorrhage or death during surgery.

Transient fMCAo. Mice were anesthetized with isoflurane delivered in
a mixture of 30% O2 and 70% N2O. An incision was made between the
ear and the eye to expose the temporal bone. A laser Doppler probe was
affixed to the skull above the MCA territory and the mice were placed in
the supine position. An incision was made in the midline neck region and
the common carotid artery and left external carotid artery were isolated
and ligated; a 2 mm silicon-coated filament (catalog #701912PKRe; Doc-
col) was inserted into the internal carotid artery and MCA occlusion was
confirmed by a corresponding decrease in blood flow (i.e., a decrease in
the laser Doppler flow signal). After 60 min of occlusion, the animals
were reanesthetized and the filament was removed. For the survival pe-
riod, the mice were kept in their home cage with facilitated access to
water and food. Sham-operated mice received the same surgical proce-
dure except the filament was inserted and immediately removed. Body tem-
perature was maintained throughout surgery using a feedback-controlled
heating pad. The overall mortality rate in this group (excluding the sham-
operated animals) was �10%. Exclusion criteria were as follows: insufficient
MCA occlusion (a reduction in blood flow to �20% of the baseline value),
mice that died during the surgery, and mice without induction of brain
ischemia as quantified postmortem by histological analysis.

Cylinder test. GF mice that were inoculated with a fecal suspension
obtained from control and fMCAo-induced mice were tested for forepaw
use and asymmetry by measuring behavioral asymmetry and general
activity on the first and third days after cMCAo surgery. The test was
performed in a sterile laminar flow safety cabinet. Mice were placed in a
transparent acrylic glass cylinder (diameter: 8 cm; height: 25 cm) in front
of two mirrors and videotaped (Llovera et al., 2014). To assess independent
forelimb use, contact with one forelimb during full rear and landing with
only one forelimb after full rear were scored by performing a frame-by-frame
analysis of the recorded videos. All rearing movements during the trial were
counted and used as a measure of the animal’s overall activity.

Fecal microbiota transfer (FMT). Freshly defecated feces were collected
from restrained mice and placed in sterile tubes. Donor mice (Charles
River) were housed under SPF conditions and the same ones were used
for all recipient mice in a given group. After collection, the fecal pellets
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were immediately mixed in sterile water (to 200 mg/ml) and the suspen-
sion was centrifuged at 2000 rpm for 10 min. The supernatant was col-
lected and 200 �l was administered to each mouse by gastric gavage. FMT
treatment was administered daily for the survival period starting on
the same day of stroke induction. For FMT experiments, the recipient
mice were housed in cages with sterile bedding and ad libitum access to
sterile water. For the fMCAo model, the mice did not have access to food
to eliminate any confounding effects of differing food consumption be-
tween the fMCAo, sham-operated, and treatment groups. Therefore,
fMCAo and FMT recipient mice received three daily oral doses of water-
suspended ultra-fine ground chow containing the same composition and
caloric intake as the pelleted food (equivalent to �2.5 mg of chow).

Infarct volumetry. Perfused brains were removed at the indicated time
points after stroke induction and frozen on powdered dry ice. Coronal
cryosections (20 �m thick) were cut at 400 �m intervals. The sections
were stained with cresyl violet consistent with standard protocols and
scanned at 600 dpi. Infarct area was measured in each section using
ImageJ software. For the fMCAo model, an edema correction for infarct
volume was performed using the following formula: (ischemic area) �
(direct lesion volume) � [(ipsilateral hemisphere) � (contralateral
hemisphere)]. The total infarct volume was calculated by integrating the
measured areas and intervals between the sections.

Preparation of cells from lymphoid organs. Mice were deeply anesthe-
tized with ketamine (120 mg/kg) and xylazine (16 mg/kg). Blood was
obtained by intracardiac puncture and collected into EDTA test tubes;
the plasma was isolated by centrifugation at 3000 rpm for 10 min and
stored at �80°C until further use. The mice were then transcardially
perfused with normal saline and the spleen and Peyer’s patches (PPs)
were removed into cold Hank’s balanced salt solution. The organs were
homogenized and filtered through 30 – 40 �m cell strainers; in the spleen
samples, the erythrocytes were lysed using isotonic ammonium chloride
buffer. The total cell counts per organ were measured using an auto-
mated cell counter (Bio-Rad). For the isolation of mucosal leukocytes,
the distal ileum was dissected carefully to remove the muscle layer. The
mucosal tissue was then minced into small pieces and incubated in RPMI
medium containing 10 �g/ml DNase I and 0.5 mg/ml collagenase D
(Roche) for 10 min at 37°C. The cell suspensions were then mechanically
homogenized, filtered, and washed before flow cytometric analysis.

Isolation of brain-invading leukocytes. Mice were deeply anesthetized
with ketamine (120 mg/kg) and xylazine (16 mg/kg) and transcardially
perfused with normal saline. Brains were carefully removed and ipsilat-
eral hemispheres were used for preparation of cells as described previ-
ously (Liesz et al., 2011). Briefly, brains were cut into small pieces and
digested in RPMI medium containing 10 �g of DNase I and 0.5 mg/ml
collagenase D (Roche) for 10 min at 37°C. The cell suspension was me-
chanically homogenized and passed through a 40 �m cell strainer
(Falcon). The cell suspension was resuspended with 40% Percoll solution
(GE Healthcare) and overlayed on a 70% Percoll solution. After centrif-
ugation at 2100 rpm for 25 min at room temperature, cells at the inter-
phase were collected and washed in isotonic buffer.

Flow cytometry analysis. The following mouse antigen-specific anti-
bodies were purchased from eBioscience/BioLegend: CD3 FITC (17A2),
CD4 PerCP Cy5 (clone RM4 –5), CD45 eF450 (30-F11), CD11b PerCP
Cy5.5 (M1/70), IFN-� FITC (XMG1.2), and IL-17 APC (17B7). To
quantify the various cell populations, cells were stained with specific
antibodies in accordance with the manufacturer’s protocols. For intra-
cellular cytokine staining, cell suspensions from the spleen and PPs were
resuspended in RPMI medium containing 10% heat-inactivated fetal calf
serum, 1% penicillin/streptomycin, and 10 �M 2-mercaptoethanol. The
cells were plated at a density of 3 � 10 5 cells/well on anti-CD3 antibody
(clone 145-2C11; eBioscience)-coated 96-well plates, costimulated with
soluble CD28 antibody (clone 37.51; eBioscience), and incubated for
40 h at 37°C and 5% CO2. After incubation, GolgiPlug (BD Biosciences)
was added to the cells for 4 h, after which the cells were harvested for
intracellular staining using the Foxp3/Transcription Factor Staining Kit
(eBioscience). Stained cells were measured in a FACSverse flow cytome-
ter (BD Biosciences) and analyzed using FlowJo version 10 (TreeStar).

FISH and histochemical staining. The distal ileum was ligated on both
sides with surgical sutures, removed, fixed in 4% paraformaldehyde, and

6-�m-thick transverse sections were prepared. The sections were
mounted on glass slides and FISH was performed in an equilibrated
humidity chamber at 46°C in hybridization buffer containing 0.9 M NaCl,
20 mM Tris-HCl, pH 7.2, 30% formamide, and 0.01% SDS for 3 h. Probes
(EUB 338: Cy5-GCT GCC TCC CGT AGG AGT-Cy5; EUB 338-III: Cy5-
GCT GCC ACC CGT AGG TGT-Cy5) were used at a final concentration
of 5 ng/�l. Sections were hybridized in 20 �l of hybridization buffer
containing the EUB 338 or EUB 338-III probe. The sections were then
placed in prewarmed (48°C) wash buffer containing 100 mM NaCl, 20
mM Tris-HCl, pH 7.2, and 5 mM EDTA in autoclaved Milli-Q water
(Millipore) for 10 min. SYTOX green (1:5000) was used to counterstain
the nuclei. Images (1024 � 1024 pixels, 400 Hz scan rate) were acquired
as z-stacks using a 63� glycerol objective on a confocal microscope (TCS
SP5 X; Leica).

Immunohistology. For analysis of labeled T cells from PPs, 12 �m
coronal brain sections at bregma height were stained with anti-mouse
CD3 polyclonal antibody (1:50; Abcam) and goat anti-rabbit Alexa
Fluor 488 (1:200; Jackson Laboratories) antibodies. After nuclear
staining with DAPI, sections were analyzed for the presence of CM-
DiI �CD3 �DAPI � cells using confocal microscopy (TCS SP5 X; Leica).

Tracing migration of leukocytes from PPs to the brain. Forty-eight hours
after cMCAo or sham surgery, cells within PPs were labeled by microin-
jection of fluorescent-cell-staining dyes CFSE (25 �M in 2 �l of PBS per
PP) or CM-DiI (5 �M in 2 �l of PBS per PP) (Life Technologies). Mice
were killed 24 h after cell labeling and brains prepared either for flow
cytometric analysis (CFSE labeling) or immunohistological analysis
(CM-DiI labeling) as described above.

Postoperative ileus model. Mice were anesthetized with isoflurane de-
livered in a mixture of 30% CO2 and 70% N2O. Before surgery, an injec-
tion of carprofen (5 mg/kg) was administered to the mice. After this, mice
were fixed with surgical tape in the supine position on a feedback-regulated
heating pad. The abdominal cavity was then opened 2 cm in length along the
linea alba. With two moist sterile cotton applicators, the small intestine con-
tent was carefully touched from the pylorus to the cecum as described pre-
viously (Vilz et al., 2012). After surgery, the mice were sutured, monitored in
a recovery chamber, and then returned to their home cages. Fecal samples
were collected before and 3 d after the surgery for microbial DNA isolation
and metagenomic analysis. Directly afterward, an oral bolus of FITC-
dextran was administered for the gut motility test.

Gastrointestinal motility analysis. Mice received a 100 �l oral bolus of
50 mg/ml FITC-dextran (70,000 kDa; Sigma-Aldrich) in 0.9% PBS. One
hour after administration, the mice were killed and the entire intestinal
tract from the stomach to the colon was removed and imaged using a
chemiluminescence detection system (Fusion FX7). To quantify gastro-
intestinal transit (i.e., motility), the complete gastrointestinal tract was
divided into segments, each segment was flushed with distilled water, and
the fluorescence of the purified recovered flushing solution was mea-
sured using a fluorescence plate reader (Promega). The values obtained
were normalized to blank controls and expressed as the percentage of
fluorescence per intestinal segment.

ELISA for albumin quantification. Mice were killed 3 d after fsham or
fMCAo surgery and feces and plasma samples were collected for mea-
surement of albumin concentrations. Sampled feces (50 mg/ml) and
plasma (1:50000) were diluted in assay buffer (50 mM Tris, 0.1 M NaCl,
0.05% Tween 20, pH 7.4) and ELISA was performed with corresponding
albumin standard dilutions. Albumin was quantified by ELISA and the
ratio of feces to plasma albumin are presented (Bethyl Labratories).

Bacterial cultures. Mice were deeply anesthetized and perfused tran-
scardially with normal saline. The cecum’s contents were then trans-
ferred to sterile tubes under strict aseptic conditions. A fixed amount of
cecum content from each mouse was mixed in PBS to 50 mg/ml and
dilutions were prepared. Two dilutions (1:40,000 and 1:400,000) from
each sample were plated on blood agar plates (Oxoid) and incubated at
37°C for 48 –72 h. To generate an anaerobic environment, the plates were
placed in anaerobic jars containing AnaeroGen paper sachets (Oxoid).
After the incubation period, the plates were examined for bacterial
growth and the number of colonies was determined.

Microbial community analysis. DNA from mouse feces was isolated
using the QIAamp Fast DNA Stool Mini Kit (Qiagen). The total amount
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of DNA in each sample was measured using a Qubit fluorometer (Life
Technologies). 16S rRNA amplicons were generated using primers cor-
responding to the hypervariable regions V1-V3 (primer 27F: AGA
GTTTGATCCTGGCTCAG; primer 534R: ATTACCGCGGCTGCT
GG), and the PCR products were purified. Libraries were prepared using
the standard tagmentation procedure (Nextera XT; Illumina). All sam-
ples were sequenced on an Illumina MiSeq platform using a 300 bp
paired-end approach. Amplicon sequencing datasets were analyzed us-
ing the Metagenomics (MG)-RAST pipeline (version 3.3.6) (Meyer et al.,
2008). Low-quality reads (comprising �0.01% of all reads) were
trimmed using the SolexaQA program; only high-quality reads were in-
cluded in the subsequent analysis. 16S rRNA genes were identified by
performing a BLAT (Kent, 2002) search, and amplicons were clustered at
97% identity with an e-value cutoff of 1e-5. A BLAT similarity search for
the longest cluster representative was performed against the Ribosomal
Database Project (RDP) database. Rarefaction curves, � diversity, and
phylogenetic analysis were performed and phylogenetic trees were drawn
using the MG-RAST platform. Read counts were normalized logarithmi-
cally for subsequent analysis. Principal component analysis plots were
drawn using normalized values and Bray–Curtis distance. Differences
between group means for genera were analyzed using ANOVA or Stu-
dent’s t test. p-values were adjusted for comparison of multiple compar-
isons using Bonferroni correction. The DNA sequences have been
deposited in MG-RAST (http://metagenomics.anl.gov/) under accession
number 9778. The linear discriminant analysis (LDA) effect size (LEfSe)
method was used to identify microbial taxa showing a statistically different
relative abundance between the microbiota after sham and fMCAo surgery
(Segata et al., 2011). Experiments were performed with an � error set to 0.05
and the LDA threshold set to 2.0.

Quantitative RT-PCR. Brain tissue from the ipsilateral and contralat-
eral hemispheres was lysed in Qiazol Lysis Reagent (Qiagen) and total
RNA was extracted using the MaXtract High Density kit (Qiagen). RNA
was purified using the RNeasy Mini Kit in accordance with the manufac-
turer’s instructions (Qiagen). Equal amounts of RNA from each sample
were used to synthesize cDNA with the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). The quantitative expression of
various cytokines was measured using predesigned RT 2 qPCR Primer
Assays and SYBR Green ROX qPCR Mastermix (Qiagen) in a LightCycler
480 II (Roche). A linear dilution-amplification curve was obtained from
diluted pooled samples. Using this curve, the expression of each gene was
measured relative to the expression of the housekeeping gene encoding
peptidylprolyl isomerase A (i.e., cyclophilin). All assays were performed
in duplicate.

Statistical analysis. Data were analyzed using GraphPad Prism version
6.0. All summary data are expressed as the mean 	 SD. All datasets were
tested for normality using the Shapiro–Wilk normality test. The groups
containing normally distributed data were tested using a two-way Stu-
dent’s t test (for two groups) or ANOVA (for more than two groups). The
remaining data were analyzed using the Mann–Whitney U test. Similar
variance was assured for all groups, which were compared statistically.
Differences with a p-value �0.05 were considered to be statistically sig-
nificant. p-values were adjusted for comparison of multiple comparisons
using Bonferroni correction. More detailed methods for analyzing the
amplicon sequencing results and the metabolomics data are provided in
the respective Materials and Methods sections.

Results
Stroke induces intestinal microbiota dysbiosis
To investigate the impact of acute stroke on the gut microbiota,
we used fMCAo, an experimental stroke model resulting in large
hemispheric lesions (mean 	 SD of all control experiments in
this study: 72 	 18 mm 3; Fig. 1a). Next-generation sequencing of
gut microbiota composition in mice after fMCAo and controls
(naive and sham treatment) revealed substantial changes 3 d after
severe stroke (Fig. 1b). We observed significant reduction in spe-
cies diversity as a key feature of after stroke microbiota dysbiosis
(Fig. 1c). Hallmarks of poststroke dysbiosis included changes in
specific bacterial genera within the most abundant phyla: Firmi-

cutes, Bacteroidetes, and Actinobacteria (Fig. 1d). We next per-
formed an indicator taxa analysis using LEfSe algorithm analysis
for the detection of specific features that were statistically differ-
ent between sham- and fMCAo-operated mice. Using this anal-
ysis strategy, we identified several significantly changed species
after stroke induction consistent with the above-shown phyloge-
netic tree analysis; however, we also identified corresponding
changes in higher-order taxa of the respectively altered species
(Fig. 1e). These results suggested a consistent and specific impact
of brain injury on microbiota populations within the most abun-
dant bacterial phyla.

Extensive brain injury impairs gastrointestinal function
Next, we investigated which mechanisms link acute brain injury
and microbiota dysbiosis. It was reported previously that patients
with severe brain injuries experience reduced gastrointestinal
motility (Olsen et al., 2013; Engler et al., 2014). Consistent with
these clinical observations, we detected severe gastrointestinal
paralysis after large infarcts induced by the fMCAo stroke model
using a gastric fluorescent bolus tracking technique (Fig. 2a,b).
Reduced gastrointestinal motility was associated with over-
growth of intestinal bacteria after severe experimental stroke
compared with sham surgery (Fig. 2c). Due to this functional
gastrointestinal impairment, we further investigated the impact
of stroke on intestinal barrier function. We did not observe bac-
terial translocation or transmucosal bacterial invasion after
stroke by in situ hybridization with a general bacteria (EUB 388)
probe (Fig. 2d). However, we measured a significantly increased
protein leakage by feces/plasma albumin ratio after fMCAo
compared with sham-treated controls (Fig. 2e). These results
suggested a functionally, but not morphologically, impaired in-
testinal barrier after fMCAo in association with poststroke intes-
tinal paralysis. Previous reports from our group and others have
identified dysregulation of the autonomous nervous system and a
pronounced stress response after stroke as one of the key path-
ways involved in mediating systemic effects on remote organ
function after acute brain injury (Meisel et al., 2005; Chamorro et
al., 2007; Chamorro et al., 2012; Liesz et al., 2013b; Mracsko et al.,
2014). We detected increased blood catecholamine levels after
extensive stroke in the fMCAo model to be associated with post-
stroke intestinal paralysis (Fig. 2f). Consistent with our results, a
recent report by Houlden et al. (2016) demonstrated poststroke
intestinal changes as a consequence of the catecholaminergic
stress response. It was shown previously that the severity of the
brain injury is correlated with the extent of secondary systemic
immunomodulation (Meisel et al., 2005; Liesz et al., 2009b).
Consistent with these previous immunological findings, induc-
tion of only small cortical lesions in a second stroke model
(cMCAo, mean infarct volume in this model: 8 	 2 mm 3) caused
no significant change in the microbiota composition and species
diversity (Fig. 2g,h). Small brain lesions in the cMCAo model also
did not induce gastrointestinal paralysis (Fig. 2i). These results
indicate that infarct severity might be the key factor determining
intestinal dysfunction, although we cannot ultimately exclude the
possibility that other factors differing between the investigated
stroke model also contributed to this effect.

To investigate the causality of gut motility changes after stroke
and observed microbiota dysbiosis, we further determined effects
of inducing gastrointestinal paralysis by physical intestinal ma-
nipulation, a model for postsurgical ileus (Vilz et al., 2012). Post-
surgical ileus mimicked the disturbed gastrointestinal motility
pattern of stroke animals (Fig. 3a) and recapitulated general fea-
tures of microbiota dysbiosis such as reduced � diversity (Fig.
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Figure 1. Severe stroke induces microbiota dysbiosis. a, Representative images of cresyl-violet-stained coronal brain sections 3 d after fMCAo. In each section, the infarct area is
outlined in red 5 mm). b, Principal component (PC) analysis of the intestinal microbiota by taxonomic abundance patterns in naive mice (before sham or fMCAo surgery) and after sham
and fMCAo surgery. c, Quantitative analysis of � diversity confirms significantly reduced species diversity of the gut microbiota after brain injury in the fMCAo model (Mann–Whitney U
test). d, Phylogenetic tree illustrating the distribution of the identified bacterial genera within the most abundant phyla (Actinobacteria, Bacteroidetes, and Firmicutes) comparing
post-fMCAo mice with sham-operated and before-fMCAo mice. Genera that were significantly altered in the fMCAo group compared with the sham and before-fMCAo groups are
indicated in red (ANOVA, n � 5 mice per group). e, LEfSe algorithm analysis was performed for indicator taxa analysis identifying features that are statistically different between sham-
and fMCAo-operated mice. Labels in boxes define significantly regulated operational taxonomic units (OTU, numbers) and higher order taxa, respectively.
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3b,c). Despite this, in-depth phylogenetic analysis also revealed
substantial differences in specifically regulated taxa between
stroke and mechanically induced dysbiosis (Fig. 3d). Collectively,
these results suggest stress-mediated paralytic ileus as a potential
cause of poststroke microbiota dysbiosis, although alternative
CNS-specific pathways could be involved in poststroke dysbiosis.

Dysbiosis is causally linked to deteriorated stroke outcome
We next investigated whether poststroke dysbiosis has a func-
tional impact on stroke outcome. To investigate this mechanism,
we used a microbiota-transfer model into GF mice. We trans-
planted microbiota obtained from sham- and fMCAo-operated

mice into GF recipient mice; 3 d later, we induced cortical lesions
by the cMCAo model, which does not alter microbiota composi-
tion per se, as shown above (Fig. 4a). Metagenomic analysis of
recipients’ feces samples at the time point of cMCAo induction
(i.e., 3 d after transplantation) confirmed establishment of dis-
tinct microbiota in the recipient mice, which resembled the spe-
cific pattern of the microbiota donors (Fig. 4b). Remarkably,
mice that had received microbiota from brain-injured animals
developed significantly larger infarct volumes after cortical le-
sions in the cMCAo stroke model compared with littermates that
were recolonized with sham-surgery microbiota (Fig. 4c). In
addition, functional impairment in recipients of the dysbiotic

Figure 2. Lesion severity determines gastrointestinal dysfunction. a, Intestinal motility was measured 24 h after fMCAo or sham surgery. Representative fluorescence images of the complete
gastrointestinal tract 60 min after gastric instillation of FITC-dextran showing retention of the fluorescent bolus in the upper gastrointestinal tract as a marker of severely impaired motility after
fMCAo compared with sham mice. Arrowheads indicate cecum. b, Quantification of fluorescence intensity in intestinal segments. Note the retention of fluorescence signal in the upper gastroin-
testinal tract after fMCAo (n � 8 per group, 3 individual experiments). c, Number of colony forming units (CFUs) per milligram of murine cecal content cultured under anaerobic conditions after sham
or fMCAo surgery (n � 8 –9 mice per group, 2 independent experiments). d, No bacterial invasion into lamina propria was found in transverse sections of mouse ileum, which were hybridized using
a general bacteria-specific EUB 338 probe with Sytox green counterstaining. Left panels: Magnification, 20�; scale bars, 100 �m; right panels: magnification, 63�, scale bars, 10 �m. e, Albumin
concentrations were determined by ELISA and are represented as the ratio of the concentrations in feces and plasma from sham- and fMCAo-operated mice (n � 5 mice per group, 2 individual
experiments). f, Plasma catecholamine levels, represented as catecholamine metabolite concentrations of metanephrine and normetanephrine, were significantly increased 24 h after fMCAo
compared with sham surgery (n � 10 per group, 3 individual experiments). g, Representative cresyl-violet-stained coronal brain sections 3 d after stroke induction in the cMCAo model. The small
cortical lesions are outlined in red. h, Principal component (PC) analysis (left) for fecal taxonomic abundance after csham and cMCAo compared with fMCAo, and � diversity for the indicated groups
(right) illustrate that small cortical lesions do not affect microbiota compositon. i, Representative fluorescence images (left) and quantitative analysis (right, n � 6) of gastrointestinal motility after
csham and cMCAo surgery corresponding to data shown in a and b. Bar graph: *p � 0.05, mean 	 SD.
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Figure 3. Postsurgical ileus induces intestinal motility dysfunction and dysbiosis of the gut microbiota. a, Intestinal motility was measured 3 d after surgical ileus induction or sham surgery.
Shown are representative images of the gastrointestinal tract 60 min after an oral dose of FITC-dextran showing retention of fluorescence signal in the upper gastrointestinal tract (left).
Corresponding quantification of fluorescence intensity per intestinal segment (n � 3 per group, right panel). b, Principal component (PC) analysis of the microbiota composition in mice before and
3 d after mechanical manipulation of the ileus reveals microbiota alteration. c, Analysis of Shannon diversity index show a significantly reduced species diversity induced by the postsurgical ileus
model. d, Shown is a phylogenetic tree illustrating the distribution of the identified bacterial orders comparing microbiota before and 3 d after surgery. Orders that significantly differed are
highlighted in red (n � 3 mice per group, t test [unpaired]). All bar graphs: *p � 0.05, mean 	 SD.
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microbiota was exacerbated, as determined by forelimb use
asymmetry and overall activity (rearing efforts) in the established
cylinder test for this stroke model (Fig. 4d). We next analyzed the
expression of the cytokines IL-17 and IFN-� and of the transcrip-
tion factor Foxp3 as markers of Thelper cell polarization in brains
5 d after cMCAo. Recipients of post-fMCAo microbiota exhib-
ited massively increased expression of the proinflammatory
IFN-� and IL-17 cytokines, which are markers of Th1 and Th17 T
cell polarization, respectively, and have previously been associ-
ated with worse outcome in experimental stroke models (Yilmaz
et al., 2006; Liesz et al., 2009a; Shichita et al., 2009; Gelderblom et
al., 2012). In contrast, Foxp3 expression, as a marker for neuro-
protective Treg cells, did not differ significantly between sham
and fMCAo microbiota recipients (Fig. 4e). In addition, we per-
formed flow cytometry analysis for intracellular cytokine
expression of T cells in PPs to investigate the effect of the distinct
microbiota on intestinal T-cell polarization. Here, we detected a
�4-fold increased expression of proinflammatory Th17 (IL-
17�) and Th1 (IFN-��) cells in PPs of fMCAo microbiota com-
pared with sham microbiota recipients, consistent with results
obtained from brain tissue (Fig. 4f). These results indicate that

the dysbiotic microbiota after large (fMCAo) brain infarcts in-
duces a predominantly proinflammatory Th1 and Th17 re-
sponse, which is associated with increased infarct volume. This
finding is consistent with previous studies showing that T-cell
polarization can be induced by selected members of Bacte-
roidetes and Firmicutes (Round and Mazmanian, 2010; Magrone
and Jirillo, 2013). In addition to lymphocyte polarization/activa-
tion, microbial products can regulate innate immunity and con-
tribute to intestinal monocyte/macrophage maturation and
activation (Bain and Mowat, 2014). Here, we found increased
number of mucosal CD11b� monocytes in mice that were recip-
ients of post-fMCAo microbiota (Fig. 4g). Together, these results
indicate an activation of intestinal innate and adaptive immune
cells in response to poststroke dysbiotic microbiota.

T cells migrate from the intestine to the poststroke brain
Interestingly, the peripheral immune responses coincided pre-
cisely with the massively increased cerebral gene expression for
proinflammatory cytokines, suggesting that peripherally acti-
vated and/or polarized T cells may migrate to the injured brain
after cMCAo in GF recipient mice. To investigate potential T-cell

Figure 4. Brain ischemia-induced dysbiosis alters the poststroke immune reaction and exacerbates stroke outcome. a, Experimental design for recolonizing GF mice with gut microbiota from
sham- or fMCAo- operated SPF donor mice. Three days after recolonization, mice underwent cMCAo induction and were killed another 5 d later for subsequent analysis. b, Principal component
analysis of the microbiota composition in donor mice after sham and fMCAo surgery and microbiota composition in GF recipient mice 3 d after transplantation with donor microbiota. Analysis
revealed a distinct pattern of the two donor populations before and after transplantation to recipient GF mice. c, Comparison of brain infarct volumes (cMCAo) in the recolonized recipient mice 5 d
after cMCAo induction. d, Recolonizing mice with the gut microbiota obtained from post-fMCAo donors significantly increased brain lesion volumes and significantly reduced behavioral performance
assessed by measuring forelimb use asymmetry (left) and total rearing activity (right) in the cylinder test (n � 5– 8 per group, 2 individual experiments). e, Relative gene expression levels of IL-17,
IFN-�, and Foxp3 in the ipsilateral (ipsi) and contralateral (contra) hemispheres of GF recipient mice (n � 5– 8 per group, 2 individual experiments). Recolonization with microbiota from fMCAo
donor mice massively increased Th17 (IL-17) and Th1 (IFN-�) expression compared with recipients of sham-microbiota. f, Representative dot plots with gating strategy for the flow cytometry
analysis of Th17 (IL-17) and Th1 (IFN-�) T cells in PPs (left). Percentages of IL-17 � and IFN-� � T cells were significantly increased in PPs of mice recolonized with the fMCAo-microbiota (right
panel). g, Percentage of CD11b � monocytes/macrophages in the mucosal layer of the small intestine (terminal ileum) was significantly increased in mice receiving the microbiota from fMCAo
donors compared with sham microbiota. All bar graphs: *p � 0.05, mean 	 SD.
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migration from PPs to the brain, we used a fluorescent labeling
technique by microinjection of either CFSE or CM-DiI in all
detectable PPs of the mice intestines after cMCAo or sham sur-
gery (Fig. 5a). We confirmed that this microinjection technique
labeled cells only locally in PPs, but no systemic cell labeling by
potentially diffusing dye occurred in blood or spleen (Fig. 5b).
Consistent with a previous report (Benakis et al., 2016), T cells
and monocytes fluorescently labeled after microinjection in PPs
were detected in the ischemic hemisphere 3 d after cMCAo
consistent with the previously demonstrated kinetics of post-
stroke leukocyte invasion (Gelderblom et al., 2009; Liesz et al.,
2011) (Fig. 5c,d). CFSE-positive cells derived from labeled PPs
accounted for �25% of total T cells and the Thelper cell subpop-
ulation 3 d after cMCAo (Fig. 5e). We confirmed these findings in
an independent experiment using Cm-DiI as a lipophilic labeling
dye and subsequent histological analysis (Fig. 5f). Here, superim-
posing localization of T cells from five mice on one coronal sec-
tion map, we detected brain-invading T cells surrounding the
ischemic core consistent with previous reports using the same
stroke model (Liesz et al., 2011; Zhou et al., 2013); moreover, the
percentage of PP-derived T cells was consistent with results ob-
tained from the above-shown flow cytometric analysis (Fig. 5f,g).
These results unequivocally demonstrate the invasion of consid-
erable numbers of T cells from the intestine to the periinfarct
tissue at risk in the postischemic brain with a remarkably fast
kinetics.

Fecal microbiota transplantation is neuroprotective
after stroke
Based on our results, we hypothesized that poststroke dysbiosis is
a key novel target for modulating the systemic immune response
after stroke. Therefore, we tested the use of FMT as a therapeutic
approach to restore a healthy microbiome in animals after stroke.
Indeed, FMT treatment starting at the day of stroke induction
and performed once daily during the survival period significa-
ntly reduced the lesion after large stroke using the fMCAo stroke
model for severe brain infarctions (Fig. 6a). This improvement in
stroke outcome was associated with increased numbers of
Foxp3� Treg cells in peripheral immune organs and in the isch-
emic brain after stroke (Fig. 6b). To further elucidate the contri-
bution of lymphocytes to this effect, we examined FMT in a
model of lymphocyte-deficient Rag1� / � mice. FMT had no ef-
fect on lesion size in Rag1� / � mice, supporting the notion that
microbiome-mediated effects on brain injury are mediated by
lymphocytes (Fig. 6c). Metagenomic analysis of microbial com-
munities showed a normalization of stroke-induced dysbiosis
and partially restored microbiota diversity by the FMT treatment
in mice with extensive infarcts (Fig. 6d,e). More in-depth analysis
revealed that FMT treatment increased abundance of several of
the very same taxa, which were reduced by stroke-induction
compared with sham treatment (Fig. 6f). These findings suggest
that FMT therapy normalizes stroke-induced changes to micro-

Figure 5. Lymphocytes migrate from PPs to the brain after stroke. a, Experimental design for tracing the migration of PP-derived lymphocytes in mice after cMCAo or sham surgery. CSFE or CM-DiI
was injected in PP 2 d after the respective surgery and, 24 h later, brain and lymphoid organs were dissected and analyzed for dye-positive T cells. b, Validation of site-specific T-cell labeling with CFSE
in PP 3 h after microinjection; T-cell labeling was not detectable in blood and spleen. c, Representative histogram for CFSE � T cells (gated for CD45 �CD3 � expression) from flow cytometry analysis
of brain homogenates of the ipsilateral hemisphere 24 h after CFSE microinjection in all detectable PPs. d, Quantification of flow cytometry analysis shows increased numbers of CFSE � total T cells
(CD3 �) and Thelper cells (CD4 �) and monocytes (CD11b �) in ischemic hemispheres 3 d after cMCAo compared with sham control. e, Percentage of CFSE-labeled CD3 � and CD4 � T cells identified
in ischemic hemispheres 3 d after cMCAo and 24 h after PP labeling. f, Brain-invading CM-DiI � T cells derived from PPs were identified in the peri-infarct region and are illustrated as a cumulative
map from five mice on one topographical coronal brain section at the bregma level g, Quantification of CM-DiI- and CM-DiI � T cells (CD3 �) per one histological brain section used to generate the
cumulative map shown in f.
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Figure 6. Fecal microbiota transplantation improves stroke outcome. a, Brain infarct volume 3 d after fMCAo was compared between mice receiving vehicle or FMT; FMT treatment
significantly reduced brain lesion volume (three independent experiments). b, Flow cytometric analysis shows increased Foxp3 � Treg cell counts in spleens and ischemic hemispheres
after FMT treatment compared with controls 3 d after fMCAo (n � 5 per group). c, Brain infarct volume 3 d after fMCAo in lymphocyte-deficient Rag1 � / � mice did not differ between
vehicle and FMT treatment, suggesting a lymphocyte-mediated effect (two independent experiments). d, FMT treatment normalized microbiota composition after fMCAo-induced
dysbiosis as demonstrated by the taxonomic abundance of eubacterial phyla. Note the normalization in the abundance ratio between Firmicutes, Bacteroidetes, and the less abundant
phyla (others) in the FMT-treated group. e, Analysis of the corresponding � diversity by the Shannon diversity index showing that FMT treatment partially reversed the reduced species
diversity induced by fMCAo (n � 5 mice per group). f, Phylogenetic tree illustrating the distribution of the identified bacterial orders comparing vehicle- and FMT-treated mice 3 d after
fMCAo. Orders that significantly differed between groups are highlighted in red (n � 5 mice per group, t test [unpaired]). All bar graphs: *p � 0.05, mean 	 SD.
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bial communities efficiently and might thereby exert a neuropro-
tective function after stroke.

Discussion
Our results support the concept of a bidirectional communica-
tion along the brain– gut–microbiome–immune axis. Recent re-
ports have suggested that the microbiota plays an evident role in
developmental and autoimmune brain disorders (Berer et al.,
2011; Cryan and Dinan, 2012) and that antibiotic treatment-
induced dysbiosis affects stroke outcome (Benakis et al., 2016).
Here, we report that stroke itself markedly affects the intestinal
microbial composition and that these changes in turn can deter-
mine stroke outcome.

In our study, we have demonstrated the substantial effects of
brain injury on microbiota composition; these effects included
reduction in microbiota species diversity and intestinal bacterial
overgrowth with a preferential expansion of the Bacteroidetes
phylum. In addition, we identified more specific stroke-induced
changes on the bacterial genus and even the species level. These
findings on poststroke dysbiosis are consistent with recent re-
ports describing changes in intestinal microbiota composition in
stroke patients (Karlsson et al., 2012; Swidsinski et al., 2012; Yin
et al., 2015). Several of these features of microbiota alterations are
of direct pathophysiological relevance; specifically, high microbi-
ota diversity has been suggested as a key feature of a healthy
microbiome (Claesson et al., 2012; Human Microbiome Project,
2012). Our analyses also revealed that the surgical procedure it-
self (i.e., sham surgery) also induced apparent changes in micro-
biota composition, thus highlighting the sensitivity of microbiota
composition to stress responses (Carabotti et al., 2015). How-
ever, brain injury compared with sham surgery imposed an ad-
ditional and substantial impact on microbiota composition and
we were able to detect specific species and their corresponding
higher-order taxa most significantly associated with acute brain
injury compared with sham surgery using indicator taxa analysis.

Our results suggested that microbiota dysbiosis after stroke is
associated with reduced gastrointestinal motility and intestinal
paralysis in a postsurgical ileus model recapitulated several key
features of poststroke dysbiosis. These findings have broad clin-
ical implications; specifically, the intestinal dysfunction revealed
by our animal model was recently reported in patients after acute
brain injury (Bansal et al., 2009; Olsen et al., 2013). However, a
decisive causality among poststroke stress response, impaired
motility, and dysbiosis could not be clarified in this study. In
addition, we cannot exclude other direct mediators released from
the necrotic brain tissue affecting microbiota composition via
currently unknown mechanisms. One potential alternative
mechanism not investigated in this study is the release of proin-
flammatory alarmins such as ATP, HMGB1, and S100 proteins
from the injured brain with potential direct effects on intestinal
immunity and microbiota composition (Liesz et al., 2015; Singh
et al., 2016).

Our results demonstrate that microbiota dysbiosis is an im-
portant factor in determining poststroke inflammation and
thereby stroke outcome in an experimental stroke model. Nu-
merous reports over the last decade have highlighted the impor-
tance of the secondary inflammatory response to brain injury as a
key pathophysiological mechanism (Iadecola and Anrather,
2011; Chamorro et al., 2012). Moreover, immunotherapeutic
strategies emerge to be tested progressively in human stroke pa-
tients and first studies report a beneficial effect of inhibiting ce-
rebral lymphocyte invasion in stroke patients (Fu et al., 2014; Zhu
et al., 2015). However, the role of the gut microbiota in stroke

patients was elusive until the very recent publication of an elegant
report by Benakis et al. (2016), who observed alteration of lym-
phocyte populations in the intestinal immune compartment after
induction of dysbiosis by antibiotic treatment. Dysbiosis-
induced changes in the peripheral immune system had a striking
impact on stroke outcome with changes in infarct volume by 60%
between treatment groups. In contrast to our study, antibiosis-
induced intestinal dysbiosis had a neuroprotective effect with
reduced infarct volumes and improved functional outcome after
amoxicillin treatment. Nevertheless, the underlying mechanisms
of microbiota-brain communication identified in the study by
Benakis et al. (2016) and our report are largely identical, such as
alteration in T-cell homeostasis, changes in the Treg/Th17 ratio,
and migration of intestinal lymphocytes to the ischemic brain.
The at-first-sight contradictory impact of dysbiosis on final
stroke outcome might depend on the differential immune polar-
ization by specific bacterial species. In fact, whereas antibiotic
treatment induced Treg expansion and reduction of Th17 cells
(Benakis et al., 2016), poststroke dysbiosis investigated in our
study itself favors an opposing pattern with predominant expan-
sion of proinflammatory T-cell subpopulations. Future studies
will be required to analyze the contribution of specific microbial
species in this highly complex interplay to identify neuroprotec-
tive or harmful bacteria in stroke.

Results from our microbiota transplantation experiments to
GF animals using microbiota from donors undergoing stroke
induction or sham surgery have clearly demonstrated a causal
link between poststroke microbiota dysbiosis and changes in pe-
ripheral immunity and finally a worse outcome after stroke. A
potential limitation of this experiment was the only short recol-
onization time of 3 d from transplantation to stroke induction or
8 d from transplantation to analysis, because previous reports
have suggested that recolonization of GF mice with a complete
fecal microbial induces pronounced immune activation with a
peak at �4 d after the start of colonization (El Aidy et al., 2012).
This short time period for recolonization was nevertheless chosen
deliberately to avoid shifts in microbiota composition during
longer recolonization periods. Therefore, whereas the results
from this specific recolonization experiment might overestimate
immunological differences, they nevertheless provide a first
proof-of-concept for the causality between dysbiosis and post-
stroke immune alterations.

In our study, we have observed a substantial induction of
proinflammatory Th1 and Th17 Thelper cell polarization by trans-
fer of a dysbiotic microbiome. A consistent cytokine expression
pattern with markedly increased IFN-� and IL-17 levels were
observed in brains of mice receiving the dysbiotic microbiota.
Moreover, we could determine in a cell-tracking experiment
from intestinal PPs to the ischemic brain that at least one-fourth
of all brain-invading T cells within the acute phase after stroke are
derived from the intestinal immune compartment, which is con-
sistent with a previous report (Benakis et al., 2016). This obser-
vation of T-cell invasion and activation is consistent with
numerous reports on the surprisingly fast kinetics of poststroke
adaptive immunity (Schroeter et al., 1994; Jander et al., 1995;
Gelderblom et al., 2009; Liesz et al., 2011; Chamorro et al., 2012).
The central neuroinflammatory reaction starts as early as hours
after stroke, with T cells invading the brain in substantial num-
bers between 3 and 5 d after brain injury (Gelderblom et al., 2009;
Chamorro et al., 2012). Furthermore, we have detected previ-
ously substantial clonal expansion of T cells using spectratype
analysis within the first week after acute brain injury (Liesz et al.,
2013a). Therefore, initiation of an adaptive immune response
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and particularly activation of T cells occurs within few days after
stroke, consistent with results presented in this study. Specifi-
cally, it was shown previously that Thelper cell polarization occurs
very early after brain injury and the Treg/Th17 balance contrib-
utes to outcome within the first 3 d after stroke (Liesz et al., 2009a;
Shichita et al., 2009; Kleinschnitz et al., 2010).

The assumption of intestinal priming of Thelper cells by the
microbiota and rapid translocation to the ischemic brain after
stroke was further corroborated by the results obtained in exper-
iments in which we treated mice after extensive brain ischemia
(fMCAo model) by FMT from healthy donors. FMT treatment
reduced lesion size and was associated with expansion of regula-
tory (neuroprotective) T cells in the peripheral immune system
and in the ischemic brain. These findings are consistent with
numerous previous reports demonstrating a key role for differ-
ential Thelper cell priming in stroke pathophysiology, in which
proinflammatory Th1, Th17, and �� T cells deteriorate post-
stroke inflammation, whereas Treg cells limit the inflammatory
collateral damage (Shichita et al., 2009; Iadecola and Anrather,
2011; Chamorro et al., 2012).

Interestingly, the protective effect of FMT treatment was absent
in lymphocyte-deficient Rag1� /� mice, supporting a key role of
lympyhocytes in mediating the microbiota’s effect on brain func-
tion. However, the specific mechanisms underlying this complex
phenomenon are still unclear and will need further investigations.
Specifically, the interaction of microbiota-dependently activated T
cells with other immunocompetent cells of the poststroke brain (mi-
croglia, astrocytes, endothelium, invading leukocyte subpopula-
tions) requires further analyses. A previous report by Erny et al.
demonstrated a key role of the gut microbiota in microglial function
and proposed microbiota-derived short chain fatty acids as the un-
derlying mediator of microbiota–microglia communication (Erny
et al., 2015). Therefore, it remains to be elucidated whether the im-
portant role of microbiota-dependent T-cell polarization after
stroke shown by us and others (Benakis et al., 2016) affects neuronal
protection/toxicity directly or if it affects stroke outcome indirectly
via microglial function, as was shown previously to occur by brain-
invading lymphocytes (Appel, 2009; Lucin and Wyss-Coray, 2009;
Liesz et al., 2011). In addition, we have also observed activation of
intestinal monocytes/macrophages by a dysbiotic poststroke micro-
biome. Moreover, intestinal monocytes were detected to invade the
brain in the acute phase after stroke. Therefore, in addition to T-cell
polarization, brain-invading monocytes could also potentially play a
role in microbiota-mediated effects on stroke outcome.

Our results suggest a novel concept in which dysbiosis of the
gut microbiota is a consequence of acute brain injury and a key
effector in poststroke immune alterations with considerable im-
pact on stroke outcome. Our findings suggest that restoring the
health and balance of the intestinal microbiome could add to the
treatment of stroke patients.
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Levenez F, Doré J, Dekker J, Samsom JN, Nieuwenhuis EE, Kleerebezem
M (2012) Temporal and spatial interplay of microbiota and intestinal
mucosa drive establishment of immune homeostasis in conventionalized
mice. Mucosal Immunol 5:567–579. CrossRef Medline
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Etemire E, Männ L, Klingberg A, Fischer T, Görtler MW, Heinze HJ,
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H, Kessler C, Bröker BM, Dressel A (2010) Functional status of periph-
eral blood T-cells in ischemic stroke patients. PLoS One 5:e8718 – e8718.
CrossRef Medline

Yilmaz G, Arumugam TV, Stokes KY, Granger DN (2006) Role of T lym-
phocytes and interferon-gamma in ischemic stroke. Circulation 113:
2105–2112. CrossRef Medline

Yin J, Liao SX, He Y, Wang S, Xia GH, Liu FT, Zhu JJ, You C, Chen Q, Zhou
L, Pan SY, Zhou HW (2015) Dysbiosis of gut microbiota with reduced
trimethylamine-N-oxide level in patients with large-artery atheroscle-
rotic stroke or transient ischemic attack. J Am Heart Assoc 4: pii: e002699.
CrossRef Medline

Zhou W, Liesz A, Bauer H, Sommer C, Lahrmann B, Valous N, Grabe N,
Veltkamp R (2013) Postischemic brain infiltration of leukocyte sub-
populations differs among murine permanent and transient focal cerebral
ischemia models. Brain Pathol 23:34 – 44. CrossRef Medline

Zhu Z, Fu Y, Tian D, Sun N, Han W, Chang G, Dong Y, Xu X, Liu Q, Huang
D, Shi FD (2015) Combination of the immune modulator fingolimod
with alteplase in acute ischemic stroke: a pilot trial. Circulation 132:1104 –
1112. CrossRef Medline

7440 • J. Neurosci., July 13, 2016 • 36(28):7428 –7440 Singh, Roth et al. • The Gut Microbiota in Acute Stroke

http://dx.doi.org/10.1016/j.cell.2009.09.033
http://www.ncbi.nlm.nih.gov/pubmed/19836068
http://dx.doi.org/10.1038/jcbfm.1995.5
http://www.ncbi.nlm.nih.gov/pubmed/7528223
http://dx.doi.org/10.1038/ncomms2266
http://www.ncbi.nlm.nih.gov/pubmed/23212374
http://www.ncbi.nlm.nih.gov/pubmed/11932250
http://dx.doi.org/10.1371/journal.pbio.1000412
http://www.ncbi.nlm.nih.gov/pubmed/20613859
http://dx.doi.org/10.1182/blood-2009-10-249078
http://www.ncbi.nlm.nih.gov/pubmed/20215643
http://dx.doi.org/10.1073/pnas.1000082107
http://www.ncbi.nlm.nih.gov/pubmed/20660719
http://dx.doi.org/10.1038/nm.1927
http://www.ncbi.nlm.nih.gov/pubmed/19169263
http://dx.doi.org/10.1161/STROKEAHA.109.549618
http://www.ncbi.nlm.nih.gov/pubmed/19443795
http://dx.doi.org/10.1093/brain/awr008
http://www.ncbi.nlm.nih.gov/pubmed/21354973
http://dx.doi.org/10.1016/j.jneuroim.2013.01.013
http://www.ncbi.nlm.nih.gov/pubmed/23498140
http://dx.doi.org/10.1371/journal.pone.0074839
http://www.ncbi.nlm.nih.gov/pubmed/24069356
http://dx.doi.org/10.1523/JNEUROSCI.4901-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/24174668
http://dx.doi.org/10.1523/JNEUROSCI.2439-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25589753
http://dx.doi.org/10.1016/j.neuron.2009.08.039
http://www.ncbi.nlm.nih.gov/pubmed/19840553
http://dx.doi.org/10.1186/1742-4933-10-31
http://www.ncbi.nlm.nih.gov/pubmed/23915308
http://www.ncbi.nlm.nih.gov/pubmed/16163382
http://dx.doi.org/10.1186/1471-2105-9-386
http://www.ncbi.nlm.nih.gov/pubmed/18803844
http://dx.doi.org/10.1016/j.bbi.2014.05.015
http://www.ncbi.nlm.nih.gov/pubmed/24886966
http://dx.doi.org/10.1007/s00401-014-1355-2
http://www.ncbi.nlm.nih.gov/pubmed/25391494
http://dx.doi.org/10.4049/jimmunol.176.11.6523
http://www.ncbi.nlm.nih.gov/pubmed/16709809
http://dx.doi.org/10.1111/nmo.12121
http://www.ncbi.nlm.nih.gov/pubmed/23551971
http://dx.doi.org/10.1073/pnas.0909122107
http://www.ncbi.nlm.nih.gov/pubmed/20566854
http://dx.doi.org/10.1016/0165-5728(94)90010-8
http://www.ncbi.nlm.nih.gov/pubmed/7530260
http://dx.doi.org/10.1177/1073858413516799
http://www.ncbi.nlm.nih.gov/pubmed/24395337
http://dx.doi.org/10.1186/gb-2011-12-6-r60
http://www.ncbi.nlm.nih.gov/pubmed/21702898
http://dx.doi.org/10.1038/nm.1999
http://www.ncbi.nlm.nih.gov/pubmed/19648929
http://dx.doi.org/10.1038/nm.2749
http://www.ncbi.nlm.nih.gov/pubmed/22610280
http://dx.doi.org/10.1089/ars.2015.6397
http://www.ncbi.nlm.nih.gov/pubmed/26493086
http://dx.doi.org/10.5217/ir.2012.10.4.332
http://dx.doi.org/10.3791/4086
http://www.ncbi.nlm.nih.gov/pubmed/22990580
http://dx.doi.org/10.1371/journal.pone.0008718
http://www.ncbi.nlm.nih.gov/pubmed/20090932
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.593046
http://www.ncbi.nlm.nih.gov/pubmed/16636173
http://dx.doi.org/10.1161/JAHA.115.002699
http://www.ncbi.nlm.nih.gov/pubmed/26597155
http://dx.doi.org/10.1111/j.1750-3639.2012.00614.x
http://www.ncbi.nlm.nih.gov/pubmed/22775530
http://dx.doi.org/10.1161/CIRCULATIONAHA.115.016371
http://www.ncbi.nlm.nih.gov/pubmed/26202811

	Microbiota Dysbiosis Controls the Neuroinflammatory Response after Stroke
	Introduction
	Materials and Methods
	Results
	Stroke induces intestinal microbiota dysbiosis
	Extensive brain injury impairs gastrointestinal function
	Dysbiosis is causally linked to deteriorated stroke outcome
	T cells migrate from the intestine to the poststroke brain
	Fecal microbiota transplantation is neuroprotective after stroke

	Discussion

