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Background and Purpose: The gut communicates with the brain bidirectionally via

neural, humoral and immune pathways. All these pathways are affected by acute brain

lesions, such as stroke. Brain-gut communication may therefore impact on the overall

outcome after CNS-injury. Until now, contradictory reports on intestinal function and

translocation of gut bacteria after experimental stroke have been published. Accordingly,

we aimed to specifically investigate the effects of transient focal cerebral ischemia on

intestinal permeability, gut associated lymphoid tissue and bacterial translocation in an

exploratory study using a well-characterized murine stroke model.

Methods: After 60min of middle cerebral artery occlusion (MCAO) we assessed

intestinal morphology (time points after surgery day 0, 3, 5, 14, 21) and tight junction

protein expression (occludin and claudin-1 at day 1 and 3) in 12-week-old male C57Bl/6J

mice. Lactulose/mannitol/sucralose test was performed to assess intestinal permeability

24–72 h after surgery. To investigate the influence of cerebral ischemia on the local

immune system of the gut, main immune cell populations in Peyer’s patches (PP) were

quantified by flow cytometry. Finally, we evaluated bacterial translocation to extraintestinal

organs 24 and 72 h after MCAO by microbiological culture and fluorescence in situ

hybridization targeting bacterial 16S rRNA.

Results: Transient MCAO decreased claudin-1 expression in the ileum but not in the

colon. Intestinal morphology (assessed by light microscopy) and permeability did not

change measurably after MCAO. After MCAO, animals had significantly fewer B cells in

PP compared to naïve mice.
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Conclusions: In a murine model of stroke, which leads to large brain infarctions in

the middle cerebral artery territory, we did not find evidence for overt alterations neither

in gut morphology, barrier proteins and permeability nor presence of intestinal bacterial

translocation.

Keywords: bacterial translocation, gut-brain axis, gut permeability, gut associated lymphatic tissue, immune

system, stroke, tight junctions

INTRODUCTION

Every year around 17 million people worldwide suffer their
first stroke. Stroke patients are highly susceptible to medical
complications, which influence outcome and increase the length
of hospital stay, economic costs of treatment and burden of
care given (1). Above all, infections are the most common
post-stroke complication, associated with worsened outcome
(1, 2). Dysphagia and systemic immunosuppression are the two
most important factors in the pathogenesis of stroke-associated
infections and predict the risk of post-stroke pneumonia
independently (3). Additionally, it is well known that stroke
patients suffer from a number of gastrointestinal complications,
like gastrointestinal dysmotility or gastrointestinal hemorrhage
(4). Importantly, the gut is a complex organ responsible not only
for nutrient absorption; it is hormonally active and possesses
its own immune and nervous systems. Since stroke leads to
acute overactivation of the sympathetic nervous system and
the HPA-axis, and consequently systemic immunosuppression
(5), it has been hypothesized that gut permeability and motility
may be affected after cerebral ischemia (5–7). Furthermore,
recent evidence suggests that the population of commensal
gut bacteria is profoundly disturbed after stroke. This may
affect outcome after brain injury, mainly by interaction with
the host immune system (8–10). Moreover, translocation of
microbial components or of bacterial cells from the intestine
has been proposed as a modulator of immune responses
(11) or even as a source of systemic infections after stroke
(12).

There is little and contradictory experimental or clinical
evidence regarding post-stroke gut function. For instance,
bacterial translocation after cerebral ischemia has been reported
by some groups (12–15) but others did not observe this
phenomenon (9). Therefore, the specific aim of the present
study was to explore the influence of focal cerebral ischemia on
(1) intestinal morphology and barrier function including tight
junctions, (2) local immune system in intestine, and (3) bacterial
translocation from intestinal lumen to MLNs and/or other
possible organs. We opted to perform our study in a widely used
murine model of transient MCAO. A large portion of our current
understanding of the pathophysiology of stroke, including the
effects of stroke on peripheral immunity, was derived from this
model. To maximize putative effects of the brain lesion on gut
function and morphology we chose an occlusion time of the
MCA which produces large brain infarctions, comparable to so
called “malignant” ischemic stroke of the middle cerebral artery
territory in humans. Our provisional hypothesis was that severe
brain infarction in murine stroke leads to early alterations in

intestinal barrier function and immunity as well as bacterial
translocation.

MATERIALS AND METHODS

Animals and Housing
Male 12-week-old C57Bl/6J mice (Janvier, France) were used for
the experiments. Mice were housed in plastic cages containing
chip bedding on a 12 h light/dark cycle (7 a.m./7 p.m light
change) and provided free access to food (standard chow) and
water. Animals were exposed to environmental enrichment,
such as mouse tunnel, igloo and running wheel (Plexx B.V,
Elst, Netherlands). All experiments were approved by the local
authority - Landesamt für Gesundheit und Soziales, Berlin,
Germany, and conducted in accordance with national and
international regulations.

Experimental Design
Presented data are pooled from experiments
conducted according to 3 setups. In the experiment 1
(Supplemental Figure 1), we performed a sham operation
or 60min of middle cerebral artery occlusion (MCAO) and
sacrificed mice on day 1 or 3. To assess the influence of brain
ischemia on intestinal barrier function, local immune system
and bacterial translocation, we evaluated: tight junction proteins
expression (claudin-1 and occludin) in ileum and colon by
Western blot, immune cell populations in Peyer’s patches
using flow cytometry and the existence of microorganisms in
extraintestinal organs by cultivation and fluorescence in situ
hybridization (FISH). Experiments were performed with n = 20
for the 24 h time point (naïve/sham/MCAO n = 6/6/8) and
n= 21 for the 72 h time point (naïve/sham/MCAO n= 6/7/8).

In the experiment 2 (Supplemental Figure 1), we
investigated physiological intestinal permeability using
lactulose/mannitol/sucralose test on day 2 or day 3. Following
n numbers were used for this study: time point day 2
n = 15 (sham/MCAO n = 6/9), time point day 3 n = 25
(naïve/sham/MCAO n = 6/8/11). The aim of experiment 3
(Supplemental Figure 1) was investigation of the morphological
changes in the intestine at different time points after sham- or
MCAO surgery (day 0, 3, 5, 14, and 21) with n = 35 (day 0,
sham n = 3, MCAO n = 3; day 3, sham n = 3, MCAO n = 3;
day 5, sham n = 3, MCAO n = 4; day 14, sham n = 3, MCAO
n = 5; day 21, sham n = 3, MCAO n = 5). Throughout the
experiments, general health status was examined every day (16)
and infarct volume was assessed using histology (experiment
setup 1) or magnetic resonance imaging on day one after surgery
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(experiment setup 2 and 3) as quality control for successful
MCAO.

Methods to Prevent Bias, Exclusion
Criteria, Quality Management
Animals were randomly assigned to the naïve, sham and
MCAO groups using random numbers generator. Flow
cytometry, Western blot, infarct volume analysis and histology
investigations were performed by experimentators blinded for
group assignment. Exclusion criteria: Animals of the MCAO
group that did not show signs of infarction in histological/MRI
investigation (n = 1), mice dying on the day of the surgery
(n = 2) as well as animals with histologically detectable brain
lesions in sham operated mice (n = 1) were excluded from the
study. Moreover, animals that did not reach the experimental
endpoint because of mortality/ reaching a humane endpoint
during the experiments were excluded from the analysis (n= 13).
Additionally, in the specific analyses samples were excluded only
in case of technical problems. Detailed list of all excluded animals
and experimental setups are provided in theData Supplement.

All experiments were conducted in a laboratory environment
with structured quality management (ISO9001-2008).

Data Analysis, Statistics, and Open Data,
ARRIVE Guidelines
Our study was undertaken as an exploratory analysis of
alterations of gut morphology, intestinal barrier and function,
changes in gut associated lymphoid tissue, as well as potential
bacterial translocation after experimental murine MCAO. The
results of our study can stimulate hypothesis generation, and
inform the determination of appropriate sample sizes for
further investigation. Due to the explorative nature of our
investigation, experimental protocols were not preregistered.
Besides descriptive statistics, formal statistical testing of such
exploratory data sets is not appropriate due to the lack of
prespecified hypotheses and definition of a primary endpoint,
inability to appropriately correct for testing of multiple
comparisons, absence of a priori power calculation and low
statistical power due to high biological variance and small group
sizes (17), as well as the “garden of the forking paths problem”
(18). Since it is nevertheless customary in the current biomedical
literature to analyze such data sets with test statistics we have
followed this practice as indicated. All original data reported
in this study are made available via Figshare (https://doi.org/10.
6084/m9.figshare.6727856)

Sample sizes were chosen according to previous experience
with the model and the methods and the available literature,
but not informed by formal sample size calculation due to the
exploratory nature of this study. At conventional alpha and
ß error levels (0.05, 0.2) it is reasonable to assume that most
comparisons made only allow the detection of large effect sizes
(d > 0.8).

Data from cultivation analyses are shown as the median
and dot plots, all other data are expressed as the mean ±

standard deviation and dot plots. Differences between two means
were examined by the Mann-Whitney U test in permeability

test (experiment 2–1, Supplemental Figure 3) and bacterial
translocation data. Kruskal-Wallis test with Dunn’s correction
for multiple comparisons was used for multiple comparisons
in Western blot, permeability test (experiment 2-2, Figure 3),
immunological and bacterial translocation data. Data from the
permeability tests were analyzed for significant outliers using the
ROUT method (Q = 1%) (19). Statistics were performed using
GraphPad Prism software version 6.00 (GraphPad Software, La
Jolla, CA, USA). Detailed methods are available in the online
Data Supplement.

Reporting of our results complies with the ARRIVE guidelines
(https://www.nc3rs.org.uk/arrive-guidelines)

RESULTS

Lack of Evidence That 60Min Focal
Cerebral Ischemia in the Mouse Induces
Changes in Intestinal Morphology
To evaluate the influence of cerebral ischemia on intestinal
morphology, we examined histological changes in the entire
intestine with hematoxylin & eosin staining. Within the
first 3 weeks after cerebral ischemia (evaluation on the
day of the surgery, day 3, day 5, 14, and 21 thereafter),
we found no apparent evidence of disarrangement, erosion,
ulceration and inflammation in intestinal submucosa and
mucosa including epithelial cells and lamina propria. (Figures 1,
Supplemental Figure 2). Presented pictures were taken in
several anatomical locations of the intestine, hence differences
between the length of the villi. This variability is a physiological
phenomenon (villi length decreasing aboral in the small
intestine), depending on sectioning and unavoidable with the
Swiss roll technique (20).

Alterations of Claudin-1 Expression in
Ileum After Experimental Stroke
To evaluate intestinal barrier integrity in the first days after brain
injury, we examined claudin-1 and occludin expression in the
membrane fraction from ileum and colon homogenates 1 and 3
days after cerebral ischemia. As shown in Figure 2A, we observed
a decrease in claudin-1 expression in sham andMCAO groups on
day 1 and day 3 in the ileum (for MCAO compared to the naïve
controls, p = 0.08 for day 1 and p = 0.00055 for day 3, Kruskal-
Wallis test with Dunn’s correction). In colon (analysis for day
1 was performed only in one sub experiment), no systematic
changes in claudin-1 expression were apparent (Figure 2B).
Occludin expression did not demonstrate systematic alterations
in expression in ileum and colon samples from animals after
MCAO (Figures 2C,D).

Lack of Evidence for Altered Intestinal
Permeability After MCAO When Compared
to Naïve and Sham Operated Animals
To assess intestinal barrier function after cerebral ischemia, we
performed mannitol/lactulose/sucralose absorption tests in mice
subjected to MCAO or sham operation and naïve control groups.
Compared to naïve and sham-operated mice, we observed no
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FIGURE 1 | Intestinal morphology was not affected by ischemic brain injury. (A) Representative hematoxylin and eosin staining of ileum and colon in sham- and

MCAO-operated mice on the day of the surgery and 3 days thereafter (B). The variability in the villi length is a physiological phenomenon (decreasing aboral in the

small intestine), depending on sectioning and unavoidable with the Swiss roll technique. Scale bar = 100µm.

FIGURE 2 | Ischemia decreased claudin-1 expression in the ileum, but not in the colon. Membranous proteins were extracted for Western blot analysis. (A) Western

blot analysis of claudin-1 and β-actin in the ileum, (B) claudin-1 and β-actin in the colon, (C) occludin and β-actin in the ileum, and (D) occludin and β-actin in colon on

day 1 and 3. All values were normalized by setting the densitometry of the naïve control sample to 1.0. Data are expressed as the mean ± standard deviation. The

groups were compared using Kruskal-Wallis test with Dunn’s post-hoc. MCAO indicates middle cerebral artery occlusion.
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systemic alterations in lactulose and mannitol excretion on
day 2–3 after MCAO (Figures 3A–D). Similarly, we did not
observe any difference in lactulose/mannitol/sucralose excretion
between sham and MCAO-operated groups at time point 1–
2 days after surgery. (Supplemental Figures 3A–D). We noted
high variability between individual mice within the groups. The
naïve group in the measurement from day 2–3 after MCAO
includes one significant outlier identified by the ROUT method
(data point in red). Another outlier was found in the MCAO
group from this time point in the lactulose test (data point
in red). In blue, we depicted animals that were identified as
outliers in previous sugar tests (e.g., the MCAO animal is an
outlier only for lactulose test but not mannitol, sucralose or
lactulose/mannitol ratio). Given the exploratory character of
our experimental approach, as well as the lack of prespecified
criteria for the exclusion of outliers, we did not exclude them
from the analysis. The measurement on day 1–2 after surgery
(Supplemental Figures 3A–D) did not contain any significant
outliers.

Transient Middle Cerebral Artery Occlusion
Reduces B Cell Counts in Peyer’s Patches
Compared to Naïve Mice
In this explorative analysis, we focused on immune cell
populations in Peyer’s patches (PP). To elucidate whether stroke
induces an early local immune depression state within the gut, we

investigated immune cell populations in PP 1 day after surgery.
Our analysis revealed decreased numbers of CD11b+CD11c+

dendritic cells (p = 0.058, n.s.), and a more pronounced
decrease of CD19+ B cells (p = 0.00284, Kruskal-Wallis test,
Figures 4A,B) in strokemice. In contrast, we found no significant
changes in the number of total T cells, CD4+ helper T cells,
CD8 cytotoxic T cells, TCRγδ T cells, IL-17 producing CD4+

cells, IFNγ producing CD4+ cells, IL-17 producing TCRγδ+

T cells, or IFNγ producing TCRγδ+ T cells (Figures 4C,D,
Supplemental Figures 4A–F).

No Evidence for Overt Bacterial
Translocation After 60Min MCAO
Since in our previous experiments, Gram negative bacteria were
the most abundant pathogens in mice developing post-stroke
pneumonia (21), we assessed bacterial translocation in MLNs
and blood by culturing representative samples on lysogeny broth
agar (LB agar) 1 and 3 days after MCAO. Positive cultures in
MLNs were observed in 2/6 naïve mice, 1/6 of sham-operated
mice and 4/7 of MCAO-operated mice on day 1 (p > 0.05,
Kruskal-Wallis test), but most of the animals had rather few
colonies (<102 CFU/g MLNs, Figure 5A). In blood, only 1/6 of
naïve and 2/7 of MCAO-operated mice showed a few colonies
on day 1 and no positive cultures were observed on day 3
(Figures 5B,C).

FIGURE 3 | Sugar test revealed no significant changes of intestinal permeability 3 days after ischemia. (A) percent urinary excretion of mannitol, (B) lactulose, and (C)

sucralose, (D) excretion ratio of lactulose and mannitol ratio (L/M ratio). Percent excretion in urine = 100 × urinary concentration of sugar (mg/mL) × urine volume

(mL)/total ingested (mg). Outliers identified by the ROUT method are marked in red. In blue are depicted animals that were identified as outliers in previous tests (e.g.,

the MCAO animal is an outlier only for lactulose test but not mannitol, sucralose or lactulose/mannitol ratio). Data are expressed as the mean ± standard deviation.

The groups were compared using Kruskal-Wallis test with Dunn’s post-hoc. MCAO indicates middle cerebral artery occlusion.
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FIGURE 4 | Ischemia induced a slight decrease of CD11b+CD11c+ cells and a significant reduction of CD19+ cells in Peyer’s patches on day 1, when compared to

the naïve group. Immune cell populations in Peyer’s patches were analyzed by flow cytometry (FACS). (A) Absolute numbers of CD11b+CD11c+ cells (myeloid

dendritic cells), (B) CD19+ cells (total B cells), (C) CD3+ cells (total T cells), and (D) CD4+ cells (helper T cells). Data are expressed as the mean ± standard deviation.

The groups were compared using Kruskal-Wallis test with Dunn’s post-hoc. *p ≤ 0.05 (naïve vs. MCAO).

We next assessed the presence of bacteria and bacterial
components in lungs, liver, spleen, MLNs and blood by
FISH with a pan-bacterial 16S rRNA gene probe (EUB338).
EUB338 probe visualized bacteria in the intestinal lumen,
whereas nonsense probe (NON338) did not show cross
hybridization (Supplemental Figures 5A,B, images from naïve
mice). Bacteria were also observed on the mucosal surfaces
of the trachea (Supplemental Figure 5C, naïve mouse). FISH
examination revealed a few bacterial signals in peripheral
lung tissues (Table 1; Supplemental Figures 5D,E, images from
sham-operated animal). In contrast, there were no apparent
positive signals in liver, spleen, MLNs and blood on day 1 and
3 (Table 1).

DISCUSSION

In light of recent reports underpinning the role of the gut
microbiota in stroke and contradictory evidence on intestinal
barrier function and bacterial translocation after cerebral
ischemia, we performed an exploratory study focusing on gut
function after experimental stroke. We specifically addressed the
question whether 60minMCAO in themouse leads to changes in
gut barrier protein expression, intestinal permeability, alterations
in the gut associated immune system, or bacterial translocation
to extraintestinal organs. We did not find overt changes in
these parameters within the first 3 days after middle cerebral
artery occlusion. As our exploratory investigation yielded mostly

neutral findings we will discuss our results emphasizing the
limitation of our approach.

The bacterial community of the intestine, the gut microbiota,
was recently identified as an important player in post-stroke
pathophysiological events. Until now, two independent
studies linked the composition of intestinal microbiota
with CNS profile- and brain meninges-infiltrating immune
cells, further impacting the lesion size (8, 9). Interestingly,
almost 25% of T cells found in the ischemic hemisphere
originated from the gut (9). Our group described dramatically
worsened outcome after experimental stroke in microbiota-
depleted mice without antibiotic protection (22). Data about
intestinal function and possible translocation of commensal
bacteria from the intestine after stroke are limited until
now.

Based on a potential link to the CNS, it is plausible to
speculate that intestinal function may be affected by cerebral
ischemia (23). Brain injury leads to overactivation of the
HPA axis and the autonomic nervous system, with profound
effects on the gut and its bacterial communities (9, 24, 25).
Additionally, increased activity of these axes leads to systemic
immunosuppression, which can disturb immunological barriers,
such as in lung and gut, and facilitate development of infectious
complications. Physical and immunological barriers are of great
importance in defending the body against invading pathogens.
Impaired intestinal function, including decreased motility (9)
and increased permeability (9, 12, 15) after mouse experimental
stroke was already reported by several groups. In contrast to
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FIGURE 5 | Bacterial translocation was rarely found in mesenteric lymph nodes (MLNs) and blood. (A) MLNs were collected and plated on LB agar on day 1. After

24 h incubation, the number of bacterial colonies was counted. (B) Blood was sampled and plated on LB agar on day 1 and (C) day 3. Bacterial colonies were

counted 24 h after plating. All results were presented as colony forming unit (CFU) per gram MLNs or mL blood.

these results we could not find alterations in the intestinal
permeability using the lactulose/mannitol/sucralose test. This
assay is used as a standard procedure to assess intestinal
function in human subjects. Importantly, in our setting, we
noted high interindividual variability in this test, particularly
in the investigations from day 1–2 after experimental stroke.
In previous literature the median percentage excretion of
lactulose and mannitol in healthy C57Bl6 animals was 0.57%
(0.17–1.55%, 5th to 95th percentile) and 8.99% (2.02–24.29%,
5th to 95th percentile) respectively (26). Accordingly, using
small (but common) sample sizes, we would be able to
identify only large permeability changes in our experiments.
From our results, we conclude that intestinal barrier function
does not change dramatically after experimental stroke when
measured on day 2 and 3 after injury, while more subtle
changes may have been missed. However, when compared to
published data, our analysis included investigation of samples
collected over 24 h and on later time points after cerebral
ischemia (24–48 and 48–72 h after stroke). Previously, the
most prominent changes in the permeability using FITC-
dextran assay were identified 3 h after cerebral ischemia (12).

Additionally, the use of lactulose/mannitol/sucralose assay
may be not optimal in the experimental stroke setting,
since the results could be possibly affected by decreased
food and water intake (affecting renal secretion) related
to motor impairment and important when using metabolic
cages. This assay, however, provides valuable information
about the permeability of small and large intestine separately,
does not require sacrificing animals and is not affected by
fecal excretion, which can be limited after cerebral ischemia.
Definitely, to ultimately answer the question of permeability
changes after experimental stroke, detailed investigations using
different methods and providing detailed kinetics, would be
needed.

The physical barrier in the intestine consists of epithelial tight
junctions (TJs) composed of multiple protein subunits. Claudins
and occludins (27, 28) appear to be the most relevant ones, as
they play a crucial role in forming physical and physiological
mucosal barriers in cooperation with intestinal epithelial
cells. TJs integrate intestinal physiological, immunological and
host-microbial homeostasis by regulating solutes flux along
paracellular pathway (27, 28). Disturbances in TJs expression and
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TABLE 1 | Bacterial Translocation Ratios.

Lung

(except trachea)

Liver Spleen Blood MLNs

DAY 1

Naïve 0/6 0/6 0/6 0/6 0/6

Sham 1/6 0/6 0/6 0/6 0/5

MCAO 1/6 0/7 0/7 0/6 0/6

DAY 3

Naïve 1/6 0/6 0/6 0/6 0/6

Sham 0/6 0/6 0/5 0/6 0/5

MCAO 0/7 0/7 0/7 0/7 0/7

Cerebral ischemia rarely induced bacterial translocation to extraintestinal organs. MLNs

indicates mesenteric lymph nodes; MCAO, middle cerebral artery occlusion.

altered intestinal morphology were already found in traumatic
brain injury and experimental stroke (12, 29–31). In this study,
we observed only decreased claudin-1 expression in the ileum 3
days after MCAO, when compared to naïve animals. However,
animals on day 3 did not show significant histological and
permeability changes in other tests performed.

Numeric and functional changes in leukocyte subsets in
spleen, blood and thymus indicating systemic immunosupression
after CNS-injury were reported within the first few days after
stroke in mice (5, 6, 32). In this study, we found decreased
counts of CD11b CD11c+ dendritic cells and B cells in
Peyer’s patches after cerebral ischemia, when compared to
naïve animals. The immunological changes present in sham-
operated animals, for instance lower counts of CD11b CD11c+
dendritic cells and B cells (not achieving statistical significance)
may be attributed to the effects of surgical intervention,
including among others closing the left common carotid artery,
tissue damage, psychological stress and anesthesia. B cells
predominate in Peyer’s patches and differentiate into IgA-
producing B cells in the presence of T cells, leading to the
elimination of toxins and pathogenic bacteria (33–35). It was
already shown that stress before cerebral ischemia induces a
significant reduction of IgA in the large intestine and bacterial
translocation in a rat stroke model (13). Also, dendritic cells
in Peyer’s patches are critical for initiating and developing
adaptive immune response (34, 36). Hence, stroke-induced
reduction of B cells and dendritic cells in Peyer’s patches may
threaten homeostasis in local and systemic immune system, and
contribute to the impaired local antibacterial defense. In line
with our results, a previous study from our group had revealed
decreased counts of B and T cells in Peyer’s patches (PP) of
129SV mice subjected to 60min of MCAO when compared
to sham-operated mice, whereas no significant alterations in
intraepithelial and lamina propria lymphocyte subsets were
found (37).

Importantly, translocation of bacteria from the intestine
to extraintestinal organs after stroke has been observed
previously (12–15), and Wong et al. even attributed the
origin of stroke-associated pneumonia to this phenomenon
(12). This link is, however, highly controversial, since from
a clinical point of view dysphagia facilitating aspiration

is undoubtedly the most important factor involved in
the pathogenesis of stroke-associated pneumonia, and
peripheral immunosuppression fosters the development of
infection (5, 38). In experimental stroke models bacterial
translocation to mesenteric lymph nodes, liver and spleen
was observed in rats after permanent MCA occlusion (14),
or only in rats subjected to stress before stroke induction
(13). Crapser et al. reported translocation to mesenteric
lymph nodes at day 3 after cerebral ischemia in young
and old mice, whereas only young animals were able to
successfully clear translocated bacteria (15). We and others
(9) found no evidence for bacterial translocation after cerebral
ischemia.

These discrepancies in reported observations may result from
stroke severity, using different brain ischemia models, but also
from differences in the techniques used to assess the presence
or absence of bacterial translocation, including cultivation
on microbiological media (13, 14) FISH (9), assessment of
translocation after inoculation with Enterococcus faecalis (12) or
GFP-expressing E.coli (15).

All of the above-mentioned methods suffer from several
drawbacks. Conventional cultivation has been used as the gold
standard procedure and has excellent sensitivity, but detects
only viable bacteria, of which only approximately 1% can be
cultivated (39) and is prone to sample contamination. Another
limitation of cultivation techniques is the need of proper choice
of microbiological media. In our investigations, we used only
LB agar, since in previous experiments we observed post-MCAO
pneumonia of mostly Gram-negative etiology (21).

PCR-derived techniques and FISH methods using 16S or 23S
rRNA gene targeted probes are considered as powerful tools for
microbial detection (40–42). In PCR, however, it is also well
known that false-negative or -positive results can easily occur
because of high susceptibility to PCR-inhibitors in tissues and
carryover contamination, respectively (43, 44). In contrast, FISH
has similar or lower sensitivity to conventional techniques but
can visualize most of the bacteria and reveal their localization
when tissue sections are used (42, 44). In our study, we were
able to visualize intestinal bacteria and bacteria in the airways
(Supplemental Figures 5A,C–E) and we did not find apparent
bacterial signals in other organs.

When performing inoculation experiments (12) with
colonization of the intestine with defined bacteria and
assessment of subsequent translocation, it is difficult, if not
impossible, to exclude that the lungs may be directly inoculated
when oral gavage is performed. It is important to note that
MCAO mice, in contrast to sham-operated controls, are prone
to bacterial pneumonia after aspirating even very small amounts
of microorganisms to the lungs (21). Hence, bacteria found in
the lung of orally colonized MCAO mice may originate from
the inoculation itself and not from the translocation from the
intestine. Moreover, (GFP-expressing) E.coli is not found in high
numbers in the physiological gut microbiota, and may, therefore,
translocate more often than typical commensal bacteria in case
of induced colonization and subsequent pathological events.
Since mice are coprophagic animals, excreted bacteria may be
later found e.g., in the lungs.
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Taken together, our exploratory results suggest that neither
severe impairment of intestinal barrier nor bacterial translocation
is a common event after 60min MCAO in young adult
male mice. Our results will be useful to calculate sample
sizes for future confirmatory investigation in this commonly
used model of experimental stroke (14). Further studies are
required to explore the pathomechanisms involved in the
development of stroke-associated infections, the most frequent
and the most severe complication of this devastating disorder
(1).
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