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Superiority of preventive antibiotic treatment compared with
standard treatment of poststroke pneumonia in experimental
stroke: a bed to bench approach
Susann Hetze1,2,6, Odilo Engel1,2,6, Christine Römer1,2, Susanne Mueller1, Ulrich Dirnagl1,2,3, Christian Meisel4 and
Andreas Meisel1,2,3,5

Stroke patients are prone to life-threatening bacterial pneumonia. Previous experimental stroke studies have demonstrated
that preventive antibiotic treatment (PAT) improves outcome compared with placebo treatment, which however does not model
the clinical setting properly. Here we investigate whether PAT is superior to the current clinical ‘gold standard’ for treating
poststroke infections. Therefore, we modeled stroke care according to the current stroke guidelines recommending early antibiotic
treatment after diagnosing infections. To reliably diagnose pneumonia in living mice, we established a general health score and a
magnetic resonance imaging protocol for radiologic confirmation. Compared with standard treatment after diagnosis by these
methods, PAT not only abolished pneumonia successfully but also improved general medical outcome. Both, preventive and
standard antibiotic treatment using enrofloxacin improved survival in a similar way compared with placebo treatment. However, in
contrast to standard treatment, only PAT improved functional outcome assessed by gait analysis. In conclusion, standard and
preventive treatment approach reduced poststroke mortality, however at the cost of a worse neurologic outcome compared
with preventive approach. These data support the concept of PAT for treating patients at risk for poststroke infections and warrant
phase III trials to prove this concept in clinical setting.
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INTRODUCTION
Acute cerebral ischemia not only impairs neurologic function but
also leads to medical complications, affecting up to 95% of
patients in the first 3 months after stroke.1,2 Infection and, in
particular, pneumonia is one of the most important complications
and a main cause of death after stroke, with an incidence of pneu-
monia ranging between 5 and 22%3–7 and the highest attributable
mortality accounting for B30% of all deaths.3 By comparison, the
incidence of pneumonia in non-stroke patients treated in a geria-
tric hospital averaged only 3.5%.8 Moreover, infectious compli-
cations after stroke also worsen neurologic outcome.9–11 Recent
experimental and clinical data suggest that the deleterious combi-
nation of stroke-facilitated aspiration and stroke-induced immuno-
deficiency dramatically increases susceptibility to infection in
stroke patients.12

Despite general measures to prevent aspiration, stroke-associated
pneumonia remains a common and severe clinical challenge even
for patients treated in specialized stroke units.11,13 Thus, alternative
treatment strategies are of urgent need. Using an experimental

mouse model, we have previously demonstrated that poststroke
infections and fever can be reduced effectively by preventive
antibacterial therapy (PAT) with moxifloxacin. More importantly, PAT
also reduces mortality, and improves neurologic outcome
significantly.14 Three randomized controlled phase IIb trials on PAT
after stroke have been performed. Whereas the PANTHERIS and
MISS trials suggest superiority of a preventive antiinfective therapy
over current standard therapy in terms of infection control, ESPIAS is
questioning this approach.15–17 A metanalysis on these trials
suggests that PAT reduces the occurrence of poststroke infections,
but remains ineffective in terms of outcome.18 Consequently, the
current ‘gold standard’ by stroke guidelines is treatment
immediately after diagnosis of infections. Two main reasons might
account for the discrepancy between experimental and clinical
findings. First, clinical trials were not powered to address treatment
effects on neurologic outcome.18,19 Second, our experimental model
might not be predictive for the clinical setting. In fact, we tested PAT
against ‘placebo’ in our experimental model14 but not against the
above-mentioned standard treatment, which is obviously not
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reflecting clinical practice properly. Thus, mice of the control group
were not treated with antibiotics at all, independently of whether
they developed an infection or not, in contrast to the stroke
treatment guidelines in patients. To model the clinical situation
appropriately, we here define diagnostic criteria for murine
pneumonia, similar to the Centers for Disease Control criteria20 for
human. Reasoned by the lack of an established method to reliably
detect chest infections in living mice, we developed a general
medical examination protocol and applied magnetic resonance
imaging (MRI) for radiologic confirmation.21 Based on this protocol,
we were able to investigate whether preventive antibiotic treatment
(PAT) is superior in improving poststroke outcome compared with
the standard treatment defined by the stroke guidelines in
experimental stroke.

MATERIALS AND METHODS
Experimental Setup
In a mouse model of stroke, we imitated a randomized clinical trial
investigating superiority of preventive antiinfective treatment of poststroke
infections compared with the ‘gold standard’ according to the stroke
guidelines. Our primary aim was improvement of long-term outcome. Mice
(n¼ 80) underwent transient middle cerebral artery occlusion (MCAo) with
reperfusion after 60 minutes as described below. After MCAo, animals were
randomly assigned to receive either a daily preventive medication (n¼ 26,
enrofloxacin) starting at the day of MCAo or a therapeutic medication
(n¼ 25; enrofloxacin) after diagnosis of lung infection. Standard treatment
started immediately after the appearance of clinical signs (general health
score46) usually between day 4 and 6 after stroke. In a pre-defined
subgroup of the study population (n¼ 39), pneumonia was confirmed by
MRI on day 3 after experimental stroke. To reproduce our findings,14 we
compared outcome of both antibiotic treatment approaches against
placebo-treated animals (n¼ 29, sodium chloride). General medical
outcome was assessed every day. Neurologic outcome was measured by
gait analysis at day 10. After 14 days, mice were euthanized and brains were
removed for immunologic examination. (Figure 1) For all outcome measures,
examiners were masked against treatment allocation.

Animals and Housing
We used 11- to 14-week-old C57Bl6/J male mice (Charles River
Laboratories, Sulzfeld, Germany), housed in groups with chip bedding
and environmental enrichment (mouse tunnel and igloo; Plexx BV, Elst, the
Netherlands) on a 12-h light/dark cycle (change 7 o’clock) with ad libitum
access to water and food (standard chow). All experiments were
conducted in accordance with the European directive on the protection
of animals used for scientific purposes and approved by the relevant local
authority (Landesamt für Gesundheit und Soziales, Berlin, Germany).

Measuring Lung Infection with Magnetic Resonance Imaging
In an independent experiment (n¼ 15), we established MRI for radiologic
confirmation of murine pneumonia based on a recently published

protocol.22 Magnetic resonance imaging was performed 3 days after MCAo
using a 7 Tesla rodent scanner (Pharmascan 70/16, Bruker BioSpin, Ettlingen,
Germany) and a 1H-RF volume resonator with an inner diameter of 38 mm for
imaging. We examined 20 axial slices of the lung with a slice thickness of
0.5 mm using a T1-weighted FLASH sequence with TR 500 ms, TE 2.604 ms
and 4 averages. With a field of view (FOV) of 1.28� 1.28 cm and a matrix size
of 128� 128, we attained an in-plane image resolution of 100mm. Bruker
software Paravision 4.0 served for data acquisition and image processing.
Anesthesia was induced and maintained with 2.5% and 1.5% to 2.0%
isoflurane (Forene, Abbot, Wiesbaden, Germany), respectively, delivered in
0.5 L/min of 1:2 mixture oxygen/nitrous oxide via a face mask under constant
ventilation. To ensure a steady body temperature of 371C during
examinations, mice were placed on a heated circulating water blanket.
Motion artefacts were minimized using cardiac and respiratory gating (Small
Animal Monitoring and Gating System, SA Instruments, Stony Brook, NY,
USA). Images were analyzed with ImageJ (ImageJ 1.42q Wayne Rasband,
National Institutes of Health, and USA) with a semi-automated threshold
procedure. According to previous studies,22 we manually outlined lung
borders on all slices to calculate the area on the images. For each slice,
intensity was measured in a certain lung area with physiologic appearance to
set background noise. Subsequently, we considered a threshold with a
signal-to-noise ratio larger than 3.5 as signals of lung inflammation and
expressed this as a fraction of whole lung area.

Bacterial Examination
To verify the MRI infection measurements, the bacterial burden of lung was
measured as described elsewhere.12 Anesthetized (ketamine 100 mg/kg,
Deltaselect, Dreieich, Germany, and xylazin 10 mg/kg, Bayer Vital, Leverkusen,
Germany) mice were killed by cervical dislocation and subsequently washed
with 70% ethanol under sterile conditions. After thoracotomy, lungs were
removed and homogenized in 400mL sterile phosphate-buffered saline using
a sterile pestle. A volume of 50mL of this tissue homogenate was plated on
LB agar plates in serial dilutions. For determination of colony-forming units,
plates were incubated (371C, 5% CO2, 20% O2 in N2) overnight and bacterial
colonies were counted the next morning.

Stroke Model
The surgical procedure of MCAo was performed as described in detail
elsewhere,23 according to standard operating procedures of our lab.24

Briefly, after anesthesia induction with isoflurane (Abott, Wiesbaden,
Germany) in a 1:2 mixture oxygen/nitrous oxide, a ventral cervical midline
incision was made and a 12-mm silicon-coated nylon filament was
introduced over the common carotid artery further to the internal carotid
artery, to bolt the origin of the middle cerebral artery. After an ischemia
time of 60 minutes, the filament was removed for reperfusion. Body
temperature was controlled throughout the procedure. We verified
surgical success by using the Bederson score.24

Drug Administration
Enrofloxacin (Baytril 2.5% oral solution, Bayer Vital) was dispensed in saline
(2 mg/mL), antibiotic-treated animals received a daily orally dispensed
dose of 10 mg per kg body weight via feeding needle every 12 hours over
a period of 7 days, while placebo animals received the same amount of

Figure 1. Experimental design. After experimental stroke (middle cerebral artery occlusion (MCAo)), mice were closely monitored for signs of
infection. A Mouse General Health Score (MGHS)45 or an infiltration rateX5% in lung magnetic resonance imaging (MRI) was considered as
sign for infection to start antibiotic treatment in the standard group (between day 4 and 6). Other groups received either antibiotics directly
after MCAo (preventive) or no antibiotics (placebo).
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saline via feeding needle. Animals of preventive antibiotic group obtained
enrofloxacin after waking from reperfusion anesthesia (ca. 1 hour after
operation). Therapeutic antibiotic treatment was given immediately after
appearance of clinical signs (general health score45) and confirmation of
lung infection by MRI (signal rateX5%). The group allocation was
randomized.

Mice General Health Score
For assessment of rodent health status, we monitored the mice for 14 days
by using a score that considers indicators of general well-being, such as
behavior, posture, grooming, or body weight changes (Table 1). Examina-
tions were performed at the same time every day and the investigator was
masked for group assignment.

Neurologic Outcome Measurement with Gait Analysis
Neurologic outcome was determined by assessing characteristic stroke-
induced changes in gait parameters as described elsewhere25 using an
automated computer-assisted method (CatWalk, Noldus Information
Technology, Wageningen, the Netherlands) according to manufacturer
instructions and published procedures. In brief, the system consists of an
elevated 1.3-m-long glass plate illuminated with fluorescent light. Contact
of animal paws with the glass plate lead to a changed refractive index of
the internally reflected fluorescent light, which then leaves the glass plate
and is reflected downwards. A high-speed camera underneath the glass
plate captures the images, which are subsequently analyzed by the
connected computer software. Home cage served as bait at the end of
the walkway, and animals were trained in three sessions before first
measurement. We acquired a minimum of three compliant runs, which had
to fulfill minimum run duration of 0.5 seconds, maximum run duration of
5 seconds, and a maximum speed variation of 60%. Runs, where animals
turned or walked backwards, were not used for analysis. When software
was unable to calculate phase dispersion, for instance anchor paw being
undetected, runs were excluded from statistical analysis.

Isolation of Mononuclear Cells from the Brain
Mice were anesthetized with a ketamine (Ketavet, Pfizer, Berlin, Germany;
dose 150 mg/kg) and xylazine (Rompun Bayer Vital; dose 15 mg/kg)
mixture 14 days after MCAo surgery and brains were removed after
transcardial perfusion with saline and decapitation. Brains were kept in ice
cold complete RPMI1640 medium (Biochrom, Berlin, Germany) enriched
with 10% fetal calf serum (FCS), 50 U/mL penicillin and 50mg/mL
streptomycin (Biochrom), 2 mmol/L L-alanyl-L-glutamine (Biochrom). Ipsi-
and contralateral hemispheres were separated with sterile scalpel and only
ipsilateral hemisphere was used for further processing. Single-cell
suspension was achieved by using a 70 -mm pore size cell strainer. Isolated
cells were washed once in complete RPMI1640 medium. Cell pellet was
resuspended in 6 mL of 35% Easycoll gradient (Biochrom) in complete
RPMI1640 medium and pipetted carefully on a top of 4 mL of 70% Easycoll
(Biochrom) gradient in complete RPMI1640 medium. Brain cell gradients
were centrifuged at room temperature (211C) for 30 minutes at 900 g,

without acceleration and brake. The fraction of mononuclear cells was
removed and washed once in complete RPMI1640.

Flow Cytometry
Mononuclear cells, harvested from the brain, were subjected to flow
cytometry (FACS). Cells were washed once in FACS washing buffer (2% FCS
and 0.1% sodium azide in phosphate-buffered saline). Thereafter, cell
surfaces were stained with following monoclonal antibodies: FITC-
conjugated anti-CD8a, PE-conjugated anti-CD44, Alexa Fluor 700-conju-
gated anti-CD4, PE-Cy7 conjugated anti-CD45 (all from BD Pharmingen,
San Diego, CA, USA), Pacific Blue-conjugated anti-Gr1, Pacific Orange-
conjugated anti-CD45RO (both from Caltag Laboratories, Life Technologies,
Carlsbad, CA, USA), Alexa Fluor 647-conjugated anti-CD3 (eBioscience,
San Diego, CA, USA), APC-Cy7 conjugated anti-CD11b, PE-Texas Red
conjugated anti-CD11c. Samples were measured on LSR II flow cytometer
(BD Pharmingen) and using with FACSDiva software (BD Pharmingen).
Data were analyzed with FlowJo software (Tree Star, Ashland, OR, USA).

Statistical Analysis
Data are expressed as mean ± s.d. or, for ordinal data, as median ± range
(general health score). The required number of animals per group was
calculated with respect to functional outcome in gait analysis (primary
endpoint), and 50% improvement in outcome parameters was considered
as a relevant effect.25 Four gait parameters were included as independent
measures in the power calculation, and calculations were performed using
statistical tables and self-written macros in Microsoft Excel. For power
calculation, we have chosen a power of 80%. Secondary endpoints were
survival, immunologic examination of the brain and clinical outcome.
Subgroups with and without lung MRI were compared for differences. Not
normally distributed data were analyzed by Kruskall–Wallis analysis and
pairwise Dunn’s method or Mann–Whitney U-test respectively, using SPSS
Statistics 18.0 software (IBM Somers, NY, USA). Where applicable, we used
Student’s t-test and analysis of variance with Bonferroni correction. Survival
was calculated according to Kaplan Meier and compared univariately with
Log Rank test and layerwise correction for two experiments. For analyzing
gait parameters, the comparison for effect sizes described by Matthews
and Altman26 was applied. Examining relationship, we applied Spearman’s
rank correlation coefficient r, being less dependent from assumptions on
normality. Comparisons between methods were performed according to
Bland and Altman with the adoption for measurements in different
units.27,28 In brief, we looked here for a 95% probability to predict the value
of the old method with the new method.

RESULTS
Lung MRI as Diagnostic Tool for Diagnosis of Poststroke
Pneumonia
To assess the effects of different treatment approaches of
poststroke infections on long-term outcome, we established a

Table 1. Mice General Health Score

Score 0 1 2

Behavior Alert, high advertence, responds
quickly to environment

Reduced advertence, mouse reacts slowly
to moderate stimulation

Lethargic, no movement after stimulation,
no interest in environment

Posture Physiologic Betimes relieving posture or unstable
movements

Bended back, many unstable movements,
possibly trepidation

Skin and fur Smooth, shiny and tight fur,
regular grooming

Slightly scrubby, dull fur, reduced
grooming

No grooming, fur scrubby

Eyes Physiologic Eyes open, clear but serous ocular
discharge, beginning conjunctivitis

Eyes almost closed, serous-mucous ocular
discharge, conjunctivitis

Breathing Physiologic Serous nose defluxion Possibly forced breathing or
hyperventilation, mucous nose defluxion

Gastrointestinal
tract

Normal dejection Tender dejection consistency Diarrhea

Body
temperature

351C–391C 331C–351C or 391C–401C o331C or 4401C

Weight Stable 5–10% decreased weight 410% decreased weight
Min. 0 points Max. 16 points
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lung MRI protocol to diagnose pneumonia in living mice reliably.
This validation study of the MRI protocol was completely
independent from the other study. The method is based on
measuring the fraction of hyperintense areas in the whole lung
reflecting and summarizing areas in the lung tissue with edema as
a marker of inflammation and bacterial infections. At 3 days after
experimental stroke, lungs of infected mice typically exhibited
hyperintense areas between 6% and 7% of total lung volume,
whereas lungs from uninfected mice had areas smaller than 3%.
Using a microbiological analysis for bacterial quantification
(colony-forming units) of lung tissue as ‘gold standard’ and
comparing measurements in different units, we found a significant
linear regression between bacterial burden of the lung and MRI
(Pearson’s R¼ 0.893, R2¼ 0.704; y¼ 0.594x with s.e.¼ 0.107 and
Po0.001; n¼ 15). The prediction of colony-forming unit in lung
homogenisate from lung MRI values achieved 95% confidence
(Figure 2; Bland–Altman comparisons for measurements in
different units individually calculated). A signal rate of 5% or
greater was considered as a marker of infection. Thus, lung MRI is
a reliable method to diagnose bacterial pneumonia in living mice.

Preventive but not Standard Antibiotic Treatment Reduced Lung
Inflammation
In the placebo group, MRI detected hyperintense areas affecting
6.8%±1.1% (mean±s.d.) of total lung volume and in the standard
group 6.3%±1.5%. In contrast, the hyperintense area fraction was
significantly reduced to 3.7%±0.4% in the prevention group
(n¼ 32, analysis of variance with Bonferroni post-hoc; preventive
vs. standard Po0.001; preventive vs. placebo Po0.001, standard
vs. placebo, not significant; Figure 3A). Thus, preventive treatment
abolished lung inflammation compared with standard and
placebo treatment.

Prevention and Treatment of Poststroke Pneumonia Improved
Survival
Survival in placebo-treated animals was 55%. In contrast,
prevention and standard treatment of poststroke pneumonia
with enrofloxacin improved survival significantly to 81% and 88%,
respectively (Figure 3B; preventive vs. placebo P¼ 0.03; standard
vs. placebo P¼ 0.007 Kaplan–Maier analysis of survival). Both

antibiotic treatment regimes were similar in terms of survival
(P¼ 0.44).

Preventive Antibiotic Treatment Improved General Health of Mice
Mice were daily monitored using the Mice General Health Score
(MGHS). Preventively treated mice recovered without complica-
tions within 6 days in median (Figure 4A). In comparison, mice
treated with placebo or antibiotic standard treatment had a
significantly worse health status between day 4 and day 6, and
needed a longer recovery period.

Pneumonia was diagnosed by the MGHS in median 4 days after
MCAo (only placebo and standard group; Figure 4B) and
confirmed by MRI. Accordingly, standard treatment started in
mean 4.7 days after MCAo (range 4 to 6 days). Although the MGHS
was significantly correlated to signs of infections in lung MRI on
day 3 (Spearman Rho; day 3: r¼ 0.400, P¼ 0.023; day 4: r¼ 0.523,
P¼ 0.004; day 5: r¼ 0.431, P¼ 0.031), some animals revealed a
high lung infiltration measured by MRI despite a rather medium
MGHS (under 5 points). Almost all mice in the standard and
placebo group showed an increased signal in MRI (cutoffX5%) as
a marker for lung infection. Only two animals in the standard
group failed with 4.3 and 4.8%. However, these mice showed
clinical symptoms of infection (MGHS45) 2 days after the scan. In
the standard and placebo group 31% of the animals did not reach
the clinical cutoff (MGHS45), although most of these animals had
signs of lung infection measured by MRI. Thus, a significant
proportion of animals in the placebo and standard group had
subclinical courses of pneumonia. Therefore, we applied anti-
biotics on day 6 for those animals in the standard group, which
did not reached the clinical cutoff (MGHS45) in the days before.

Preventive but not Standard Antibiotic Treatment Expedites
Recovery of Body Weight After Stroke
There was no significant difference between the three groups
concerning weight loss (20.8%±8%) within the first 3 days after
stroke onset. However, preventively treated mice regained their
body weight faster compared with standard or placebo-treated
animals, leading to a significant difference in the last 4 days of the
observation period (Figure 4B; day 10 to 13, Kruskall–Wallis test
Po0.05).

Figure 2. Investigating poststroke pneumonia in mice with lung magnetic resonance imaging (MRI). (A) Lung MRI is a reliable method for
investigating poststroke pneumonia compared with the current standard method based on the quantitative bacterial analysis from lung
homogenisate (n¼ 15, linear regression R2¼ 0.704, y¼ 0.594x; Bland–Altman analysis of comparability: 95% limits of agreement; cfu, colony-
forming units). (B) Representative lung MRI of a healthy mouse (above) and a mouse with pneumonia (below, 3 days after middle cerebral
artery occlusion). Mice rested in supine position, section of heart visible. The arrow indicates infiltration of the lung parenchyma.
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Preventive but not Standard Treatment Improves Neurologic
Outcome
Treatment Effect on Spatial and Kinetic Characteristics of Gait.
Compared with the prestroke performance, the maximum contact
area of hind limbs decreased 10 days after left-sided MCAo, with
largest effects on right hind limb. Placebo-treated mice showed a
significant worse gait performance with respect to this parameter
compared with preventively treated animals, but not to standard
treated ones (Comparison of effect sizes, Po0.05; Figure 5A).
Furthermore, the right hind limb possesses significant decelerated
swing speed in placebo-treated animals, which was significantly
improved in the preventive treatment group but not in the
standard group (speed of a paw while it moves from one to the
next contact with the glass plate, checked against walking speed,
Po0.05; Figure 5B). The distance between consecutive steps
(stride length) with the right hind paw was significantly shortened
in placebo but not preventively treated animals (Po0.05;
Figure 5C). In contrast to the preventive treatment, standard

treatment improved none of these gait parameters significantly
compared with placebo.

Treatment Effects on Gait Coordination. Duty cycle, the relative
stand phase as part of the step cycle, was significantly more
impaired after stroke in the right hind limb of placebo-treated
compared with preventively treated mice (Po0.01), but not in
comparison with standard treated mice (Figure 5D). The interpaw
coordination during gait is based on a normal step sequence
pattern in each animal. The regularity index, presenting the overall
paw coordination, was significantly reduced by stroke. Preventive
treatment improved regularity index significantly compared with
placebo and standard treatment (Po0.01; Figure 5E). Another
valuable parameter for assessing interpaw coordination is the
phase dispersion, characterizing the timing for the placement of
two paws (defined as target and anchor). The phase dispersion
from left front to right hind paw (LF–RH) and right front to left
hind paw (RF–LH; data not shown) was significantly improved in

Figure 3. (A) Preventive antibiotic treatment reduced inflammation markers in lung magnetic resonance imaging (MRI) compared with
standard treatment. Hyperintense area fractions of the total lung parenchyma were measured as markers of inflammation 3 days after middle
cerebral artery occlusion in placebo (n¼ 9), standard (n¼ 13), and preventive (n¼ 10) treatment group (analysis of variance with Bonferroni
post-hoc; preventive vs. standard Po0.001; preventive vs. placebo Po0.001, standard vs. placebo not significant). (B) Effect of antibiotic
treatment on poststroke survival in mice. Mortality in placebo-treated mice is highest between day 3 and day 7 after stroke onset (gray line).
Standard antibiotic treatment (after diagnosis of pneumonia; gray dotted line) improves survival similarly as PAT (black interrupted line).
(Kaplan–Maier analysis of survival; n¼ 80; preventive vs. placebo P¼ 0.03; standard vs. placebo P¼ 0.007).

Figure 4. (A) Effect of antibiotic treatment on medical condition of mice after stroke The Mice General Health Score (MGHS) as a marker for the
general medical condition of mice was measured daily during the observation period. Mice treated in a preventive manner recovered faster
compared with the standard and placebo group. Both, preventive and standard treatment had a better long-term outcome compared with
placebo-treated mice. (Kruskall–Wallis test *P40.05; Dunn’s post-hoc Po0.05 between y preventive vs. standard; 1 preventive vs. placebo;
# standard vs. placebo). (B) Time until mice reached the diagnostic criterion in MGHS. Animals that died before day 2 (direct effect of stroke,
e.g., brain edema) and mice that did not reach the diagnostic criterion are censored. Most mice showed onset of symptoms around day 3. (C)
Effect of antibiotic treatment on poststroke body weight in mice. Preventive but not standard antibiotic treatment accelerates regain of body
weight after stroke, compared with placebo treatment, with a statistically significant difference at the last 4 days of the observation period
(day 10 to 13, Kruskall–Wallis test *Po0.05).
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preventive treatment group compared with placebo and standard
treatment (Po0.05; Figure 5F). Taken together, preventive but not
standard treatment improved neurologic outcome 10 days after
stroke onset compared with placebo treatment.

Worse Functional Outcome is Associated with Increased
Infiltration of Leukocytes into the Brain
Hypothesizing that infection alters the inflammatory response in
the ischemic brain, we investigated the number of infiltrating
leukocytes into the affected hemisphere. The dominant cell
populations among all leukocytes (CD45þ ) infiltrating the brain
10 days after stroke onset were T lymphocytes (CD3þ ),
macrophages (CD11bþGr1� ), granulocytes (CD11bþ Gr1þ )
and to lower extent B lymphocytes (B220þ ). While there was a
trend towards lower leukocyte numbers in antibiotic-treated
animals, we observed no significant differences for any cell subset
between the treatment groups (Kruskall–Wallis P40.05; n¼ 58;
Figure 6A).

However, noticing the quite large interindividual variance in cell
infiltration, we examined whether the magnitude of immune
cell infiltration into the brain is probabilistically independent
from functional outcome. Applying Spearman’s rank correlation

coefficient, the number of brain-infiltrating CD4þ and CD8þ
T cells, macrophages and granulocytes, but not B220þ B cells
were correlated to gait parameters. This holds true both for the
analysis over all groups as well as for the subgroups placebo and
standard treatment. We did not observe a significant correlation
between lung MRI and brain immune cell counts (data not shown).
Thus, worse functional outcome after stroke appears to be
positively correlated with an increased number of infiltrating
immune cells in the affected brain hemisphere.

DISCUSSION
Recently, we have demonstrated in the same MCAo mouse model
that poststroke infections can be prevented effectively by
antibacterial therapy with moxifloxacin, either immediately or 12
hours after experimental stroke. Consequently, PAT was shown to
improve outcome after experimental stroke with a reduction in
mortality by 40%. Moreover, the proportion of animals in treated
groups with only mild or no deficit was almost twice the number
as untreated controls.14 However, untreated controls or placebo
treatment are not reflecting the clinical practice. Mice of the
control (‘placebo’) group were not treated with antibiotics at all,
independently of whether they developed an infection or not,

Figure 5. Functional recovery in gait after middle cerebral artery occlusion (MCAo) depends on antibiotic treatment regime. (A) Comparing
maximal contact area of the right hind limb before and 10 days after MCAo placebo-treated mice had significantly lower contact areas. In
contrast to the standard group, mice treated in the preventive group recovered significantly better compared with placebo. (B) Swing speed,
(C) stride length, and (D) duty cycle of the right hind limb were significantly decreased in placebo group compared with preventively treated
animals, whereas standard treatment group did not reach any significance compared with placebo group. (E) According to regularity index,
placebo and standard group animals show a less regular, improper coordinated walk 10 days after stroke, whereas preventively treated
animals have a significant more regular gait pattern. (F) Comparing phase dispersion from left front to right hind paw (LF–RH) before and 10
days after MCAo placebo-treated mice were impaired by ischemia. The functional recovery was significantly better in mice treated
preventively compared with both placebo and standard treated mice. (Data are presented as box plots with 5 to 95 percentile whiskers. Values
before stroke are represented in the background as gray boxes, in parallel to the box plots in darker gray the 1st to 3rd quartile and in light
gray the 5 to 95 percentile. The dotted line indicates the median. Comparison of effect sizes; n¼ 60; *Po0.05; **Po0.01).
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being in contrast to the stroke treatment guidelines in patients. In
the present study, we took a step further modeling this clinically
relevant issue in our mouse model of stroke. We established a
reliable diagnostic procedure to detect lung inflammation in living
mice by MRI enabling investigations on the impact of poststroke
infections on long-term outcome in mice. Thereby, we
demonstrated that compared with ‘placebo’ treatment standard
and PAT reduced poststroke mortality. However, only PAT but not
standard treatment improved neurologic long-term outcome
measured by gait analysis. This is an example for the
importance of modeling current clinical ‘stroke care’, which
needs to be implemented in preclinical stroke studies.29

Pneumonia was reliably detected in lung MRI, and with a lower
sensitivity in general health score (MGHS). As mice tend to hide
sickness behavior because of their ecological niche,30 it seems
coherent that a less dramatic course of infection might be
overlooked by just applying clinical parameters such as a general
health score.

In the clinical situation, 30% of all stroke patients experience
infection, in most cases pneumonia or urinary tract infection. The
incidence is even higher with 45%. in severely affected stroke
patients treated on intensive care units.31 In our stroke model,
resembling severe MCA stroke,23 mice without PAT were prone to
develop infection and showed a worse general clinical picture.

A metanalysis of clinical studies demonstrated that antibacterial
prophylaxis reduced the occurrence of poststroke infections, but a
clear conclusion about mortality and functional outcome is
lacking.18 Similarly, preventively treated mice were also
protected from infections in our study. However, treatment with
antibiotics improved survival significantly, independent of
whether it was given preventively or immediately after diagnosis
of pneumonia. The effect of the preventive approach is in
accordance with a previous report demonstrating a reduction of
mortality from nearly around 60% (placebo) to around 15%.14 In
our study, especially animals with signs of infection had a lower
chance for survival, which is corresponding to the clinical

Figure 6. Lymphocytes in ipsilateral hemisphere. (A) At 14 days after experimental stroke, we did not observe a statistical difference neither in
total lymphocyte number nor in subpopulations (mean±s.d.). (B) CD3þ CD4þ T cells show a relationship to impaired gait parameters as
phase dispersion from left front to right hind paw (LF–RH) or (C) duty cycle in right hind paw. (D) Correlation matrix reveals relationship
between infiltrating lymphocytes and gait parameters, here exemplarily shown for two parameters, except for B cells. (Spearman’s rank
correlation coefficient).
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situation, where mortality is approximately threefold higher in
infected patients than in noninfected.4 Especially, pneumonia is
one of the most prominent reasons for death after stroke.3,31

Clinical evidence and animal experiments indicate weight loss
as a common phenomenon after stroke, and several pathways of
metabolic imbalance were proposed to contribute to this
phenomenon.32 We also observed a substantial weight loss in
mice after MCAo, independent of the treatment group. However,
preventively treated mice regained their body weight faster than
mice from other treatment groups. In patients, weight loss is
correlated with poor functional outcome,33 hence faster weight
recovery might also be partially related to the improved functional
outcome in preventively treated mice.

Poststroke infection is associated with poor neurologic outcome
in patients.31,34 In our experimental study, we observed a similar
effect concerning functional outcome. Spatial and kinetic gait
parameters were significantly improved in the preventive group
compared with placebo treatment. A precedent study reported an
improved basic functional outcome measured by Bederson score
for a short observation period.14 Taken together, our observations
match those from clinical trials, where patients without infection
had a superior outcome compared with patients with infe-
ction.10,16 Importantly, in our study the occurrence of infection
accounts for poor functional outcome, regardless of whether mice
received antiinfective treatment after diagnosis of chest infection.

One may speculate that the improved neurologic outcome is
because of direct neuroprotective effects of the antibiotic drug.
For example, neuroprotective effects have been shown for the
antibiotics ceftriaxone35 and minocycline, notwithstanding that
the latter failed to prove efficacy in a recent elaborate preclinical
study.36 However, in a previous study, treatment with a gyrase
inhibitor had no further neuroprotective effect when infections
were prevented by restoring immune function via adoptive cell
transfer.14 Thus, neuroprotection by antibiotics may be mediated
rather indirectly by preventing or mitigating the infection-induced
systemic inflammatory response.

As stroke induces local inflammation at the site of the insult,6,37

and infection alters the systemic inflammatory profile in the
brain,38 we hypothesized that the differences in functional
outcome might be associated with a change in the inflam-
matory profile in the brain. Accordingly, we analyzed the number
of leukocytes in the affected hemisphere. We observed a signi-
ficant relation between the number of infiltrating T lymphocytes
and myeloid cells, and neurologic outcome. We did not observe a
significant correlation between lung MRI and brain immune cell
counts. However, in this analysis sample size was smaller and most
observations derived from antibiotic-treated animals, so that the
distribution lacks animals with most severe infections because of
mortality. These data suggest that worse functional outcome after
stroke is associated with, although not necessarily caused by an
increased brain infiltration of peripheral immune cells. However,
there are several limitations of this observation. Most importantly,
we only performed quantitative analysis of brain-infiltrating
immune cells restricted to merely one (late) time point after
stroke. While there was a trend towards less immune cells in
ischemic brain tissue in antibiotic-treated animals, a mere
reduction in cell infiltration cannot solely explain the better
functional outcome in preventively treated animals. Even though
an earlier T-cell infiltration into the brain would be diminished by
antibiotic prevention of poststroke infections, T-cell infiltration
into the brain is not necessarily causative for worse outcome and
might be merely a surrogate parameter for inflammation. A
detailed characterization of systemic and local immunologic
response, in particular the assessment of the inflammatory
profile in the ischemic brain and of the functional phenotype of
brain-infiltrating immune cells, in the wake of poststroke
infectious complications, and its relation to functional outcome
may provide further clues as to why an incipient infection distant

from the brain may impair neurologic outcome. However, such
analysis demands an elaborate study design and was outside the
focus of this study.

In the clinical situation, stroke patients receive standard antibiotic
regimes on diagnosis of infection, which normally includes b-lactam
antibiotics, such as acylaminopenicillins and cephalosporins as well
as fluoroquinolons. The current treatment guidelines for stroke
patients do not recommend preventive use of antibiotics.39 In our
experimental study, we have demonstrated that this standard
approach is as effective as the preventive treatment concept in
consideration of mortality reduction, compared with the omission
of antibiotic treatment at all (placebo). Concerning gait analysis, our
data suggest that PAT is superior compared with the standard
approach. Hence, standard treatment might be behind time to
controvert negative effects of infection on neurologic outcome.

Superiority of prevention compared with standard treatment
might be because of difficulties in detecting pneumonia in our
experimental stroke model. However, even in the clinical setting,
the early diagnosis of poststroke pneumonia is a major challenge.
Centers for Disease Control criteria for the diagnosis of pneumonia
require pathologic findings in clinical and laboratory examinations
as well as in chest X-ray. In particular, pathologic signs in chest
X-ray will be often detected only in the late course of
pneumonia.40 Consequently, a delayed treatment of pneumonia
may contribute to worse outcome in stroke patients.

Our experimental data argue for further elaborate investigation
of the impact of poststroke infections on functional outcome in
the clinical situation. In fact, at least three large clinical trials are
ongoing to prove whether preventive antiinfective treatment
improves stroke outcome.41,42 Although not detected in a phase II
trial,16 the preventive use of antibiotics might have negative
effects because of potential promotion of antibiotic resistance in
common bacteria. Hence, early identification of stroke patients at
risk for poststroke infections is of paramount importance to tailor
preventive antiinfective treatment. Blood-based biomarkers could
help to identify these patients and guide physicians in antibiotic
treatment. The STRAWINSKI trial investigates whether a
biomarker-guided antibiotic treatment improves functional
outcome after severe ischemic stroke by immediate early anti-
biotic treatment. The method is based on the rapid identification
of infections by ultrasensitive procalcitonin measurement.43

Summarising our current knowledge, patients might benefit
from prevention of infectious complications after stroke, and the
next step is to prove whether and under which circumstances PAT
is effective in patients. As poststroke infections are common even
in stroke models and are known to have a negative effect on
outcome after stroke, prophylactic antibiotic treatment has to be
taken into account for preclinical studies where ‘side effects’ from
infectious complications may interfere with mechanisms or
treatments under research.44
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