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Infection and systemic inflammation are risk factors for cerebrovascular diseases and poststroke infections impair outcome in stroke
patients, although the mechanisms of their contribution are mostly unknown. No preclinical studies have identified how chronic infec-
tion affects ischemic brain damage and which key inflammatory mediators are involved. We used a well established model of gut infection
(Trichuris muris) to study how chronic infection contributes to brain injury. We show that, in mice, infection that leads to a chronic
Th1-polarized immune response dramatically (60%) exacerbates brain damage caused by experimental stroke. Chronic Th1-type infec-
tion resulted in systemic upregulation of proinflammatory mediators and profoundly altered stroke-induced early (40 min to 4 h) and late
(48 h) inflammation in the brain and peripheral tissues. Using the same infection, we show that a Th1-, but not Th2-polarized response
augments brain injury by increasing the Th1 chemokine CCL5 [regulated on activation, normal T-cell expressed and secreted (RANTES)]
systemically. This infection-associated response paralleled altered regulatory T-cell response, accelerated platelet aggregation in brain
capillaries, and increased microvascular injury and matrix metalloproteinase activation after stroke. Antibody neutralization of RANTES
reversed the effect of chronic infection on brain damage, microvascular MMP-9 activation, and cellular inflammatory response. Our
results suggest that chronic infection exacerbates ischemic brain damage via a RANTES-mediated systemic inflammatory response,
which leads to delayed resolution of inflammation and augmented microvascular injury in the brain.

Introduction
Cerebrovascular disease is profoundly influenced by peripheral
immune and inflammatory processes. Comorbidities and known
causes of stroke such as atherosclerosis, diabetes, obesity, or sys-
temic infection all involve chronic inflammation, which can di-
rectly contribute to ischemic damage and adversely impact on
recovery (Emsley and Hopkins, 2008; McColl et al., 2009; Dénes
et al., 2010). Infections may trigger up to one-third of ischemic
strokes and worsen outcome (Emsley and Hopkins, 2008). In
addition to the potentially harmful effects of pathogen-derived
factors, the host immune response itself appears to be a major
contributor to ischemic brain damage. Recent experimental
data highlight the importance of interleukin-1� (IL-1�) or
endotoxin-induced systemic inflammation (McColl et al., 2008),
T-cell-associated interferon-� (IFN-�) (Yilmaz et al., 2006), reg-
ulatory T-cells (Liesz et al., 2009), and IL-17-producing ��T-cells
(Shichita et al., 2009), which all influence the development of
ischemic brain injury.

Peripheral inflammatory processes can induce changes in the
kinetics of blood– brain barrier (BBB) disruption, increase in
neurovascular gelatinolytic activity, and altered activation of in-
flammatory cells and cytokines in the brain after stroke (McColl
et al., 2007, 2008; Liesz et al., 2009; Shichita et al., 2009). How-
ever, we do not know which inflammatory substances mediate
the effect of chronic peripheral inflammation on brain damage
and how. Furthermore, it is not known how peripheral immune
processes relate to changes in neurovascular milieu, such as cap-
illary coagulation, microvascular injury, and impaired blood flow
recovery after stroke. Relevant experimental models of comor-
bidities in stroke provide valuable tools to study some of these
mechanisms, but most models are highly complex. Moreover, no
study has investigated the effect of infection-induced chronic pe-
ripheral inflammation on experimental stroke.

Thus, we used the murine intestinal parasitic whipworm Tri-
churis muris to induce a chronic, systemic inflammatory response
dominated by CD4� T helper-1 (Th1)/Th17 cells (Cliffe and
Grencis, 2004; Hayes et al., 2004; Owyang et al., 2006) to investi-
gate brain and peripheral inflammatory responses after transient
middle cerebral artery occlusion (MCAo). In this well established
model, low-dose parasite infection results in an IFN-�-induced
class switch to parasite-specific IgG2a, and this response persists
to chronicity (Bancroft et al., 2001; Cliffe and Grencis, 2004).
This has been confirmed by depletion of IFN-�, which results in
expulsion of the parasite via the development of a protective
Th2-type response (Else et al., 1994; Helmby et al., 2001).
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Using T. muris, we identify mechanisms whereby chronic, sys-
temic inflammation markedly exacerbates experimental stroke and
show that this is mediated by the chemokine CCL5 [regulated on
activation, normal T-cell expressed and secreted (RANTES)].

Materials and Methods
Mice and T. muris infection. Experiments were performed in adult male
C57BL/6J mice (Harlan Olac), maintained in individually ventilated
cages, under temperature-, humidity-, and light-controlled conditions.
Mice were orally infected with �20 infective eggs (low dose) when 12–16
weeks of age and incubated for 35 d when chronic Th1-polarized re-
sponse is well established (Bancroft et al., 1994, 2001; Else et al., 1994)
before surgery. Th1-polarized response is dominated by proinflamma-
tory cytokines such as IFN-� or tumor necrosis factor-� (TNF�),
whereas during a Th2-polarized response cytokines such as IL-4, IL-9,
IL-10, and IL-13 are expressed. To induce Th2-polarized response, mice
were given �100 eggs (high dose) followed by 21 d incubation (peak of
Th2-polarized infection). No mortality or behavioral changes were ob-
served in infected mice. All animal procedures were performed under an
appropriate Home Office license and adhered to regulations as specified
in the Animals (Scientific Procedures) Act (1986).

Filament MCAo and perfusion. Focal cerebral ischemia or sham sur-
gery were performed on infected mice and age/weight-matched controls
weighing 26 –32 g. Anesthesia was induced with isoflurane. During sur-
gery, core temperature was maintained at 37 � 0.5°C. We investigated
whether body temperature was altered in infected mice before surgery or
after experimental stroke. No significant difference in rectal temperature
was observed between infected and uninfected mice before surgery
(36.9 � 0.2 vs 36.8 � 0.3°C). Animals were exposed to sham surgery or
MCAo for 45 min using an intraluminal filament (180 �m diameter, left
side occluded) followed by 4, 24, or 48 h reperfusion. After MCAo, mice
developed mild hypothermia, which was normalized by 24 h. No signif-
icant difference in body temperature was observed after MCAo between
infected and uninfected animals (35.1 � 0.8 vs 35.1 � 1.1°C at 3 h
reperfusion). Serial blood samples (typically seven times 20 �l/mouse)
were obtained from the tail vein before surgery and after MCAo. Before
whole-body transcardial perfusion with saline, blood was taken from the
heart using 3.8% sodium citrate as an anticoagulant (1:10). The upper
body (above the diaphragm) was perfused with 4% paraformaldehyde,
whereas unfixed (saline-perfused) liver, spleen, femoral-tibial bone mar-
row, mesentheric lymph nodes, and cecum were frozen. In separate ex-
periments, saline-perfused brains were collected at various time points
after MCAo. Paraformaldehyde-fixed brains were sectioned on a freezing
microtome and kept at �20°C in cryoprotectant solution.

Measurement of infarct volume and BBB damage. The volume of isch-
emic and BBB damage was measured as described previously (Dénes et
al., 2007). Briefly, areas of ischemic damage were identified on cresyl
violet-stained sections at eight neuroanatomically defined coronal levels
(between 2.9 mm rostral and �4.9 mm caudal to bregma). Digitized
images were created, and areas of damage were measured using ImageJ
software. The volume of damage was calculated by integration of areas of
damage with the distance between coronal levels. Leakage of plasma-
derived IgG (BBB damage) was detected with biotinylated horse anti-
mouse IgG (1:500) followed by incubation with ABC solution (Vector;
1:500), and the color was developed by diaminobenzidine tetrahydro-
chloride. Calculation of BBB damage was performed as described above.

Assessment of neurological deficit. Neurological status was assessed
blinded to drug treatment and according to a neurological grading score
of increasing severity of deficit (Bederson et al., 1986): 0, no observable
deficit; 1, torso flexion to right; 2, spontaneous circling to right; 3, lean-
ing/falling to right; 4, no spontaneous movement.

Systemic neutralization of RANTES. Monoclonal antibody recognizing
RANTES [clone R6G9 (Glass et al., 2004)] or control IgG were adminis-
tered intraperitoneally, 24 h before and immediately before MCAo (two
times 0.25 mg/mouse in 200 �l of sterile PBS).

Cytokine measurements with cytometric bead array and ELISA. Liver,
spleen, and ipsilateral brain hemisphere samples were homogenized as
described previously (Chapman et al., 2009). Protein concentrations

were calculated using BCA assay (Pierce/Thermo Fisher Scientific).
Lymph node cells were isolated and restimulated in vitro with T. muris
excretory/secretory (ES) antigen. Sixteen key inflammatory cytokines
[granulocyte-macrophage colony-stimulating factor (GM-CSF), granu-
locyte colony-stimulating factor (G-CSF), IFN-�, IL-1�, IL-10, IL-13,
IL-17A, IL-2, IL-4, IL-5, IL-6, IL-9, KC, MCP-1, TNF�, RANTES] were
measured in all tissues examined using appropriate cytometric bead ar-
ray (CBA) Flex Sets (BD Biosciences) according to the manufacturer’s
protocol. GM-CSF, IL-2, IL-4, IL-5, and IL-17A were not routinely mea-
sured all the time because of their low or tissue-specific expression found
in pilot experiments. Parasite-specific IgGs were measured by ELISA as
described previously (Else et al., 1993).

Flow cytometry. Spleen and bone marrow cells were isolated and
stained with Gr1-APC, CD4-FITC, CD3-PerCP, CD11b-PE, Foxp3-APC
(BD Biosciences) alone or in combination. Cells were acquired on a
FACSCalibur (BD Biosciences). Acquisition and analysis of data were
performed using CellQuest Pro software (BD Biosciences).

Immunohistochemistry and immunofluorescence. Immunostaining was
performed on free-floating brain sections using various combinations of
primary antibodies: rat anti-mouse CD45 (Serotec), goat anti-Iba1
(Abcam), rabbit anti-SJC (kindly provided by Drs. Daniel Anthony and
Sandra Campbell, University of Oxford, Oxford, UK) (Anthony et al.,
1998), goat anti-RANTES (R&D Systems), goat anti-MMP-9 (R&D
Systems), rat anti-mouse CD41 (BD Biosciences), mouse anti-NeuN
(Millipore), and rabbit anti-cleaved caspase-3 (Cell Signaling). Sections
were incubated in primary antibody (diluted in PBS and 0.3% Triton
X-100) for 12– 48 h at 4°C. For fluorescent detection, adequate fluoro-
chrome (Alexa 594, Alexa 488)-conjugated antibodies (Invitrogen) were
used. Cell nuclei were stained with DAPI (4�,6�-diamidino-2-pheny-
lindole). Biotinylated tomato lectin (Sigma-Aldrich) was visualized with
streptavidin-Alexa 350 conjugate (Invitrogen). Peroxidase staining was
developed with diaminobenzidine tetrahydrochloride alone or in the
presence of nickel ammonium sulfate.

Microscopy. Images were collected on a Zeiss Axioskop or an Olympus
BX51 microscope using a Coolsnap ES camera (Photometrics) through
MetaVue software (Molecular Devices). Fluorescent images were pro-
cessed using ImageJ and Adobe Photoshop softwares.

Quantitative analysis of neuronal death and immunostaining for inflam-
matory markers. Quantification was performed on parallel series of coro-
nal brain sections using a stereological approach (typically 8 –12 sections
per hemisphere were counted rostrocaudally, 400 �m apart). In each
brain (n � 8–10), two to three randomly selected fields of the ischemic
striatum or cerebral cortex were viewed on each section in a live CCD camera
window and cells positive to NeuN and/or cleaved caspase-3 were counted.
SJC-, RANTES-, CD41 (n�6–10)-, and MMP-9 (n�5–7)-positive profiles
were quantified as above. Data were expressed as the average number of
objects per square millimeter or area in the given brain region.

Randomization, quantification, and statistical analysis. Animals were
randomized for experiments where it was possible (e.g., anti-RANTES
treatment). All quantitative assessments were performed in a blinded
manner. For two groups, Student’s t test (two-tailed), and for three or
more groups, one-way or two-way ANOVA followed by Bonferroni’s
post hoc multiple-comparison or paired comparison were used. For cor-
relation analysis, p value (two-tailed) and R 2 were determined.

Results
Chronic infection exacerbates ischemic brain damage
First, we examined the effect of chronic peripheral infection on
ischemic brain damage, by using low-dose parasite infection to
induce a chronic, Th1-polarized immune response. The chronic
Th1-polarized response resulted in a 60% increase in brain isch-
emic damage ( p � 0.01), which paralleled augmented BBB dam-
age ( p � 0.001) compared with uninfected mice, 48 h after
MCAo (Fig. 1A–C). Neuronal loss was significantly increased
( p � 0.01) in the ipsilateral hemisphere in infected mice (Fig.
1D,E). This was attributable mainly to necrotic cell death, as cleaved
caspase-3-positive apoptotic neurons in the core of the infarct were
also significantly reduced ( p � 0.01) in mice with chronic Th1-type
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response, corresponding to low numbers of surviving cells (Fig.
1E,F). To investigate the loss of neuronal processes after MCAo,
expression of NK1 [Substance P receptor, which is distributed
widely on striatal GABAergic interneurons and cholinergic projec-
tion neurons (Gerfen, 1991; Stumm et al., 2001; Blomeley et al.,
2009)] was assessed by immunohistochemistry. MCAo upregulated
neuronal NK1, whereas marked degeneration of NK1-positive pro-
cesses and boutons was observed in the core of the infarct in infected
mice compared with uninfected animals (Fig. 1G; supplemental Fig.
1, available at www.jneurosci.org as supplemental material).

Next, we investigated whether parasite-specific IgG levels in
the plasma, which reflect infection status and polarization of the
immune response, show correlation with the size of infarct after
MCAo. Elevated parasite-specific IgG2a levels in the plasma after
both MCAo and sham surgery (Fig. 1 I) and parasite-specific
IgG1 (Fig. 1H) demonstrated the predicted development of a

chronic Th1-type response in this model (Else et al., 1993, 1994;
Bancroft et al., 2001; Cliffe and Grencis, 2004). Th1 cytokines,
such as IFN-�, can promote class switching to IgG2a antibody
production in B-cells (Snapper et al., 1997), which leads to ele-
vated serum IgG2a levels. Antiparasitic IgG1, which is dominant
in the Th2-type response, during which IgG2a is not elevated
(Bancroft et al., 1994; Cliffe and Grencis, 2004), showed a nega-
tive correlation ( p � 0.05; R 2 � 0.66) with the volume of isch-
emic brain damage in infected mice (Fig. 1 J). This indicated that
the exacerbation of the ischemic brain damage is caused by the
Th1-polarized response induced by chronic infection.

Chronic type 1 cytokine-dominated infection results in
systemic inflammation
We looked at different organs known to be involved in the gen-
eration of the systemic inflammatory response to reveal whether

Figure 1. Chronic Th1-type peripheral immune response augments ischemic brain damage. Ischemic (A) and BBB (B) damage are significantly larger in infected mice compared with uninfected
mice at 48 h reperfusion after 45 min MCAo, as identified by cresyl violet staining (C) and leakage of plasma-derived IgG (t test, two-tailed). Quantitative analysis of NeuN (D) and cleaved caspase-3
(F ) immunofluorescence (E) shows augmented neuronal loss after chronic infection (ANOVA, followed by Bonferroni’s multiple-comparison test; #p � 0.001 sham vs stroke; **p � 0.01). G,
Hematoxylin and eosin staining shows significant loss of neurons in the ipsilateral striatum at 48 h reperfusion after 45 min MCAo, which is more pronounced in infected mice. Chronic peripheral infection causes
markeddegenerationandlossofNK1-positivecellbodies(arrowheads)andneuronalprocessesafterMCAo.Measurementofparasite-specific IgG1(H )andIgG2a(I ) indicatesthedevelopmentofaTh1-polarized
response. J, Correlation analysis indicates significant negative correlation between anti-parasitic IgG1 (dominant in Th2-type response) levels in the plasma and the volume of ischemic damage. Data are
expressed as means � SEM. LV, Lateral ventricle. Scale bars: E, 10 �m; G, 100 �m. Data shown are representative of 10 mice in each group corresponding to two independent experiments.
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chronic infection had systemic effects and to see how stroke-
induced inflammatory changes were altered by chronic infection.
In the mesenteric lymph node (the major draining lymph node of
the gut), infected animals expressed elevated IFN-�, TNF�,
RANTES, and IL-17 (proinflammatory cytokines) compared
with uninfected controls after both sham and MCAo surgery
(Fig. 2A), indicating a well established chronic Th1-polarized
response. In infected mice, induction of KC (CXCL1) was ob-
served in the mesenteric lymph node in response to MCAo,
which was not seen in uninfected animals (Fig. 2A). In spleen
homogenates, IFN-� and MCP-1 were increased in infected mice
before surgery (Fig. 2B). MCAo caused induction of splenic KC
and G-CSF within 4 h (Fig. 2B; supplemental Fig. 2, available at
www.jneurosci.org as supplemental material) in both infected
and uninfected mice. In contrast, splenic IL-9 and IL-13 (type 2
cytokines) expression was blunted in infected animals at 48 h
reperfusion after MCAo, but proinflammatory cytokines were
not different (Fig. 2C; supplemental Fig. 2, available at www.

jneurosci.org as supplemental material). In the liver of infected
mice, RANTES was elevated at most time points examined, com-
pared with uninfected mice (Fig. 2D). Other liver cytokines were
not significantly different at 4 h (supplemental Fig. 3, available at
www.jneurosci.org as supplemental material) or 48 h after stroke
(data not shown). Importantly, only RANTES was significantly
increased in the plasma of infected mice up to 48 h after sham
surgery (Fig. 2E) compared with uninfected animals of the 16 key
inflammatory cytokines examined.

Chronic infection alters the acute phase response to stroke
and leads to sustained inflammation in the brain
Plasma IFN-� and TNF� were moderately elevated (2 � 2 vs
12 � 4 and 6 � 1 vs 24 � 6 pg/ml, respectively; p � 0.05) in
infected mice compared with uninfected animals before surgery
(data not shown). After the induction of ischemia, circulating
cytokines MCP-1, KC, IL-6, and G-CSF increased significantly
(20- to 200-fold) within 40 –120 min and returned to baseline

Figure 2. Chronic Th1-type infection results in organ-specific proinflammatory activation and systemic upregulation of RANTES. A, Mesenteric lymph node cells isolated 48 h after sham surgery
or MCAo were restimulated with parasite ES antigens in vitro. CBA analysis was performed on spleen homogenates of mice without surgery (0 h), at 4 h reperfusion (B), and after 48 h reperfusion
(C). D, Liver homogenates harvested at various time points show chronically elevated RANTES in infected mice. E, Plasma samples show elevated RANTES in sham mice at 48 h reperfusion. *p �0.05,
**p � 0.01, ***p � 0.001, one-way ANOVA followed by Bonferroni’s multiple-comparison test. Data are expressed as means � SEM. Data shown are representative of 6 –10 mice in each group
from two independent experiments.
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24 – 48 h after reperfusion (Fig. 3A). In in-
fected mice, the increases in MCP-1, KC,
and G-CSF in response to ischemia were at-
tenuated, whereas RANTES was elevated.

In the brain, induction of inflamma-
tory cytokines in uninfected mice peaked
24 h after MCAo (Fig. 3B), and MCP-1,
KC, IL-6, and RANTES levels had de-
clined by 48 h. In uninfected mice, brain
IL-6 levels were significantly higher 24 h
after stroke compared with infected ani-
mals. In contrast, MCP-1, KC, and
IL-6 showed sustained upregulation,
whereas G-CSF and RANTES exhibited
additional increases by 48 h in infected
mice (Fig. 3B), indicating slower resolu-
tion of inflammation in the brain after
stroke.

Infection-induced systemic RANTES is
associated with microvascular
dysfunction and increased platelet
aggregation in the brain after stroke
Immunohistochemistry revealed strong
vascular RANTES labeling after MCAo (in
both small-medium size blood vessels and
in microvessels) in the ischemic hemi-
sphere of infected mice (Fig. 4A,B), but
not in uninfected controls. RANTES im-
munostaining was most marked in the
ipsilateral thalamus and hippocampus,
which were ischemic in 90% of T. muris-
infected mice, but showed only marginal
damage (in 40 –50% of mice) or were not
affected in uninfected mice. These areas
are especially sensitive to remote damage
after stroke in rodents and primates
(Dihné et al., 2002; Ling et al., 2009; Bihel
et al., 2010). In infected mice, an increased
number of RANTES-positive platelets (av-
erage diameter, 2.4 �m) was found in capil-
laries (Fig. 4A, I, inset). Glial RANTES
expression was also markedly enhanced in
these mice 48 h after stroke (Fig. 4A, III–
IV; C). A population of these cells was
CD45-positive microglia/macrophages that
coexpressed Iba1 (supplemental Fig. 4A,
available at www.jneurosci.org as supple-
mental material). Immunofluorescence re-
vealed CD41-positive platelets in the areas
of vascular RANTES deposition, mostly in
microvessels. Platelet aggregates occluding
capillaries were numerous in the ischemic
hemisphere of infected mice after stroke
(Fig. 4D; supplemental Fig. 4B, available at www.jneurosci.org as
supplemental material) compared with uninfected mice. We found
no significant differences in cerebral blood flow recovery after
MCAo between infected and uninfected mice as measured by laser
Doppler flowmetry.

RANTES was also upregulated in pelleted blood cell and plate-
let lysates in infected mice before surgery and up to 48 h after
sham surgery compared with uninfected mice ( p � 0.01). Blood
cells contained elevated RANTES in infected mice 4 h after

MCAo, which reduced by 48 h, indicating altered production or
enhanced release during the formation of ischemic damage (Fig.
4E). Compared with uninfected mice, infected mice displayed
elevated RANTES in the brain after sham surgery (0.7 � 0.2 vs
3.6 � 1.5 pg/mg, respectively; p � 0.05) or without surgery (data
not shown), indicating cerebrovascular inflammation before the
induction of experimental stroke. RANTES deposition on cere-
bral blood vessels in the ipsilateral hemisphere was also associated
with increased vascular adhesion of CD45-positive leukocytes in

Figure 3. Chronic infection alters MCAo-induced acute phase response in the plasma and the brain. A, Serial plasma samples. B,
Ipsilateral brain hemisphere homogenates. *p � 0.05, **p � 0.01, two-way ANOVA followed by Bonferroni’s posttest. Data are
expressed as means � SEM. Data shown are representative of two independent experiments.
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Th1-polarized mice (Fig. 4F) after MCAo. Granulocytes as identi-
fied by SJC immunostaining were more numerous in the ischemic
brains of infected mice after MCAo compared with uninfected mice
( p � 0.01) (Fig. 4G). This was accompanied by increased number
and proportion of Gr1-positive (a marker of neutrophils and
monocytes) leukocytes in the spleen (4.4 � 0.3% in uninfected vs
9.1 � 2% in infected mice; p � 0.05).

To investigate whether chronic infection modified neurovas-
cular gelatinase expression in the brain after MCAo, we used
immunostaining to MMP-9. MMP-9 is augmented in the brain
by acute systemic inflammatory challenge after experimental
stroke, which is associated with increased BBB permeability
(McColl et al., 2008). Microvessels showed markedly increased
MMP-9 immunostaining within the ischemic hemisphere in in-
fected mice compared with uninfected animals (Fig. 4H), after
MCAo. It indicated that chronic Th1-polarized response to in-

fection was associated with augmented vascular injury in the
brain after experimental stroke, corresponding to increased isch-
emic and BBB damage observed in infected mice (Fig. 1B).

Systemic neutralization of RANTES reverses the effect of
chronic infection on brain injury
We investigated whether systemic blockade of RANTES has an
effect on ischemic brain damage and inflammation after MCAo
in uninfected and infected mice, using a specific neutralizing an-
tibody (Glass et al., 2004). Anti-RANTES treatment prevented
the infection-driven exacerbation of ischemic damage ( p � 0.01)
(Fig. 5A) but had no significant effect in uninfected mice. After
systemic RANTES neutralization, analysis of mesenteric lymph
nodes showed successful inhibition of RANTES (1005 � 63
pg/ml after control IgG vs 630 � 57 pg/ml after anti-RANTES;
p � 0.01) and KC (718 � 110 pg/ml after control IgG vs 383 �

Figure 4. Chronic Th1-polarized response increases RANTES, platelet aggregation, leukocyte recruitment, and matrix metalloproteinase activity in the ischemic hemisphere. A, Immunohisto-
chemistry reveals increased RANTES in microvessels (top inset, arrow) and platelets (bottom inset, arrowhead) in Th1-polarized mice (I ), but not in uninfected animals (II) after MCAo. Glial RANTES
expression was augmented in the affected hippocampus (III) of infected but not in uninfected mice (IV). Quantification of vascular (B) and glial (C) RANTES staining 48 h after MCAo (infected vs
uninfected: p � 0.001, two-way ANOVA; Bonferroni’s posttest, *p � 0.05). D, Vascular deposition of RANTES (green) and platelet aggregates (CD41, red) are increased in infected mice. E, Blood cell
lysates contain elevated RANTES at 4 h reperfusion in infected mice compared with uninfected animals, which is reduced by 48 h reperfusion (**p � 0.01, one-way ANOVA followed by Bonferroni’s
multiple-comparison test). F, Vascular RANTES deposition was associated with leukocyte recruitment (CD45; red). G, Granulocyte numbers (SJC) were increased in the ipsilateral hemisphere in
infected mice (infected vs control: p � 0.01, two-way ANOVA). H, Vascular MMP-9 (green) expression was enhanced after MCAo in the ischemic striatum of Th1-polarized mice. Scale bars: D, F, H,
10 �m; A, I, II, 20 �m; A, III, IV, 100 �m. Data are expressed as means � SEM. Data shown are representative of 6 –10 mice in each group from two independent experiments.

Dénes et al. • Chronic Infection Exacerbates Stroke via RANTES J. Neurosci., July 28, 2010 • 30(30):10086 –10095 • 10091



121 pg/ml after anti-RANTES; p � 0.02), whereas a trend was
observed for reduced TNF� (630 � 202 pg/ml after control IgG
vs 404 � 42 pg/ml after anti-RANTES). IFN-� markedly in-
creased in the plasma after anti-RANTES treatment compared
with infected, control IgG-treated mice. Inhibition of stroke-
induced G-CSF by chronic Th1-type infection was reversed (Fig.
5B), whereas levels of neutralized RANTES increased. Infected,
control IgG-treated mice displayed increased vascular MMP-9
immunostaining in the ischemic hemisphere ( p � 0.05), whereas
the number of MMP-9/CD45-positive cells was not significantly
different. Anti-RANTES treatment inhibited vascular MMP-9
expression ( p � 0.01) in infected mice (Fig. 5C).

We investigated whether infection and systemic neutraliza-
tion of RANTES influenced regulatory T-cells (Treg), which play a
key protective role in cerebral ischemia (Liesz et al., 2009) and
increase in number after stroke in the spleen (Offner et al., 2006).
Infected mice exhibited reduced numbers of Treg in the spleen

(Fig. 5D) after MCAo compared with uninfected mice, whereas a
similar ratio of effector CD4-positive T-cells was found. Anti-
RANTES treatment reduced splenic effector Th cells but had no
effect on Treg. Anti-RANTES also reversed increased Gr1-positive
leukocyte numbers in infected mice (Fig. 5E).

Th2-polarized peripheral immune response after T. muris
infection does not modify ischemic brain damage
We also investigated whether the T. muris effect was specific to
the parasite infection or dependent on the induced Th1 response.
We infected mice with a high dose of T. muris before MCAo. This
regimen activates a Th2-polarized immune response against the
intestinal parasite and results in expulsion of worms from the
host (Bancroft et al., 2001; Cliffe and Grencis, 2004). Low levels of
parasite-specific IgG2a levels confirmed the development of a
Th2-polarized response (Fig. 6A,B). Eosinophil granulocyte
numbers increased significantly in the bone marrow in Th2-

Figure 5. Systemic neutralization of RANTES reverses the effects of Th1-type infection on brain damage. A, The exacerbation of the ischemic brain damage is prevented by RANTES inhibition.
*p � 0.05, **p � 0.01, one-way ANOVA followed by Bonferroni’s multiple-comparison test. B, Effect of RANTES neutralization on plasma cytokine levels. Two-way ANOVA followed by Bonferroni’s
posttest. Infection versus control: p � 0.01 for IFN-�, G-CSF, RANTES, two-way ANOVA (T. muris anti-RANTES vs *control anti-RANTES, #control IgG, ‡T. muris IgG). C, Vascular MMP-9 immuno-
staining, expressed as the number of MMP-9-positive blood vessels (bv) per square millimeter, was significantly increased in infected, control IgG-treated mice in the ipsilateral hemisphere after
MCAo, compared with uninfected animals. This was reversed in response to anti-RANTES treatment. The number of CD45/MMP-9-positive cells was not significantly different (right). Fluorescent
micrographs showing MMP-9, CD45, and lectin triple-immunofluorescent staining in the ipsilateral striatum (left). D, Flow cytometric analysis shows that Th1-polarized mice have reduced
CD4 �/Foxp3 � (Treg) cells in the spleen 48 h after MCAo. E, The effect of systemic neutralization of RANTES on effector Th cells, Treg, and Gr1-positive leukocytes in the spleen. Scale bar, 50 �m. Data
are expressed as means � SEM. Data shown are representative of two independent experiments.
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polarized mice compared with uninfected and Th1-polarized
mice (Fig. 6C). The ischemic brain damage was not exacerbated
in Th2-polarized mice (Fig. 6D) compared with uninfected ani-
mals but was significantly smaller ( p � 0.05) than that of Th1-
polarized mice (29.8 � 2.8, 28.9 � 6.0, and 49.6 � 5.3 mm 3 in
uninfected, T. muris high-dose-, and T. muris low-dose-infected
animals, respectively). Neurological deficit was significantly aug-
mented in Th1-polarized mice compared with Th2-polarized
and uninfected mice (Fig. 6E), after MCAo. The extent of brain
edema was also significantly smaller in Th2-polarized mice com-
pared with Th1-polarized animals (Fig. 6F). Proinflammatory
cytokines were not increased in mesenteric lymph nodes (supple-
mental Fig. 5A, available at www.jneurosci.org as supplemental
material) after high-dose infection. Stroke-induced changes in
G-CSF and KC levels in the plasma were not different from low-dose
infection. Importantly, plasma RANTES was not elevated at any
time point before or after MCAo after high-dose (Th2-type) infec-
tion compared with uninfected mice (supplemental Fig. 5B, avail-
able at www.jneurosci.org as supplemental material).

Discussion
We show for the first time that chronic peripheral infection in
mice, dominated by type 1 cytokines, exacerbates ischemic brain
damage, which is associated with delayed resolution of brain in-
flammation and augmented microvascular dysfunction after
stroke. We identify RANTES as a key mediator of these events,

whereby chronic peripheral inflamma-
tion affects brain injury. In light of clinical
studies, which usually fail to distinguish
between infections that trigger stroke and
an aggravation of stroke pathophysiology,
our data confirm that preexisting infec-
tions can exacerbate infarct evolution if
the ischemic event occurs.

No experimental studies have impli-
cated RANTES as a mediator of chronic
inflammation, which impacts on remote
injury or specifically exacerbates ischemic
brain damage. Recent preclinical data in-
dicate reduced ischemic brain damage in
RANTES-deficient mice (Terao et al.,
2008). In contrast, the present study
shows that RANTES neutralization did
not modify brain damage in uninfected
mice. However, we show for the first time
that the exacerbation of ischemic damage
caused by chronic infection is prevented
by RANTES inhibition. The clinical rele-
vance of our findings is supported by several
reports, which implicate RANTES as an
atherogenic chemokine in vascular disease
and in comorbidities associated with stroke.
Inhibition of RANTES-dependent path-
ways is protective in experimental models of
atherosclerosis (Zernecke et al., 2006;
Koenen et al., 2009). In peripheral tissues,
platelet-derived RANTES is deposited on
the inflamed endothelium where it trig-
gers monocyte arrest (von Hundelshausen
et al., 2001; Schober et al., 2002). Our results
show for the first time that vascular RAN-
TES is increased in the brain in response to
chronic infection after stroke. Human aor-
tic aneurysms release high levels of RAN-

TES, which recruits neutrophils to the intraluminal thrombi
(Houard et al., 2009). In patients, RANTES plasma levels correlate
with acute-phase proteins C-reactive protein (CRP) and fibrinogen
in coronary artery diseases (Koh et al., 2009). RANTES gene poly-
morphism is associated with relative risk of coronary arterioscle-
rosis (Simeoni et al., 2004) and cerebral ischemia (Um and Kim,
2009). Therefore, blood RANTES may be a potential biomarker
to identify patients at risk of stroke by indicating the presence of
high level of chronic inflammation.

T. muris is a model for a human pathogen, Trichuris trichiura.
To our knowledge, gastrointestinal helminth infections are not
associated with negative outcome after stroke in clinical practice,
although these types of infection are relatively rare in well devel-
oped countries where the incidence of stroke is high. In addition,
although nematodes favor to polarize the immune response away
from Th2 dominance, protection against nematodes mostly leads
to a Th2-type response, and a well established infection model
(using appropriate strain, dose, and timing) is needed to establish
a chronic Th1-polarized infection in this case. Interestingly, a
comprehensive set of data link Chagas’ disease, caused by a par-
asite, Trypanosoma cruzi, to increased stroke prevalence, which is
an emerging health problem in Europe and the United States
after Latin America (Carod-Artal and Gascon, 2010). Therefore,
other parasitic diseases may have previously unrecognized role in
stroke. Our aim here was to use T. muris infection as a well char-

Figure 6. T. muris high-dose infection results in Th2-polarized immune response, which does not exacerbate brain damage. A,
B, Antiparasitic IgG levels in the plasma of T. muris high-dose (HD)-infected (Th2-polarized) mice. C, Eosinophil granulocytes are
elevated in the bone marrow in T. muris HD mice compared with uninfected (control) and T. muris low-dose (LD)-infected (Th1-
polarized) mice. D, Representative cresyl violet-stained brain sections from uninfected, T. muris HD, and T. muris LD mice after 45
min MCAo and 48 h reperfusion. E, Neurological deficit is significantly exacerbated in T. muris LD mice compared with uninfected
and T. muris HD mice. F, Brain edema is larger in T. muris LD mice compared with T. muris HD animals. *p � 0.05, **p � 0.01,
***p � 0.001, one-way ANOVA followed by Bonferroni’s posttest. Data are expressed as means � SEM. Data shown are repre-
sentative of two independent experiments (n � 10).
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acterized model in mice to induce a chronic peripheral inflam-
mation (which is an important contributor to poor outcome in
patients) by modulating the immune response rather than mod-
eling certain known comorbidities in stroke, which are highly
complex. We used well established markers to characterize the
immune state of the animal such as antigen-specific IgG sub-
classes or key inflammatory cytokines, which also correlate with
outcome in stroke patients. For example, elevated serum Chla-
mydia pneumoniae- or Helicobacter pylori-specific IgGs in pa-
tients are predictive of cerebrovascular and cardiovascular events
and extent of brain injury, similarly to infection burden and ele-
vated serum CRP (Corrado et al., 2006; Smith et al., 2006). Our
results indicate that the chronic Th1-polarized immune response,
but not T. muris infection itself or the protective Th2-type response
is detrimental. Although high-dose-infected (Th2-polarized) mice
mostly expelled their parasites by 21 d after infection, low-dose-
infected (Th1-polarized) mice had adult worms in the cecum after
anti-RANTES treatment, whereas their ischemic brain damage was
not different from uninfected mice. Our data also show that ex-
cess plasma IgG1 levels, which indicate more pronounced resis-
tance to infection and Th2-type regulation (Bellaby et al., 1996;
Perrigoue et al., 2009), correlate negatively with infarct size,
whereas the Th2-polarized response to T. muris did not worsen
brain damage.

Chronic Th1-polarized response was also associated with in-
creased platelet aggregation in the brain after stroke. Some obser-
vations link chronic inflammation to a procoagulant state,
including the effect of proinflammatory mediators on platelet
activation, aggregation, or reduction of anticoagulant factors
(Levi et al., 2004). These mechanisms are involved in diabetes
(Stegenga et al., 2008), obesity, and hypertension (Alessi and
Juhan-Vague, 2008), which are individual risk factors in stroke.
RANTES may not mediate platelet aggregation or adhesion alone
(Shenkman et al., 2004), but interaction among multiple cyto-
kines and pathways is likely to occur in inflammation and stroke.
For example, IL-6, which was reduced in the first 24 h after MCAo
in the brain of type 1-polarized mice, is protective against coagu-
latory and hemostatic disturbance (Inoue et al., 2004). G-CSF,
which showed blunted early (4 h) production, but delayed (48 h)
upregulation after MCAo in type 1-polarized mice, is a wide-
action neuroprotectant in transient experimental stroke models
if administered within 4 h (England et al., 2009). One other exam-
ple of the complex interactions between systemic infection and
stroke in our model is the downregulation of infection-induced
proinflammatory cytokines such as MCP-1 and IFN-� in the spleen
within 4 h or RANTES in the plasma and blood cells between 4 and
48 h, in response to MCAo. We think that either enhanced release,
deposition and proteolytic cleavage, or reduced production because
of stroke-induced immunosuppression (Prass et al., 2003) are pos-
sible mechanisms. Nevertheless, these data argue for the need of
precise understanding of these interactions to deliver appropriate
medicines for patients with different comorbidities.

RANTES contributes to the proinflammatory response to
IFN-� (Ma et al., 2005), which is controlled by Treg. These cells
protect against focal cerebral ischemia (Liesz et al., 2009). Inter-
estingly, obesity, a major risk factor for stroke, leads to profound
and site-specific loss of Treg cells in the adipose tissue and highly
upregulated RANTES expression (Feuerer et al., 2009). Low-
dose-infected mice had low worm burden in the cecum, which
may account for less pronounced regulation of the ongoing
chronic inflammatory response. This is clearly indicated by re-
duced Treg (but not effector Th cells) in the spleen of infected
compared with uninfected mice. The present study did not inves-

tigate whether a causal role exists for Treg in inflammation-
induced brain damage after stroke or not. It is also unclear
whether increased leukocyte recruitment, microvascular injury,
and BBB disruption contribute to brain damage in infected, Th1-
polarized mice or simply reflect larger infarcts in these animals. In
addition to reducing brain injury, the effect of anti-RANTES
treatment on splenic inflammatory cells indicates an important
role for this chemokine in the modulation of infection-induced
leukocyte responses after stroke.

Additional investigation is required to understand how sys-
temic inflammation and Th1 prepolarization of the immune sys-
tem interact with stroke-induced immune changes in the late
phases of infarct evolution and affect recovery. As the ischemic
brain injury itself can polarize the immune system toward a Th2
state, induce immunosuppression, and lead to poststroke infec-
tions (Prass et al., 2003), it is possible that this response is altered
by preexisting infection or chronic inflammation. Recent data
indicate that IL-17-producing ��T-cells (Shichita et al., 2009) or
Treg (Liesz et al., 2009), which play an important role in multiple
infectious diseases, can also influence delayed brain injury after
experimental stroke. Therefore, it is important for future studies
to establish how these inflammatory pathways interact and affect
damage formation or recovery in stroke patients with comorbidi-
ties such as infection or chronic inflammatory disease.

Together, our results demonstrate for the first time that
chronic peripheral infection exacerbates ischemic brain damage
by systemic upregulation of RANTES. Targeted modulation of
RANTES-dependent pathways may be therapeutically useful in
several known comorbidities that augment the effects of stroke
and impair outcome. Moreover, given �1 billion people infected
with similar intestinal nematodes worldwide, these data extend
our understanding of the immunomodulatory capacity of such
pathogens and their potential effects in vascular diseases.
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