
Abstract The intracerebral formation of inflammatory
infiltrates is a complex process, which may be regulated
by chemokines. This study defines the kinetics and cellu-
lar sources of T cell- and macrophage-attracting chemo-
kines in murine Toxoplasma encephalitis (TE) by ribonu-
clease protection assay, reverse transcription-PCR, in situ
hybridization, and immunohistochemistry. Whereas astro-
cytes were the major source of interferon (IFN)-γ-in-
ducible protein-10 (CRG-2/IP-10) and monocyte chemo-
attractant protein (MCP)-1, microglia expressed RANTES,
monokine induced by IFN-γ (MuMIG) and occasionally
CRG-2/IP-10 RNA. Despite being ubiquitously activated,
only astrocytes and microglia confined to inflammatory
infiltrates expressed chemokine genes. Intracerebral
leukocytes transcribed RANTES, MuMIG, and occasion-
ally CRG-2/IP-10 and MCP-1. IFN-γ-deficient mice failed
to produce CRG-2/IP-10, MuMIG, RANTES and expressed
macrophage inflammatory protein (MIP-1)α, MIP-1β, and
MCP-1 mRNA at reduced levels, functionally resulting in
a strongly reduced recruitment of leukocytes across the
blood-brain barrier and prevented their further invasion of
the brain parenchyma. Since T cells are the single source
of IFN-γ in TE, these findings indicate that T cells pave
the way of leukocytes to parenchymatous parasites via
IFN-γ.
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Introduction

Cerebral leukocyte recruitment and accumulation is a key
process in the pathogenesis of many inflammatory disor-
ders of the central nervous system (CNS). In this complex
process a cascade of cell adhesion molecules, including
the intercellular cell adhesion molecule (ICAM)-1 and the
vascular cell adhesion molecule (VCAM)-1, which are in-
duced on cerebral blood vessel endothelial cells and me-
diate recruitment, adherence and transendothelial migra-
tion of leukocytes across the blood-brain barrier [13, 52,
62], is critically involved. In addition, chemokines may
facilitate this process and the subsequent directional
movement of inflammatory leukocytes to the site of the
offending pathogen in the brain parenchyma.

Chemokines are defined as small cytokines with potent
chemoattractive properties, which selectively promote ad-
hesion and chemotaxis of various leukocyte subtypes and
which may also regulate cellular activation and leukocyte
effector function [5, 34]. Currently, chemokines are di-
vided into four distinct subfamilies, the CXC, the CC, the
CX3C, and the C family of chemokines [5, 41, 63]. Mem-
bers of each family exert overlapping chemoattractant
specificity for leukocyte populations [63]. Thus, CC
chemokines, to which macrophage inflammatory protein
(MIP)-1α, MIP-1β, monocyte chemoattractant protein
(MCP)-1, and RANTES belong, commonly attract T cells,
monocytes and granulocytes, whereas the CXC family
members, to which interferon (IFN)-γ inducible protein-10
(CRG-2/IP-10), and monokine induced by IFN-γ (MIG,
MuMIG) belong, attract lymphocytes and monocytes, but
not neutrophils [4].

A variety of in vitro studies have demonstrated that T
cells and macrophages are characterized by specific
chemokine and chemokine receptor expression profiles,
which are dynamically regulated and depend on the acti-
vation state of the cell [4, 6, 10, 60]. Furthermore, isolated
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human, rat and murine astrocytes and microglia respond
to tumor necrosis factor (TNF)-α, interleukin (IL)-1β,
IFN-γ, and lipopolysaccharide (LPS) stimulation with the
transcription and secretion of MCP-1, MIP-1α, MIP-1β,
RANTES, CRG-2/IP-10, and MuMIG, the pattern de-
pending on the inducing stimulus [7, 19, 24, 25, 26, 29,
38, 39, 61]. Chemokines are also produced in inflamma-
tory CNS disorders including autoimmune and infectious
diseases [3, 4, 22, 23, 28, 32, 44, 51, 56, 59]. With respect
to parasitic infections, MuMIG and CRG-2/IP10 were 
induced in the brains of Toxoplasma gondii-infected
C57BL/6 mice, but not in Plasmodium yoelii-infected
mice [1]. Interestingly, a recent study demonstrated that
CRG-2/IP-10 also controls the immune response to
T. gondii at various levels, including the regulation of 
T cell influx to T. gondii-infected organs and the magni-
tude of the effector response in infected tissues [30].
However, the kinetics and cellular sources of a broad
panel of chemokines as well as their regulation and spe-
cific role in parasitic diseases of the CNS largely remain
to be determined.

In murine Toxoplasma encephalitis (TE), a chronic
persistent infection of the CNS, leukocytes, in particular
CD4+ and CD8+ T cells, which are obligatory for an ef-
fective anti-parasitic immune response [21, 48, 49, 55],
are recruited to the brain and form dense inflammatory in-
filtrates in intimate association with the parasite [48]. Pro-
tection of CD4+ and CD8+ T cells is mainly mediated by
IFN-γ, which induces anti-parasitic effector mechanisms
and is the key activator of microglia and cerebral endo-
thelium [14, 15, 20, 55]. The crucial role of IFN-γ for im-
munity to T. gondii is illustrated by the rapid fatal course
of the infection in IFN-γ0/0 and IFN-γR0/0 mice, which
succumb to the disease up to day 10 after infection (p.i.)
[14, 47]. In addition, resident brain cells including mi-
croglia, astrocytes, vascular endothelial cells, neurons,
choroid plexus epithelium and ependyma are activated
and differentially contribute to the intracerebral (i.c.) im-
mune response by the induction of immunologically rele-
vant cell surface molecules and by the production of pro-
tective cytokines [13, 15, 50].

To gain more insight into the regulation of immune re-
sponses in TE, we characterized the cellular sources and
the kinetics of the i.c. gene expression profiles of a panel
of chemokines including CRG-2/IP-10, MuMIG, MCP-1,
RANTES, MIP-1α, and MIP-1β during various stages of
murine TE. To precisely characterize the role of IFN-γ for
chemokine gene expression in TE, we took advantage of
IFN-γ0/0 mice and compared them to wild-type (WT)
mice. Here, we show that astrocytes, microglia, and i.c.
leukocytes differentially express chemokines. Importantly,
IFN-γ was identified as a major inducer and regulator of
chemokines, and, functionally, the absence of IFN-γ re-
sulted in an almost complete abolishment of leukocyte re-
cruitment to the brain parenchyma.

Materials and methods

Animals

Female BALB/c WT mice (H-2d) at the age of 6–8 weeks were ob-
tained from Harlan-Winkelmann (Borchen, Germany). Breeding
pairs of IFN-γ-deficient (IFN-γ0/0) mice on a BALB/c background
were obtained from the Jackson Laboratory (Bar Harbor, Me.) and
bred in our animal facility. All animals were kept under conven-
tional conditions in an isolation facility throughout the experi-
ments.

T. gondii infection

Parasites were harvested from the brains of mice chronically in-
fected with a low-virulent strain of T. gondii (DX strain). Brain tis-
sue of these animals was dispersed in 0.1 M PBS pH 7.4. The final
concentration of the infectious agents was adjusted to a dose of 
5 cysts/0.5 ml, which was administered intraperitoneally (i.p.) to
the experimental animals.

Experimental procedure and tissue processing

Uninfected and T. gondii-infected (days 4, 7, 10, 30, and 60 p.i.)
mice were studied. At the respective dates, animals were perfused
intracardially with 0.9% saline in deep Metofane (Janssen, Neuss,
Germany) anesthesia.

For immunohistochemistry on frozen sections, reverse tran-
scription (RT)-PCR analysis and ribonuclease protection assay
(RPA), brains of five animals per group were dissected and blocks
were mounted on thick filter paper with Tissue-Tek O.T.C. Com-
pound (Miles Scientific, Naperville, Ill.), snap-frozen in isopen-
tane (Fluka, Neu-Ulm, Germany) precooled on dry ice, and stored
at –80°C.

For flow cytometry analysis of brain-derived leukocytes, the
brains of three animals per experimental group were pooled and
prepared as described previously [50]. In brief, brain tissue was
passed through a 100-mesh stainless steel sieve, and leukocytes
were separated by Percoll gradient centrifugation (Amersham-
Pharmacia, Freiburg, Germany).

For in situ hybridization five animals per group were perfused
intracardially with 4% buffered paraformaldehyde in deep Meto-
fane narcosis. Their brains were dissected and fixed in 4%
buffered paraformaldehyde at 4°C for 24 h followed by routine
embedding in paraffin.

Monoclonal and polyclonal antibodies

The following antibodies were used: rat anti-mouse CD45 (LCA,
clone M1/9.3.4.HL.2), rat anti-mouse I-A(b, d, q haplotypes, clone
M5/114.15.2, both from the American Type Culture Collection,
ATCC, Manassas, Va.), polyclonal rabbit anti-T. gondii antiserum
(Biogenex, Duiven, The Netherlands), goat anti-mouse MCP-1
(Santa Cruz Biotechnology, Heidelberg, Germany), peroxidase-
linked sheep anti-rat IgG F(ab’)2 fragments (Amersham-Pharma-
cia), peroxidase-conjugated goat anti-rabbit IgG F(ab’)2 fragments
(Dianova, Hamburg, Germany), biotinylated mouse serum-pread-
sorbed mouse anti-rat IgG F(ab’)2 (Dianova), biotinylated mouse
anti-goat IgG F(ab’)2 fragments (Dianova), rabbit anti-cow glial
fibrillary acidic protein (GFAP, Dako, Hamburg, Germany), per-
oxidase-linked streptavidin-biotin complex (Dako), biotin-labeled
B4-isolectin GS4 (Sigma, Deisenhofen, Germany), anti-rabbit/anti-
mouse avidin-biotinylated horseradish peroxidase complex (ABC-
Kit, Vector, Burlingame, Calif.), mouse mAb to neurofilaments
(SMI 33, Sternberger Monoclonals, Lutherville, Md.). F4/80-FITC
was from Alexis Biochemicals (Grünberg, Germany). Mouse
serum preadsorbed phycoerythrin (PE)-conjugated goat anti-rat
IgG and avidin PE/Cy5 were from Southern Biotechnology Asso-
ciates-Biozol (Freising, Germany). For flow cytometry, CD45 was
conjugated with biotin by standard labeling procedures.
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Immunohistochemistry

Immunohistochemistry was performed on 10-µm frozen sections
as described previously [48]. In brief, for the detection of CD45
(LCA), and T. gondii an indirect immunoperoxidase protocol using
sheep anti-rat IgG F(ab’)2 or goat anti-rabbit IgG F(ab’)2, respec-
tively, as secondary antibody was employed. In addition, the
avidin-biotin complex technique was used for demonstration of
F4/80, GFAP, and B4-isolectin GS4 on 4-µm paraffin sections and
for detection of MCP-1 on cryostat sections. Peroxidase reaction
products were visualized using 3,3’-diaminobenzidine (Sigma)
and H2O2 as co-substrate. Sections were lightly counterstained
with hemalum (Merck, Darmstadt, Germany).

Flow cytometry analysis

Brain-derived leukocytes were analyzed by double-immunofluo-
rescence staining followed by flow cytometry as described previ-
ously [50]. Murine microglia and macrophages were identified by
staining with anti-CD45-biotin and anti-F4/80-FITC followed by
avidin-PE/Cy5. Microglia is CD45low, whereas inflammatory leuko-
cytes are CD45high [50]. Control staining included incubation of
brain-derived leukocytes with unlabeled or fluorochrome-labeled
isotype-matched control antibodies.

Flow cytometry was performed on a FACScan (Becton Dickin-
son, Heidelberg, Germany), and the data were analyzed with the
CellQuest Software (Becton Dickinson).

Detection of cytokine and chemokine mRNA by RT-PCR

Chemokine (CRG-2/IP-10, MuMIG, MCP-1, RANTES, MIP-1α,
MIP-1β) mRNA transcripts as well as IFN-γ and hydroxyphospho-
ribosyltransferase (HPRT) mRNA expression were analyzed in
brain tissue homogenates according to a protocol described in de-
tail previously [15]. Primer and probe sequences for chemokines
were as follows: CRG-2/IP-10, 5’-CCACGTGTTGAGATCATT-
GC-3’ (sense), 5’-GCTTACAGTACAGAGCTAGG-3’ (antisense),
and 5’-TGTGATGGACAGCAGAGAGC-3’ (probe); MuMIG, 
5’-GAGGAACCCTAGTGATAAGG-3’ (sense), 5’-GTAGTCTT-
CCTTGAACGACG-3’ (antisense), and 5’-CCTGCCTAGATCC-
GGACTCG-3’ (probe); MCP-1, 5’-AGAGAGCCAGACGGAGG-
AAG-3’ (sense), 5’-GTCACACTGGTCACTCCTAC-3’ (antisense),
and 5’-GAGAGAGGTCTGTGCTGACC-3’ (probe); RANTES,
5’-GGTACCATGAAGATCTCTGC-3’ (sense), 5’-GGGTCAGAA-
TCAAGAAACCC-3’ (antisense), and 5’-CTCTCCCTAGAGCT-
GCCTCG-3’ (probe); MIP-1α, 5’-CCTGCTCAACATCATGAA-
GG-3’ (sense), 5’-GAATTGGCGTGGAATCTTCC-3’ (antisense),
and 5’-TCTGTACCATGACACTCTGC-3’ (probe); MIP-1β, 5’-
GCAGCTTCACAGAAGCTTTG-3’ (sense), 5’-TCTCAGTGAG-
AAGCATCAGG-3’ (antisense), and 5’-CAGACAGATCTGTGC-
TAACC-3’ (probe).

In brief, mRNA was extracted from the brains using an mRNA
extraction kit (Pharmacia). After reverse transcription of mRNA
using the Superscript RT kit (Life Technologies, Eggenstein, Ger-
many), PCR reactions were carried out in a volume of 30 µl. The

PCR reaction conditions were optimized for each set of primers.
PCR was performed at different cycle numbers to ensure that am-
plification occurred in the linear range. PCR products were elec-
trophoresed through an agarose gel and the DNA was transferred
to a nylon membrane (Amersham-Pharmacia). Blots were hy-
bridized using specific oligonucleotide probes, which were 3’-end
labeled with digoxigenin using a DIG oligonucleotide 3’-end la-
beling kit (Roche, Mannheim, Germany). A DIG luminescent kit
(Roche) was used to visualize the hybridization products.

Ribonuclease protection assay

For RPA, a multiprobe set containing probes against CXC
chemokines including CRG-2/IP10, and MuMIG, CC chemokines
including MCP-1, MIP-1α, MIP-1β, and RANTES were used to
detect the simultaneous expression of multiple chemokine mRNA
transcripts as described previously [3]. A fragment of the RPL32
gene served as an internal loading control. In brief, the mRNA
samples were hybridized with the labeled probe set at 56°C for
12–16 h. After digestion with RNase A and RNase T1 (Promega,
Madison, Wis.), purified protected fragments were denatured and
electrophoresed in a standard 6% polyacrylamide/7 M urea/0.5%
TBE-buffered sequencing gel. Dried gels were placed on XAR
film (Kodak, Rochester, N.Y.) with intensifying screens and were
exposed at –70°C.

Quantitation of chemokine mRNA signals obtained by RPA
was performed with an imaging densitometer (Scanpack, Biome-
tra, Göttingen, Germany). The relative intensity of bands for each
chemokine was determined and compared with the intensity of the
autoradiographic band used for the internal control, RPL32. The
results were expressed as the degree of increase over chemokine
mRNA levels obtained for the chemokines in uninfected animals
of the same strain, levels of which were defined as 100%.

In situ hybridization

In situ hybridization was performed according to a protocol de-
scribed in detail previously [3]. Briefly, paraffin sections were de-
waxed and rehydrated in graded alcohols. After pretreatment with
4% buffered formaldehyde, proteinase K and acetic anhydride,
slides were dehydrated and dried. CRG-2/IP-10 (762 bp), MuMIG
(300 bp), RANTES (250 bp, kindly provided by Dr. T. Lane,
Irvine, Calif.) and MCP-1 (170 bp) cDNA fragments were used.
Templates for the probes for CRG-2/IP-10, MuMIG, RANTES
and MCP-1 were generated by RT-PCR, cloned into the pGEM-4
plasmid and sequenced to confirm their identity with published se-
quences. 33P-labeled antisense probes were hybridized to the tissue
at 55–59°C overnight. After digestion with RNase A (Sigma),
slides were washed in decreasing concentrations of SSC.

Selected sections were additionally immunostained for GFAP,
SMI 33, T. gondii or B4 isolectin. Thereafter, slides were dipped in
Kodak NTB-2 emulsion, exposed at 4°C for 6–21 days, developed
and counterstained with hemalum.
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Mouse strain 4 days p. i. 7 days p. i. 10 days p. i. 30 days p. i. 60 days p. i.

BALB/c 0.53±0.87 7.26±1.73 21.84±2.24 14.10± 2.63 1.57±1.27
IFN-γ0/0 4.94±1.65a 17.61±1.49a 32.09±0.66b –c –c

aSignificantly different from the respective WT value (P<0.005)
bSignificantly different from the respective WT values (P<0.05)
cDied

Table 1 Kinetics of the intracerebral parasitic load in Toxoplasma
gondii-infected IFN-γ0/0 and wild-type mice. The number of T. gondii
cysts was determined in 100 high power fields in anti-T. gondii

immunostained sections. Data represent mean ± SEM from three
to five mice per group (p.i post infection)



Statistical evaluation

For statistical evaluation of the i.c. parasitic load at the various
time points of TE, the number of parasites was determined on anti-
T. gondii-immunostained sections from various brain regions in
IFN-γ0/0 and WT mice. At least 100 high power fields (HPF),
which were randomly selected, were analyzed per section in three
to five animals per group, and the statistical significance of the dif-
ferences was evaluated by using the Student’s t-test. Differences in
the number of i.c. inflammatory leukocytes between IFN-γ0/0 and
WT mice were statistically analyzed by Student’s t-test. P values
<0.05 were accepted as significant.

Results

Chemokines are differentially expressed 
in IFN-γ0/0 and WT mice

Following i.p. infection, both strains developed TE. In ac-
cordance with published data [14, 15, 47], IFN-γ0/0 mice
were highly susceptible to acute toxoplasmosis and suc-
cumbed up to day 10 p.i., whereas WT mice were resis-
tant. This differential degree of susceptibility was re-
flected by a significantly increased i.c. parasitic load of
IFN-γ0/0 mice as compared to WT mice during the various
stages of TE (Table 1).

To define the i.c. chemokine pattern in TE, the gene
expression of a panel of chemokines involved in the at-
traction predominantly of T cells and macrophages was
investigated by RPA and RT-PCR. In the normal brain of
both WT and IFN-γ0/0 mice, chemokine mRNA was not
detectable by RPA. During TE of WT animals, CRG-2/
IP-10, RANTES, MuMIG, and MCP-1 were transcribed
(Fig.1), while MIP-1α and MIP-1β were not detectable
by RPA (data not shown). In close association with in-
creasing numbers of both i.c. parasites as well as i.c.
leukocytes, chemokine mRNA levels raised from day 10 p.i.
to day 30 p.i. in parallel to progressive TE and declined
thereafter (Fig.1). Thus, in WT mice there was a correla-
tion between disease activity and i.c. chemokine expres-
sion during the various stages of acute and chronic TE.

To dissect the role of IFN-γ for the induction of
chemokines in TE, IFN-γ0/0 mice were studied. RPA was
completely negative in uninfected and T. gondii-infected
IFN-γ0/0 mice and detected only faint signals for CRG-2/
IP-10, MuMIG, and MCP-1 in WT mice (Fig.1) at days 7
and 10 p.i., respectively. Since these findings probably
may reflect detection limit of the RPA, we further applied
a highly sensitive semiquantitative RT-PCR to avoid miss-
ing low levels of chemokine mRNA. In general, RT-PCR
exactly paralleled RPA data, but was – as expected – more
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Fig.1 Chemokine gene expression in the brains of uninfected and
Toxoplasma gondii-infected WT mice at days 4, 7, 10, 30, and 
60 p.i. Data are presented as relative increase of chemokine mRNA
levels equalized to RPL32 mRNA levels at the indicated time
points over values obtained from brains of uninfected mice of the
respective strain, defined as 100%. Data represent the mean ± SEM
of two mice in each experimental group. A second experiment
yielded identical results (p.i. post infection)



sensitive (Fig.2). Importantly, RT-PCR confirmed the to-
tal lack of the IFN-γ-inducible chemokines CRG-2/IP-10
and MuMIG as well as RANTES from the brains of
IFN-γ0/0 mice (Fig.2). A weak constitutive expression of
MIP-1α was noticed in both IFN-γ0/0 and WT mice with a
further up-regulation in TE of both strains of mice (Fig.2).
In contrast, levels of constitutively expressed MIP-1β
were not further up-regulated following infection with
T. gondii in IFN-γ0/0 mice, whereas they increased in TE
of WT mice. In parallel to the disease activity surviving
WT mice down-regulated MIP-1α and MIP-1β back to
levels of constitutive expression at day 60 p.i. MCP-1 was
slightly induced in the brains of IFN-γ0/0 mice, levels of
which were below WT mice.

Both resident brain cells and inflammatory leukocytes
express chemokine RNA in TE and are characterized 
by specific chemokine profiles

To identify the cellular sources of CRG-2/IP-10, MuMIG,
RANTES, and MCP-1 gene expression and to analyze
their relation to inflammatory infiltrates and the parasite,
combined in situ hybridization and immunohistochemical
studies were performed.

Since IFN-γ0/0 mice succumbed to the infection up to
day 10 without a significant transcription of chemokines
(Fig.2), chemokine RNA expression in these animals was
not amenable to a topographical study, and, thus, we fo-
cused on WT mice. Among the various resident brain cell
populations, astrocytes and microglia were the only cell
types contributing to the i.c. chemokine gene expression.
There was no detectable chemokine RNA expression of
neurons, oligodendrocytes, cerebral blood vessel endothe-
lium, ependyma, and choroid plexus.

In the normal brain, chemokine-expressing cells were
not identified by in situ hybridization.

At day 10 p.i., astrocytes were focally activated as ev-
idenced by the formation of cells with long, extended cel-
lular processes and an up-regulation of GFAP close to
T. gondii antigen, leptomeningeal and perivascular in-
flammatory infiltrates. In situ hybridization located CRG-2/
IP-10 RNA to these activated astrocytes and to leptomen-
ingeal and perivascular leukocytes. In addition, Bergmann
glia of the cerebellum in the vicinity of leptomeningeal
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Fig.2 RT-PCR analysis of chemokine mRNA expression in brain
tissue homogenates of uninfected and T. gondii-infected IFN-γ0/0

and WT mice. At the indicated time points, three mice per experi-
mental group were analyzed, and representative autoradiograms
are shown (RT reverse transcription, WT wild type)

Fig. 3A–H Topographical analysis of chemokine RNA expres-
sion in Toxoplasma encephalitis of WT mice. A Activated Berg-
mann glia (arrowheads), which extend their cellular processes to-
wards the surface of the cerebellum, express CRG-2/IP-10 RNA at
day 10 p.i.. Combined in situ hybridization for CRG-2/IP-10 and
anti-GFAP immunostaining, slight counterstaining with hemalum.
B Activated cortical astrocytes close to an inflammatory infiltrate
(arrow) are strongly CRG-2/IP-10 RNA positive at day 30 p.i.
Combined in situ hybridization for CRG-2/IP-10 and anti-GFAP
immunostaining, slight counterstaining with hemalum. C A cluster
of T. gondii cysts (arrows) is intimately associated with CRG-2/
IP-10 RNA-positive cells (arrowheads) at day 30 p.i. Combined in
situ hybridization for CRG-2/IP-10 and anti-T. gondii immuno-
staining, slight counterstaining with hemalum. D Expression of
MCP-1 RNA in activated astrocytes in the vicinity of a blood ves-
sel (arrows) at day 10 p.i. Arrowheads point to astrocytes extend-
ing with their cellular processes onto the blood vessel wall. Com-
bined in situ hybridization for MCP-1 and anti-GFAP immuno-
staining, slight counterstaining with hemalum. E MCP-1 RNA
expression of activated astrocytes (arrowheads) surrounding a
leukocytic infiltrate at day 30 p.i. Combined in situ hybridiza-
tion for MCP-1 and anti-GFAP immunostaining, slight counter-
staining with hemalum. F MuMIG RNA expression of numerous
leukocytes, which are part of cortical and meningeal infiltrates 
at day 30 p.i. In situ hybridization for MuMIG, slight counter-
staining with hemalum. G Expression of RANTES RNA by leuko-
cytes (arrowheads) within inflammatory infiltrates, which are sur-
rounded by strongly activated astrocytes at day 30 p.i. Probing for
RANTES, anti-GFAP immunostaining, slight counterstaining with
hemalum. H GS4+ macrophages and activated microglial cells
(arrowhead) strongly express RANTES RNA at day 30 p.i. Arrow
depicts a RANTES expressing perivascular cell. Probing for
RANTES, anti-GS4 immunostaining, slight counterstaining with
hemalum. A ×90; B ×110; C, D, G ×180; E ×150; F ×75; H ×300
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and small infiltrates in the brain parenchyma expressed
CRG-2/IP-10 RNA (Fig.3a).

At day 30 p.i., astrocytes were strongly activated
throughout the brain. However, although the number of as-
trocytes expressing CRG-2/IP-10 RNA had increased,
CRG-2/IP-10 expression was confined to astrocytes sur-
rounding inflammatory infiltrates and to astrocytes extend-
ing their cellular processes onto the endothelium of blood
vessels, which were associated with leukocytes (Fig.3b). In
addition, leukocytes adhering to cerebral endothelium, in
the leptomeninges, in the choroid plexus and in the ependy-
mal lining of the ventricular wall as well as within perivas-
cular and T. gondii-associated infiltrates were strongly pos-
itive for CRG-2/IP-10 RNA (Fig.3b). Interestingly, tachy-
zoites were always, and cysts often, surrounded by CRG-2/
IP-10 RNA-positive leukocytes and astrocytes (Fig.3c). In
addition to astrocytes, microglia were ubiquitously acti-
vated as evidenced by a generalized induction of MHC
class II antigen; however, microglia contributed only ex-
ceptionally to the CRG-2/IP-10 RNA expression. Within
perivascular and T. gondii-associated infiltrates, some GS4+

macrophages were CRG-2/IP-10 RNA positive, which, how-
ever, expressed much lower levels than astrocytes.

MCP-1 RNA was expressed by a number of astrocytes
as part of the blood-brain barrier, in the vicinity of in-
flammatory infiltrates and close to parasites expressed
MCP-1 RNA at days 10 and 30 p.i. in WT mice (Fig.3d, e).
In addition, some leukocytes adhering to cerebral endo-
thelium and as part of infiltrates were MCP-1 RNA posi-
tive and also expressed MCP-1 protein (Fig.4).

MuMIG was transcribed by leukocytes in the lepto-
meninges and within perivascular infiltrates including GS4+

macrophages and microglia (Fig.3f). Astrocytes were
consistently MuMIG negative.

RANTES RNA overlapped with i.c. leukocytes, in par-
ticular within inflammatory infiltrates (Fig.3g). In addi-
tion, single leukocytes scattered throughout the brain also,
but only weakly, expressed RANTES RNA. GS4+ macro-
phages and a large number of microglial cells either
within inflammatory infiltrates or in close contact with
parasites accounted for most of the RANTES RNA ex-
pression (Fig.3h). In contrast, astrocytes did not express
RANTES RNA (Fig.3g). Many, but not all, T. gondii
cysts were surrounded by RANTES-positive cells.

Thus, in TE astrocytes, microglia and leukocytes re-
cruited to the brain differentially express chemokine
RNA. Furthermore, although brain parenchymal cells are
strongly and ubiquitously activated throughout the brain,
chemokine expression clearly was locally restricted to
those cells residing perivascularly, i.e., in the vicinity of
the blood-brain barrier, or in association with the offend-
ing parasite.

Impaired recruitment and i.c. movement of leukocytes 
in T. gondii-infected IFN-γ0/0 mice

TE of WT animals was characterized by a recruitment of
leukocytes to the CNS. However, in IFN-γ0/0 mice the

number of inflammatory leukocytes was significantly re-
duced as compared to WT mice (P<0.05).

Histopathology showed that in WT mice leukocytes
moved to the meninges and the perivascular space starting
at day 7 p.i. However, their further movement within the
brain parenchyma depended on signaling via IFN-γ. Up to
day 10 p.i., inflammatory CD45+ leukocytes had already
moved into the brain parenchyma of WT animals, where
they had formed small, parasite-associated infiltrates. In
marked contrast, IFN-γ0/0 mice failed to recruit leukocytes
to the site of parasites, and only occasionally single leuko-
cytes were detectable in the brain parenchyma of these an-
imals, although the number of i.c. parasites most strongly
increased in the brains of these animals (Table 1).

At later time points, i.e., 60 days p.i., the efficient con-
trol of T. gondii in WT mice was paralleled by decreasing
numbers of i.c. leukocytes. Thus, the i.c. parasitic load,
the number of i.c. inflammatory leukocytes and levels of
i.c. chemokines strongly correlated.

Discussion

This study demonstrates that a panel of chemokine genes
is induced during the acute and chronic stage of TE, the
levels of which are directly correlated with disease activ-
ity. In addition, astrocytes, microglia and inflammatory
leukocytes are identified as the cellular sources of the i.c.
chemokines. Furthermore, in TE chemokine transcription
is critically regulated by IFN-γ, the major mediator of pro-
tective immunity against T. gondii [20, 55], and, function-
ally important, the absence of IFN-γ signaling impairs the
recruitment of leukocytes to the brain and prevents the i.c.
movement of leukocytes to parenchymatous parasites.

Simultaneously with parasite invasion of the CNS,
there was a coordinate recruitment of leukocytes to the
brain as well as i.c. chemokine transcription including
MIP-1α, MIP-1β, MCP-1, CRG-2/IP-10, RANTES, and
MuMIG. This pattern of i.c. produced chemokines may
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Fig.4 Immunohistochemical analysis of MCP-1 expression in a
WT mouse. Leukocytes as part of meningeal and perivascular (ar-
rows) infiltrates express MCP-1 at day 30 p.i. Anti-MCP-1 im-
munostaining, slight counterstaining with hemalum, ×200



profoundly influence the composition of the infiltrates.
CRG-2/IP-10, MuMIG, and RANTES as well as MIP-1α,
MIP-1β, and MCP-1 preferentially recruit CD4+ and
CD8+ T cells as well as macrophages [8, 37, 46, 58], the
major constituents of the inflammatory infiltrates in TE
([48] and this study). CRG-2/IP-10, which has no effect
on resting T cells, and MuMIG promote the recruitment
of activated T lymphocytes [5, 12, 36], and, moreover,
RANTES preferentially attracts activated T cells with a
memory phenotype [45]. In fact, only activated and mem-
ory T cells are recruited to the T. gondii-infected brain
([43], and M. Deckert and D. Schlüter, unpublished ob-
servation).

An important part of the present study relates to the
identification of the cellular sources of CRG-2/IP-10, 
MuMIG, RANTES, and MCP-1. Both resident brain cells and
leukocytes recruited to the brain contributed to chemokine
gene expression, and each cell population was character-
ized by a specific chemokine profile. Among brain cells
transcription of chemokine genes was tightly regulated
and confined to astrocytes and microglial cells, although
activation of a variety of resident brain cells including as-
trocytes, microglia, endothelium, choroid plexus epithe-
lium, ependyma, and neurons is a hallmark of murine TE
[48]. Immediately upon parasite infection of the CNS,
blood vessel-associated astrocytes responded with the in-
duction of CRG-2/IP-10 and MCP-1 genes. Interestingly,
astrocytes, which form an integral part of the blood-brain
barrier, do not express cell adhesion molecules in murine
TE, whereas cerebral blood vessel endothelial cells show
an inverse reaction pattern characterized by the expres-
sion of cell adhesion molecules, but not of chemokine
genes [13]. These data indicate that the various con-
stituents of the blood-brain barrier might exert highly spe-
cific functions during leukocyte attraction to i.c. parasites,
which is a complex finely tuned cascade of events, and
that their gradually induced, concerted action is highly
important for leukocyte recruitment to the T. gondii-in-
fected brain. First, leukocytes bind to cerebral endothelial
cells, which express ICAM-1 and VCAM-1 in TE [13].
This binding may be profoundly reinforced by the
chemokine-strengthening properties of leukocyte binding
to ICAM-1 and VCAM-1 [11, 33, 36, 40, 53]. This step is
followed by astrocyte-mediated induction of leukocyte
transmigration across the blood-brain barrier via their
chemokine production, as has been demonstrated in an in
vitro model of the blood-brain barrier [61]. As an addi-
tional amplification loop of the i.c. immune response, mi-
croglia in the vicinity of parasites contribute to the i.c.
chemokine production in full-blown encephalitis to fur-
ther direct leukocytes close to the offending pathogen.
Thus, chemokine gene expression may play an important
role in the mechanisms of leukocyte recruitment to the
CNS and their further i.c. migratory behavior.

Remarkably, microglia did not respond with MuMIG
and RANTES transcription before development of full-
blown encephalitis. This is of note, since microglia are
rapidly activated in the early stages of TE as evidenced by
their immediate expression of MHC class I and II anti-

gens, ICAM-1, and LFA-1 [13] and are regarded as the
immunological guardian of the CNS; therefore, these ob-
servations point to diverse functions of various i.c. cell
populations.

The observation of a differential pattern and kinetics of
chemokine gene expression by resident brain cells during
TE extends previous experiments in lymphocytic chorio-
meningitis virus (LCMV) infection and mouse hepatitis
virus (MHV). In these experimental models, astrocytes
were also described as the major source of CRG-2/IP-10
[2, 4, 32, 44]. As observed in our study, in these experi-
ments CRG-2/IP-10 expression topographically over-
lapped with areas harboring the offending pathogen.
However, in contrast to TE, in LCMV infection ependy-
mal, choroid plexus, and meningeal cells also expressed
CRG-2/IP-10 cells. In addition, in experimental autoim-
mune encephalomyelitis (EAE) and multiple sclerosis, as-
trocytes, microglia, and endothelial cells produced a vari-
ety of chemokines including MCP-1, MIP-1α, MIP-1β,
RANTES, and CRG-2/IP-10 [22, 23, 28, 51, 59]. The pat-
tern of chemokine transcription described in these autoim-
mune disorders differed from our findings in TE and from
those in MHV and LCMV infection. For example, the in-
duction of CRG-2/IP-10 by astrocytes in an acute, self-
limited model of EAE was an early temporary event [56],
whereas CRG-2/IP-10 expression of astrocytes persisted
into the chronic stages of TE. The differential chemokine
expression in the various models illustrates that the patho-
genic stimulus and the underlying disease significantly af-
fect i.c. chemokine gene expression. This is supported by
the observation that in the aforementioned models of in-
flammatory CNS disorders an individual brain cell popu-
lation never expresses all of the chemokines which may
principally be induced in these cell types in vitro by stim-
ulation with cytokines [7, 19, 22, 24, 25, 26, 38, 39, 61].

In TE, chemokine gene expression was locally re-
stricted to meningeal, perivascular, and parasite-associated
infiltrates, although leukocytes were not only part of infil-
trates, but were also scattered throughout the brain, and as-
trocytes as well as microglia were ubiquitously activated.
This regionally accentuated chemokine expression may be
the result of locally increased cytokine levels, in particular
of IFN-γ, TNF-α, and IL-1β, which are produced by CD4+

and CD8+ T cells, macrophages, microglia, and astrocytes
surrounding blood vessels and parasite-associated infil-
trates during TE [50]. In this respect, it is particularly in-
teresting that IFN-γ and TNF-α stimulate chemokine ex-
pression of resident brain cells [38]. Of note, chemokine
production of human polymorphonuclear leukocytes in-
duced by infection with T. gondii is also partially depen-
dent on TNF [9]. In TE, the cytokine-induced chemokines
may, in contrast, enhance local immune reactions by influ-
encing T cell signaling events and T cell cytokine produc-
tion [31, 36]. In fact, in vitro, T cells responded to T cell
receptor stimulation in the presence of MIP-1α by an en-
hanced IFN-γ production [29]. From these findings it may
be concluded that in TE both inflammatory leukocytes,
which are the major producers of RANTES and MuMIG
and also contributed to CRG-2/IP-10 and MCP-1 RNA ex-
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pression, as well as brain resident cells, regulate the i.c.
immune response – at least in part – by a dynamic inter-
play of chemokines and cytokines.

This assumption is formerly proved by our illustration
of an abrogated transcription of CRG-2/IP-10, MuMIG,
and RANTES and markedly reduced mRNA levels of
MIP-1α, MIP-1β, and MCP-1 in IFN-γ0/0 mice. These
findings are in accordance with in vitro studies, which
have demonstrated the capacity of IFN-γ to induce MuMIG
and CRG-2/IP-10 [17, 18, 35]. However, in systemic
toxoplasmosis MuMIG, but not CRG-2/IP-10 mRNA in-
duction strictly required IFN-γ [1]. Interestingly, these
findings indicate the existence of organ-specific require-
ments for chemokine induction and regulation, a finding
which has also been suggested by Amichay et al. [1], who
compared various models of infection between IFN-γ0/0

and WT mice. Moreover, in TE, the absence of IFN-γ and
the resulting impaired chemokine gene induction had pro-
found functional consequences for the i.c. immune re-
sponse. A markedly reduced number of inflammatory
leukocytes was recruited to the brain of IFN-γ0/0 mice, and
a careful topographical analysis revealed that inflamma-
tory leukocytes were trapped in the perivascular space and
failed to migrate to Toxoplasma residing in the deep brain
parenchyma. Obviously, the weak IFN-γ-independent ex-
pression of MCP-1, MIP-1α, and MIP-1β was only suffi-
cient to attract leukocytes just beyond the blood-brain bar-
rier, whereas the further i.c. movement of leukocytes, in
particular of antigen-specific CD4+ and CD8+ T cells,
which are the major cell populations mediating parasite
control, to the pathogen required the coordinate induction
of a variety of IFN-γ-dependent chemokines. Further-
more, CRG-2/IP-10 provides an important functional link
between IFN-γ production and T cell effector function,
since it also regulates proliferation of antigen-specific
CD4+ and CD8+ T cells as well as the number of cytotoxic
T cells. The important role of this IFN-γ-inducible chemo-
kine is impressively illustrated by the increased mortality
and elevated parasitic load in mice treated with an CRG-2/
IP-10-neutralizing antibody [30].

These data and our findings in murine cerebral toxo-
plasmosis on the strong IFN-γ dependency of antigen-spe-
cific T cell influx are in remarkable contrast to the role of
IFN-γ in EAE. In EAE of IFN-γ0/0 mice, RANTES und
MCP-1 transcription was also significantly reduced as
compared to WT mice, but conversely MIP-2 und TCA-3
transcription was up-regulated [57]. In our model of TE,
such an up-regulation of MIP-2 and TCA-3 did not occur
(unpublished observation). Moreover, in contrast to TE
the recruitment and i.c. movement of inflammatory leuko-
cytes was unimpaired in EAE of IFN-γ0/0 mice [57]. These
findings underscore that in the CNS the underlying disor-
der critically determines the chemokine pattern of individ-
ual cell populations, the functional role of IFN-γ for both
chemokine induction as well as for the recruitment and
further movement of inflammatory leukocytes in the tar-
get tissue.

We also attempted to answer the intriguing question as
to the cell population responsible for initiation of chemo-

attraction; however, even during the early induction phase
of TE, which was closely correlated to the onset of
chemokine transcription, both leukocytes recruited to the
brain as well as activated astrocytes contributed to chemo-
kine transcription. Therefore, it was virtually impossible
to answer this open question with certainty.

Nevertheless, the central role of IFN-γ for i.c. chemo-
kine transcription suggests that CD4+ und CD8+ T lym-
phocytes, which are the single sources of IFN-γ in TE [41]
and which are essential for immunity to T. gondii [21, 54],
are the critical regulators of chemokine expression in TE.
Moreover, these data indicate that T cells pave their own
way and the way of other important inflammatory leuko-
cytes, i.e., macrophages, to the parasite in the brain
parenchyma by their IFN-γ production. A critical role of 
T cells for the i.c. chemokine expression has also been
shown in LCMV-infected athymic nude mice, which were
devoid of i.c. chemokines [2]. In addition, Lane et al. 
[32] observed a correlation between CD4+ T cells, i.c.
RANTES expression, and the recruitment of immune
cells to the brain in MHV infection, and Rajan et al. [42]
noticed a strong regulatory effect of γδ T cells on i.c.
chemokine production and disease activity in murine
EAE.

In conclusion, the present study defines the pattern and
the kinetics of chemokine expression in TE and illustrates
that IFN-γ regulates the i.c. anti-parasitic immune re-
sponse at various important levels including i.c. chemo-
kine expression as well as the recruitment and movement
of inflammatory leukocytes, thereby contributing to the
prevention of further multiplication and dissemination of
the parasite within the brain.
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