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Abstract Under autoimmune inflammatory conditions
within the brain, evidence suggests that neurons down-
regulate microglial activation through CD200/CD200R
interaction, which reduces disease severity. To gain in-
sight into the regulation of intracerebral immune reac-
tions by resident brain cells in chronic cerebral
infections, the expression of the CD200 antigen and the
CD200R as well as the functional role of CD200/
CD200R interactions were characterized in murine
Toxoplasma encephalitis. In the normal brain of C57BL/
6 wild type mice, CD200 was ubiquitously expressed on
neurons, their axons, cerebral endothelial cells, and
plexus macrophages. CD200R was expressed at very low
levels on cerebral macrophages and microglia without
differences between CD200�/� and wild type mice.
Infection of C57BL/6 mice with Toxoplasma gondii in-
duced an upregulation of CD200R on microglia and of
CD200 on blood vessel endothelial cells. In Toxoplasma
encephalitis of CD200�/� mice, microglial cell numbers
strongly increased due to an enhanced proliferation
indicated by increased Ki-67 immunoreactivity. In
addition, microglial activation was increased in
CD200�/� mice as evidenced by a further upregulation
of already high MHC class II levels as well as an in-

creased expression of the anti-parasitic effector mole-
cules, TNF and iNOS. The increased microglial cell
activation resulted in a reduced intracerebral parasite
burden and an increased survival rate. Thus, in Toxo-
plasma encephalitis, microglial activity was regulated via
CD200/CD200R-mediated interaction further pointing
to an intrinsic regulation of brain resident cells under
inflammatory CNS conditions.
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Introduction

The existence of a tissue-specific regulation of immune
responses has been claimed for the CNS, which is
characterized by a physiologically downregulated
immunological phenotype. Even under inflammatory
circumstances, intracerebral (i.c.) immune reactions
must be tightly regulated in order to prevent immuno-
pathology.

The obligate intracellular parasite Toxoplasma (T.)
gondii infects up to 80% of the human population and
persists asymptomatically in the brain of its host. Both
in humans and mice, the course of toxoplasmosis is
regulated by genes of the major histocompatibility
complex [4, 5, 11, 13, 15, 28]. Studies in T. gondii-resis-
tant mouse strains, e.g. BALB/c mice, which develop a
non-lethal chronic encephalitis, and T. gondii-susceptible
strains, e.g. C57BL/6 mice, which succumb to a chronic
progressive encephalitis, have identified interferon
(IFN)-c-producing CD4 and CD8 T cells, which induce
anti-parasitic effector mechanisms in infected resident
brain cells, as the major mechanism of i.c. control of
T. gondii [9, 14, 29].

In Toxoplasma encephalitis (TE), T cells and micro-
glia reciprocally regulate each other with respect to
proliferation and apoptosis, expression of immunologi-
cally relevant cell surface molecules, production of pro-
and anti-inflammatory mediators and anti-parasitic
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effector molecules finally resulting in a finely tuned
balance preventing immunopathology while simulta-
neously ensuring parasite control [23, 24].

In addition to microglia, other resident cell popula-
tions of the CNS including neurons and blood vessel
endothelial cells are also involved in the regulation of
immune reactions. Neurons may contribute to the i.c.
immune reaction to T. gondii by secretion of soluble
mediators such as interleukin (IL)-1, IL-6, IL-10, MIP-
1a, and MIP-1b [22]. These data are of considerable
relevance for TE, since neurons are the target cell of T.
gondii in the CNS [8].

A group of cell surface molecules is shared by cells of
the nervous system and of the immune system including
the neural cell adhesion molecule NCAM, Thy-1, L1,
the heat stable antigen HSA, and GL7, which are in-
volved in antigen presentation, cell adhesion, signal
transduction, and activation [7]. Recently, the CD200
(Ox2) protein and its receptor CD200R, both of which
belong to the immunoglobulin superfamily, have been
identified as further members of this group of molecules
[30]. While the CD200 protein is widely expressed on a
variety of cell populations including neurons of the
central and peripheral nervous system, expression of the
CD200R is more restricted and predominantly observed
on cells of the myeloid lineage [1, 2, 17, 30]. This specific
distribution pattern has led to the hypothesis that
CD200R engagement may lead to intracellular signals
affecting macrophage function [17] and, functionally
important, that neurons may regulate microglial cells via
CD200/CD200R interactions [12].

In the absence of the CD200 protein, mice developed
an increased susceptibility to autoimmune disorders. In
CD200-deficient (CD200�/�) mice, MOG-induced EAE
showed a more rapid onset and microglial activation was
enhanced [12]. In addition, in the model of facial nerve
transection microglial responses were accelerated in the
absence of CD200 [12]. While such an accelerated mi-
croglial response may be harmful in autoimmune dis-
orders, the effect of a disrupted CD200/CD200R axis on
the course of a chronic infectious encephalitis, such as
TE, of which a strong microglial activation is a hall-
mark, and in which neurons provide the parasitic target
cell, has not yet been defined.

To gain further insight into the regulation of i.c. im-
mune responses by resident cell populations of the CNS,
we characterized the expression of CD200 and CD200R,
and analyzed the functional importance of CD200/
CD200R interactions in T. gondii-infected CD200�/�

mice. Upon infection, the CD200R was upregulated on
microglia. The absence of CD200 resulted in an increased
proliferation of microglia with the number of microgli-
al cells being increased in infected CD200�/� mice.
Although lack of CD200 still exerted a further moder-
ately stimulatory effect on microglia as evidenced by an
increased expression of MHC class II antigens as well as
an increased expression of the anti-parasitic effector
molecules, iNOS and TNF. This enhanced microglial
activation was associated with a reduced parasite burden

and a reduced mortality up to day 70 p.i. of CD200�/�

C57BL/6 as compared to wild type (WT) mice, but finally
all CD200�/� mice either died or were critically ill
indistinguishable from WT animals.

Material and methods

Animals

CD200�/� mice, generated at DNAX (Palo Alto, CA,
USA), and C57BL/6 WT mice, obtained from Harlan-
Winkelmann (Borchen, Germany) of either sex were
used for the experiments. Mice were kept under standard
conditions in an isolated facility before and throughout
the experiments.

T. gondii infection

Parasites were harvested from the brains of mice
chronically infected with the DX strain of T. gondii.
Brain tissue 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 (21, 23, 42, 54, and
71 d after infection, p.i.) CD200�/� and WT mice were
studied. At the respective days, animals were perfused
intracardially with 0.9% saline in deep Metofane
(Janssen, Neuss, Germany) narcosis.

For immunohistochemistry on frozen sections and
reverse transcription (RT)-PCR, brains of four mice per
experimental group were dissected and blocks were
mounted on thick filter paper with O.T.C. compound
(Miles Scientific, Naperville, IL, USA), snap-frozen in
isopentane (Fluka, Neu-Ulm, Germany) precooled on
dry ice, and stored at �80�C.

For flow cytometry analysis of brain-derived leuko-
cytes, the brain of three to six animals per experimental
group were pooled and prepared as described [23, 24].
Brain tissue was passed through a sieve, and leukocytes
were separated by Percoll gradient centrifugation
(Amersham-Pharmacia, Freiburg, Germany).

Monoclonal and polyclonal antibodies

The following rat anti-mouse monoclonal antibodies
were used: CD45 (LCA, clone M1/9.3.4.HL.2), I-A (b,
d, q haplotypes, clone M5/114.15.2), H-2 (all haplo-
types, clone M1/42.3.9.8.HLK), F4/80 (clone F4/80),
LFA-1 (clone FD441.8, all from the American Type
Culture Collection, ATCC, Manassas, VA, USA),
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CD45-PE/Cy5, I-A-PE, H-2b-PE, CD80 (B7.1)-PE,
CD86 (B7.2)-PE, LFA-1 (CD11a)-PE CD4, CD4-PE,
CD8, CD8-FITC, B220, B200-FITC, TNF (all from
BD, Heidelberg, Germany), monoclonal rat anti-mouse
Ki-67 (DakoCytomation, Hamburg, Germany), moncl-
onal rabbit anti-Ki-67 (DCS, Hamburg, Germany),
monoclonal mouse anti-neuronal nuclei (NeuN, Chem-
icon, Hofheim, Germany), F4/80-FITC, CD200 (Sero-
tec, Oxford, UK).

The following polyclonal antibodies were used: rabbit
anti-iNOS (Alexis Biochemicals, Grünberg, Germany),
monoclonal hamster anti-mouse CD11c (Endogen,
Woburn, MA, USA), polyclonal anti-T. gondii antise-
rum (Biogenex, Duiven, The Netherlands), polyclonal
rabbit anti-factor VIII (Sigma, Deisenhofen, Germany)
and polyclonal rabbit anti-GFAP (Dako, Hamburg,
Germany). In addition, anti-rabbit/anti-rat avidin-bio-
tinylated horseradish peroxidase complex (ABC-Kit,
Vector, Burlingame, CA, USA), BSP-conjugated F(ab)2
fragment mouse anti-rat IgG (Dianova, Hamburg,
Germany), BSP-conjugated F(ab)2 fragment goat anti-
rabbit IgG (Dianova), Texas Red-conjugated goat anti-
rabbit IgG F(ab)2 fragments (Dianova), BSP-conjugated
goat anti-hamster IgG (H+L) (Dianova), fluorescein-
conjugated F(ab)2 fragment goat anti-rabbit IgG (Dia-
nova), extravidin-Cy3 (Sigma), FITC-conjugated avidin
(Extravidin-FITC, Sigma), goat anti-rat-PE (Serotec),
avidin-PE/Cy5 (BD), and the M.O.M immunodetection
kit (Vector) were employed.

Rat anti-mouse CD200 and CD200R (Ox90 and
Ox110, IgG2a and IgG1) were kindly provided by
Dr. Neil Barclay and Dr. Michael Puklavec (Sir William
Dunn School of Pathology, University of Oxford,
Oxford, UK).

Immunohistochemistry

Immunohistochemistry was performed on 10 lm frozen
sections as described [19]. For detection of CD45, CD4,
CD8, and B220, an indirect immunoperoxidase protocol
using sheep anti-rat and goat anti-rabbit IgG F(ab¢)2,
respectively, was applied, while for demonstration of
MHC class I and MHC class II antigens, LFA-1, F4/80,
TNF, iNOS, CD200, Ki-67, and T. gondii antigen the
avidin–biotin complex technique was used. Peroxidase
reaction products were visualized using 3,3¢-diam-
inobenzidine (Sigma) and H2O2 as co-substrate. Sections
were lightly counterstained with hemalum (Merck,
Darmstadt, Germany).

The co-expression of CD200 and GFAP, NeuN, and
factor VIII, respectively, was studied using double
immunofluorescence with detection of CD200 by ex-
travidin-FITC after incubation with biotinylated mouse
anti-rat IgG F (ab)2 fragments, and detection of GFAP
and factor VIII, respectively, by incubation with Texas
red-conjugated goat anti-rabbit IgG. For detection
of NeuN, the M.O.M. immunodetection kit was
employed according to the manufacturer’s instructions.

Furthermore, the co-expression of CD200 and CD4,
CD8, F4/80, and B220, respectively, was analyzed with
detection of CD200 by goat–anti-rat FITC after incu-
bation with biotinylated mouse anti-rat IgG F (ab)2
fragments and detection of CD4, CD8, F4/80, and B220,
respectively, by incubation with extravidin-Cy3.

Double immunofluorescence studies for the Ki-67
and the F4/80 and I-A antigen, respectively, were per-
formed with labeling of Ki-67 with extravidin-Cy3 after
incubation with biotinylated goat anti-rabbit IgG, fol-
lowed by exposure to the F4/80 or the I-A antibody,
respectively, and goat anti-rat FITC.

Appropriate positive and negative controls were in-
cluded in all immunohistochemical reactions.

Flow cytometry analysis

Brain-derived leukocytes were analyzed by double-
immunofluorescence staining followed by flow cytome-
try as described [22, 23]. Microglia and macrophages
were identified by staining with anti-CD45 biotin and
anti-F4/80-FITC followed by avidin-PE/Cy5. Microglia
is F4/80+ CD45low, and macrophages are F4/80+

CD45high [23, 26]. Co-staining was performed with
I-A-PE, H-2b-PE, LFA-1PE, CD80-PE, CD86-PE,
respectively. In addition, microglia and macrophages
were co-stained with rat anti-mouse CD200R followed
by goat anti-rat-PE. T cells were identified by co-stain-
ing with anti-CD4-PE and anti-CD8-FITC. CD200R
expression on T cells was analyzed by staining with rat
anti-mouse CD200R and goat anti-rat-PE followed by
blocking with rat IgG and CD4-FITC or CD8-FITC,
respectively. B cells were stained with anti-B220-FITC
and anti-CD45 biotin followed by avidin PE/Cy5.
Granulocytes were stained with anti-Ly6G-PE, anti-
CD11b-FITC, and anti-CD45 biotin followed by avidin
PE/Cy5 and were defined as Ly6Ghigh CD11b+

CD45high. TNF expression of brain-derived leukocytes
was analyzed by incubating isolated leukocytes with
Golgi-Plug (1 ll/ml, BD) containing brefeldinA in
MEM-a at 37�C for 3 h. Thereafter, cells were stained
with rat anti-mouse TNF (BD). Controls included
staining of unstimulated cells and staining with isotype-
matched control antibodies. Data were analyzed with
Cell Quest or WinMDI software.

Statistical evalution

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 stained immunostained
sections in CD200�/� and WT mice. In these experi-
ments, T. gondii positive cells containing either brad-
yzoites in cysts or tachyzoites in parasitophorous
vacuoles were counted without differentiation between
these two parasitic stages. In addition, the number of
Ki-67 F4/80 double positive cells was evaluated on sec-
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tions labeled simultaneously for the Ki-67 and the F4/80
antigen. At least 100 high power fields (HPF) randomly
selected from all areas of the brain were analyzed per
section in three animals per group. The statistical sig-
nificance of the differences was evaluated by the Wil-
coxon Ranksum test. To test for statistical differences in
the survival rate and TNF expression of CD200�/� and
WT mice, the v2 test was used. P values <0.05 were
accepted as significant. Experiments were performed in
duplicate.

Results

Expression of CD200 and CD200R in the normal
and T. gondii-infected murine brain of CD200�/�

and WT mice

In accordance with data reported previously [12, 31], in
the brain of uninfected WT mice, CD200 was

ubiquitously expressed on neurons and their axons,
cerebral endothelial cells, and plexus macrophages, but
not on microglia, astrocytes, and oligodendrocytes. As
expected, CD200 was consistently absent from the brain
of CD200�/� mice (data not shown).

Upon T. gondii infection, CD200 expression was
upregulated on cerebral endothelial cells and remained
unchanged on neurons and their axons, while double
immunofluorescence studies did neither detect CD200
co-expression on CD4 and CD8 T cells nor on B220+ B
cells.

In the normal brain of CD200�/� and WT mice, the
CD200R was expressed at very low levels on cerebral
macrophages and microglia, and was absent from the
few CD4 and CD8 T cells present i.c. under physiolog-
ical conditions without differences between the two
strains (Fig. 1). In TE, there was a strong upregulation
of the CD200R on myeloid cells, which was most pro-
nounced on microglial cells in both CD200�/� and WT
mice, an intermediate upregulation on macrophages and

Fig. 1 Expression of the CD200R on macrophages, microglia, and
CD4 and CD8 T cells in the normal and T. gondii-infected brain of
CD200�/� and WT mice. Cerebral leukocytes were isolated from
uninfected and T. gondii-infected (day 23 p.i.) CD200�/� and WT
mice. Microglia, macrophages, as well as CD4 and CD8 T cells
were stained for CD200R expression and analyzed by flow
cytometry. a Microglia (dotted circle) and macrophages (solid
circle) were identified by their F4/40 und CD45 expression
as illustrated for both WT and CD200�/� mice at day 23 p.i.

b Histograms of CD200R expression are shown, and the mean
fluorescence intensity of CD200R expression is given for each cell
type and time point. Microglia and macrophages were stained for
CD200R expression as described in Materials and methods
including negative control stainings with isotype-matched control
antibodies. Negative control stainings are shown for microglial
cells (dotted lines) as an example including the mean (in italics).
Pooled brains of six mice per time point and group were studied
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a slight increase on CD4 and CD8 T cells in both
CD200�/� and WT mice (Fig. 1).

Characteristics of microglia in the normal brain
of CD200�/� mice

Morphologically, microglia of uninfected mice expressed
low levels of F4/80, CD45, LFA-1 (CD11a) and CD11b,
and was negative for MHC class I and II antigens; TNF,

iNOS, and Ki-67 without differences between CD200�/�

and WT mice. CD11c was expressed on exceptional
microglial cells in the periventricular brain parenchyma
in WT mice (Fig. 2a). In CD200�/�, but not in WT mice,
some CD11c+ microglial cells formed small clusters in
the basal ganglia (Fig. 2b).

Macrophages of both strains of mice expressed
identical levels of LFA-1, CD11b, MHC class I and II
antigens (data not shown). Furthermore, identical
numbers of leukocytes and microglial cells were isolated
from the uninfected brain of CD200�/� and WT mice
(Fig. 3a, b).

CD200 negatively regulates microglial cell numbers
in TE

To determine whether CD200 regulates recruitment of
leukocytes to the T. gondii-infected CNS, the numbers of
i.c. leukocytes were determined. In uninfected and
T. gondii-infected mice at days 23 and 42 p.i., the
number of i.c. leukocytes did not differ between
CD200�/� and WT animals (Fig. 3a). However, a
detailed subanalysis of i.c. leukocytes showed that
microglial cells were markedly increased in number in
the brains of T. gondii-infected CD200�/� mice
(Fig. 3b), whereas the numbers of CD4 and CD8 T cells,
B cells, granulocytes, and macrophages did not differ
between the two experimental groups (data not shown).

Fig. 2 Expression of CD11c on
microglia of uninfected
CD200�/� and WT mice. The
CD11c antigen is expressed on
occasional microglial cells and a
small cluster of microglial cells
in the basal ganglia of
uninfected WT (a) and
CD200�/� mice (b). Anti-
CD11c immunostaining, slight
counterstaining with hemalum,
original magnification ·200

Fig. 3 Numbers of macrophages and microglial cells isolated from
the brain of normal and T. gondii-infected brain of CD200�/� and
WT mice. Leukocytes were isolated from uninfected (day 0) and T.
gondii-infected (day 23 and 42 p.i.) CD200�/� and WT mice. Six
brains of each group were pooled per time point, and the total
number of i.c. leukocytes was determined by cell counting (a). Flow
cytometry of stained leukocytes revealed that the number of
microglia was elevated in T. gondii-infected CD200�/� mice (b).
The number of CD4 and CD8 T cells, macrophages, and B cells did
not differ between CD200�/� and WT mice (not shown). In a and b
data represent the mean of two independent experiments with six
mice each. Standard deviation was below 15%

Table 1 Numbers of Ki-67+F4/80+ cells in the brain of Toxo-
plasma gondii-infected CD200-/- and WT mice

Days p.i. CD200�/� WT
Ki-67+ cells/HPF
(mean ± SEM)

Ki-67+ cells/HPF
(mean ± SEM)

21 5.31±0.76 2.91±0.74
42 10.00±0.17 2.67±1.00
54 8.75±2.75 2.64±1.14
71 5.11±0.67 2.89±0.89

Ki-67+F4/80+ cells were evaluated on immunostained brain sec-
tions co-labeled for the F4/80 and the Ki-67 antigen at the various
time points of TE. Data are presented as mean ± SEM of Ki-67+

cells per high power field (HPF). Differences between CD200�/�

and WT mice at the various time points were statistically tested by
use of the Wilcoxon Rank sum test with P<0.05 at all time points
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In addition, T cells of both strains were CD44+ and
CD62L� compatible with an effector/memory pheno-
type (data not shown). These findings argue that CD200
primarily acts on myeloid cells and does not affect the
phenotype of i.c. CD4 and CD8 T cells in TE.

Therefore, the expression of the proliferation-associ-
ated Ki-67 antigen by F4/80+ cells, which include mi-
croglia and macrophages, was analyzed. In WT mice,
Ki-67+ F4/80+ cells increased during TE with peak
levels at day 42 p.i. and declining thereafter (Table 1). In
addition to being located in meningeal infiltrates,
Ki-67+ leukocytes were present in perivascular cuffs and
also scattered throughout the brain parenchyma
(Fig. 4a, b). While Ki-67+F4/80+ cells were equally
distributed within the brain of CD200�/� and WT mice,
they were increased in number in mice lacking CD200
throughout the infection (Table 1). In both strains of
mice, most Ki-67+ F4/80+ cells harbored short, thin,
ramified processes, and a small elongated nucleus, i.e.
the morphological characteristics of activated microglia.
Collectively, these findings indicate that CD200 strongly
downregulates proliferation of microglia.

Impact of CD200 on microglial cell and macrophage
immune reactions

Microglial cells were strongly activated in both strains of
mice as evidenced by an ubiquitous upregulation of F4/
80, LCA, LFA-1, as well as a strong induction of MHC
class I and II antigens. There were no regional

differences in the activation pattern of microglia between
the experimental groups. A detailed quantitative flow
cytometric analysis demonstrated an increased expres-
sion of MHC class II antigen on microglia, but not on
macrophages of CD200�/� mice as compared to WT
animals at days 23 and 42 p.i. In addition, MHC class I
expression was slightly increased on microglia and
macrophages of CD200�/� mice. While induction of
CD80 and CD86 expression on microglia was equally
strong in T. gondii-infected CD200�/� and WT mice,
expression of LFA-1 was slightly reduced on microglia
of CD200�/� mice (Fig. 5). In general, CD200�/� mac-
rophages showed the same alterations as CD200�/�

microglia (Fig. 5) indicating that the effect of CD200 on
the expression of these cell surface molecules is shared
between these two closely related myeloid cell popula-
tions.

Histology revealed that CD11c was markedly and
widely upregulated on perivascular CD11b+F4/80+

macrophages and microglia, which also formed clusters
of CD11c+ cells, however, without prominent differ-
ences between the two strains of mice.

In accordance with earlier observations [20], a panel
of cytokines was induced in the brain of T. gondii-in-
fected CD200�/� and WT mice with levels paralleling
disease activity. Transcription levels of IFN-c, IL-12p40,
IL-10, IL-15 as well of IDO, TNF, and iNOS did not
differ in brain tissue homogenates between the two
strains of mice (data not shown). TNF and iNOS, two
important pro-inflammatory and effector molecules
known to be produced by microglia and other i.c.

Fig. 4 Proliferative activity in
T. gondii-infected CD200�/�

and WT mice. While there are
only very few Ki-67+ cells in a
T. gondii-associated infiltrate in
the brain of a WT mouse (a),
many cells with rod shaped
nuclei are Ki-67+ in the vicinity
of an inflammatory infiltrate in
a CD200�/� mouse (b) at day
54 p.i. Anti-Ki-67
immunostaining, slight
counterstaining with hemalum,
original magnification ·100. At
day 54 p.i., cells in a
characteristic small
inflammatory infiltrate are
iNOS+ in a WT mouse (c),
whereas a large number of cells
in an infiltrate of typical size
express the iNOS protein in a
CD200�/� mouse (d), original
magnification ·200
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macrophages, were further investigated at the protein
level. Immunohistochemistry demonstrated expression
of TNF predominantly on perivascular and T. gondii-
associated leukocytes in inflammatory infiltrates and on
microglia in their vicinity without differences in their
topography. Further FACS analysis confirmed the
expression of TNF by both macrophages and microglial
cells. While macrophages of uninfected mice (day 0) did
not express TNF, a small number of microglial cells
(5%) was TNF+ (Fig. 6). In acute TE (day 23 p.i.), both

strains strongly upregulated TNF expression of micro-
glia (P<0.01 for both strains) and macrophages
(P<0.005 for both strains, Fig. 6). In the chronic stage
of TE (day 42 p.i.), more microglial cells, but less mac-
rophages of CD200�/� mice expressed TNF as com-
pared to WT mice (P<0.01 for microglial cells, P<0.05
for macrophages; Fig. 6). INOS was expressed in peri-
vascular cuffs and in parasite-associated infiltrates and
also by microglial cells in their vicinity, increasing in
both strains of mice up to day 54 p.i. In the absence of
CD200, iNOS expression by both microglia and leuko-
cytes was more pronounced in the vicinity of T. gondii-
associated infiltrates up to day 54 p.i. (Fig. 4c, d), but
this regionally increased iNOS expression did not result
in a more pronounced iNOS mRNA expression in brain
tissue homogenates of CD200�/� mice.

Fig. 5 Activation of microglia and macrophages in the normal and
T. gondii-infected brain of CD200�/� and WT mice. Cerebral
leukocytes were isolated from uninfected (d0) and T. gondii-
infected (days 23 and 42 p.i.) CD200�/� and WT mice. Microglia
and macrophages were stained for cell surface expression of MHC
class II antigens, MHC class I antigens, LFA-1, B7-1 (CD80) and
B7-2 (CD86), as well as with a rat IgG control antibody. The mean
fluorescence intensity of the respective antigens is shown for
microglia (left column) and macrophages (right column). Pooled
brains of six mice per time point and group were studied. In a
second experiment, similar findings and differences were observed

Fig. 6 TNF expression by i.c. macrophages and microglia in the
normal and T. gondii-infected brain of CD200�/� and WT mice.
Cerebral leukocytes were isolated from uninfected (d0) and T.
gondii-infected (days 23 and 42 p.i.) CD200�/� and WT mice.
Microglia and macrophages were stained for intracellular TNF
expression and analyzed by flow cytometry. F4/80+ cells were
gated and dot plots show TNF and CD45 expression of F4/80+

cells. Microglia is CD45low and macrophages are CD45high. The
percentage of TNF positive and negative microglia (upper and lower
left quadrant) and macrophages (upper and lower right quadrant) is
given for each time point. Pooled brains of six mice per time point
and group were studied
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Taken together, these findings indicate that CD200
selectively regulates a restricted number of microglial
cell reactions including expression of MHC antigens, cell
adhesion molecules, and anti-parasitic effector mole-
cules.

Reduced intracerebral parasitic load
in T. gondii-infected CD200�/� WT mice

Following infection with T. gondii, both strains devel-
oped TE with the same kinetics. In the acute stage of the
infection, numbers of i.c. parasites increased, declining
with development of chronic TE. At all time points of
the disease, WT animals harbored increased numbers of
parasites in their brains as compared to CD200�/� mice
(Fig. 7a), with an accelerated rate of parasite elimination
from the brains of CD200�/� mice, finally achieving a
significantly lower i.c. parasitic load (P<0.05 at days 21
and 71 p.i., Fig. 7a).

In addition, the survival rate of CD200�/� mice was
significantly higher as compared to WT animals at day
71 p.i. (P<0.025, Fig. 7b), although the absence of
CD200 did not prevent the progressive deterioration of
mice with chronic TE, and at day 71 p.i. surviving mice
of both strains were critically ill and killed for ethical
reasons.

Discussion

The present study illustrates that brain resident cells
participate in the control and regulation of i.c. immune
responses during a chronic parasitic encephalitis via
CD200/CD200R interactions. The CD200-mediated
immunomodulatory effect was largely restricted to mi-
croglial cells which prominently expressed the CD200R,
and to a lesser extent on macrophages, which also up-
regulated expression of the CD200R in TE. The only cell
population expressing the CD200 antigen were neurons,
blood vessel endothelial cells, and plexus macrophages
indicating that CD200 deficiency of these cell popula-
tions caused the increase in microglial cell activation,
proliferation and, finally, the improved parasite control.

While the CD200 antigen was widely expressed in the
brain on neurons and their axons, cerebral endothelial
cells, and plexus macrophages, it was absent on astro-
cytes, microglia, oligodendrocytes, and i.c. inflammatory
leukocytes including T and B cells illustrating that spe-
cialized cell populations express this immunomodula-
tory molecule. In contrast, the CD200R was weakly
expressed on microglia and macrophages of uninfected
mice, but absent on CD4 and CD8 T cells, thereby
confirming and extending recent reports [1, 2, 12, 17, 30,
31]. Interestingly, both the expression of the CD200
antigen as well as its receptor were upregulated in TE
with a particularly prominent rise of CD200R on mi-
croglia, an intermediate increase on macrophages, and a
small increase on CD4 and CD8 T cells already indi-
cating that a CD200/CD200R interaction might regulate
i.c. immune responses in TE and that regional changes in
the expression level may provide a mechanism for the
local regulation of myeloid cellular activity in the
T. gondii-infected brain parenchyma. Since the increase
of the CD200R expression was equally strong in
T. gondii-infected CD200�/� and WT mice, expression
and upregulation of CD200R is regulated independent
of CD200.

Previous studies revealed an expansion of macro-
phage populations in the spleen and mesenteric lymph
nodes in the absence of CD200 [12], the reason for which
is still unknown. However, the number of i.c. macro-
phages and microglia in the normal, uninfected brain
was not significantly altered by CD200-deficiency
(Fig. 3). In addition, there were no differences in the
basal levels of CD45, F4/80, LFA-1, MHC class I and II
antigen, B7.1, B7.2, and TNF of microglia from unin-
fected CD200�/� mice, which, however, harbored ele-
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Fig. 7 Intracerebral parasitic load and survival rates of T. gondii-
infected WT and CD200�/� mice. a Parasitic load in the brains of
T. gondii-infected WT (filled bars) and CD200�/� (open bars) mice.
The mean ± SEM of the number of T. gondii/HPF evaluated on
immunostained sections is demonstrated (*P<0.05). b The survival
of T. gondii-infected WT and CD200�/� mice was monitored up to
day 71 p.i. At this stage of disease, surviving mice of both strains
were severely ill and prone to death. For ethical reasons mice were
killed at this time point. Ten mice were analyzed per group. At day
71 p.i., the difference in the survival rate was significantly different
between WT and CD200�/� mice (P<0.025)

555



vated numbers of CD11c+ microglia in the basal gan-
glia. Resting microglia in the brain parenchyma of
CD200�/� mice did not express iNOS, a finding which
differs markedly from retinal microglia of CD200�/�

mice, which responded to CD200-deficiency by a spon-
taneous expression of iNOS as well as a 30% increase in
the proportion of resident retinal CD45+CD11b+ cells
[3]. This latter observation supported the concept of
CD200/CD200R-mediated signals suppressing the tonic
activation of macrophages [3]. The divergent findings on
the resting state of microglia in the brain and the retina
may indicate that the immunological phenotype of the
brain is more tightly downregulated to protect the highly
vulnerable brain parenchyma.

Although microglial cell numbers increased upon
T. gondii infection in both strains of mice, microglial
cells raised to significantly elevated numbers in CD200�/
� mice as compared to WT animals at days 23 and 42
p.i. At later stages of the infection, microglia cell num-
bers of WT mice had returned to the number of unin-
fected mice, whereas CD200�/� animals still harbored
elevated numbers of microglial cells. Since macrophages
recruited into the T. gondii-infected CNS do not trans-
form into microglia [23], we evaluated whether the in-
creased microglia cell numbers might be caused by a
proliferation of this cell type. In fact, in CD200�/� mice
an increased number of F4/80+ cells expressed the
proliferation-associated Ki-67 antigen as compared to
WT animals. In both strains of mice most Ki67+F4/80+

cells harbored short thin processes and an elongated
nucleus indicating microglial cell proliferation in TE. In
addition, it should be noted that inflammatory macro-
phages recruited to the CNS are a post-mitotic cell
population, which does not transform into microglia in
TE [23], and, therefore the combined flow cytometric
and immunohistochemical analysis suggests that the
increase of microglial cell numbers in CD200�/� mice is
caused by an increased proliferation of this cell type.

In accordance with observations in EAE and in the
model of facial nerve transection in CD200�/� mice [9],
microglial cells exhibited features of an increased acti-
vation. In acute TE, microglia in both strains were al-
ready prominently activated at day 21 p.i. without
significant differences in the levels of immunologically
relevant cell surface molecules including CD45, F4/80,
LFA-1, MHC class I and II antigens, CD11c, CD80,
and CD86. However, in chronic TE, i.e. at day 42 p.i.,
expression of MHC class II antigen, the most sensitive
parameter of microglial activation, was enhanced in
microglia from CD200�/� mice as opposed to WT mice.
In comparison to facial nerve transection and EAE, in
which microglial activation is either strictly confined to
the facial nucleus or shows regional differences with a
pronounced activation in the spinal cord, regional dif-
ferences of microglial cell activation are not a charac-
teristic feature of TE irrespective of the mouse strain,
also including CD200�/� mice. In general, CD200�/�

macrophages showed the same up- and downregulation
of cell surface molecules as microglia, but the extent of

modulation was slightly different illustrating that CD200
has roughly the same either immunosuppressive, im-
munostimulatory or even no function with respect to the
expression of immunoregulatory molecules on microglia
and macrophages. Collectively, these observations ob-
tained from various models of autoimmune, degenera-
tive, and infectious diseases of the CNS highlight the
strong impact of distinct features of the underlying
pathogenic condition on microglial activation.

This assumption is further supported by the T. gon-
dii-associated increased iNOS and TNF expression of
CD200�/� microglia in the chronic stage of infection.
Both TNF and iNOS play an important role in the
control of T. gondii [6, 10, 18, 21, 25] and, functionally
important, the enhanced expression of the anti-parasitic
effector molecule iNOS and of TNF by microglial cells
resulted in a reduced i.c. parasitic load in chronically
infected CD200�/� mice and a prolonged survival. The
effect of iNOS may not only be limited to microglia and
macrophages, which both can be infected with T. gondii
and control the intracellular parasite by an iNOS-
dependent pathway [14, 16], but may also extend to
T. gondii-infected cells neighboring iNOS-expressing
cells such as astrocytes and neurons. Such a mechanism
has also been described in murine leishmaniasis [27].
Interestingly, the inhibitory effect of CD200 on TNF
expression of myeloid cells was limited to microglia,
since CD200�/� macrophages produced less TNF than
WT macrophages, further illustrating that CD200 exerts
different effects on microglia and macrophages.

The observation that the CD200/CD200R axis is of
functional importance for parasite control is of key
importance for both an understanding on how brain
resident cells contribute to the control of an i.c.
pathogen as well as for the potential use of CD200 or
CD200R blocking for the treatment of autoimmune
diseases. The latter bears the intrinsic risk for reacti-
vation of latent toxoplasmosis by microglia/macro-
phage deactivation.

While T cells are important regulators of microglial
activity in TE, microglia vice versa regulates T cells in
the T. gondii-infected brain, irreversibly inhibiting T cell
proliferation [23, 24]. Therefore, we also analyzed T cell
responses in TE of CD200�/� mice. In CD200�/� and
WT mice, equal numbers of i.c. CD4 and CD8 T cells
were present and these cells had a similar topographical
distribution indicating that the CD200 expression nei-
ther of cerebral blood vessel endothelial cells nor of
neurons affects the recruitment, migration, and persis-
tence of T cells in TE. Furthermore, the CD200R was
equally expressed on i.c. CD4 and CD8 T cells of
T. gondii-infected CD200�/� and WT mice, and both
strains had an equally strong induction of IFN-c mRNA
in the T. gondii-infected brain. From these data it can be
concluded that in TE CD200�/� mice generate equiva-
lent i.c. T cell responses. These observations demon-
strating unimpaired T cell responses in a model of CNS
infection extend data on splenic T cells in experimental
allergic uveitis (EAU) [3].
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In conclusion, while the absence of the CD200 pro-
tein did not significantly alter the downregulated
immunological phenotype of microglia in the normal
brain, it increased the number of microglia under
infectious conditions, induced a parasite-associated local
increase in iNOS expression and an increase of microg-
lial TNF production resulting in an improved parasite
control and increased survival rate in late stages of TE.
However, compared to autoimmune disorders of the
brain and other organs, the CD200-mediated effects
were more subtle. Whether this rather moderate effect is
a characteristic feature of CNS infections as opposed to
autoimmune disorders and whether CD200-mediated
regulation of microglial cells plays a role in human CNS
infections including TE remains to be elucidated.
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