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The interaction between CD200, expressed on several cell types, and its receptor CD200R, expressed on
cells of the myeloid lineage, has been shown to be an important factor in modulating inflammation in
macrophage function in several conditions including colitis and arthritis. More recently its modulatory
effect on microglial activation has been identified and CD200-deficiency has been associated with
increased microglial activation accompanied by increased production of inflammatory cytokines. The
response of glia prepared from CD200-deficient mice to stimuli like lipopolysaccharide (LPS) is markedly
greater than the response of cells prepared from wildtype mice and, consistent with this, is the recent
observation that expression of Toll-like receptor (TLR)4 and signalling through NFjB are increased in
microglia prepared from CD200-deficient mice. Here we show that glia from CD200-deficient mice are
also more responsive to interferon-c (IFNc) which triggers classical activation of microglia. We investi-
gated the effects of CD200-deficiency in vivo and report that there is an increase in expression of several
markers of microglial activation including tumor necrosis factor (TNF)-a, which is a hallmark of classi-
cally-activated microglia. These changes are accompanied by increased IFNc, and the evidence suggests
that this is produced by infiltrating cells including T cells and macrophages. We propose that these cells
enter the brain as a consequence of increased blood brain barrier (BBB) permeability in CD200-deficient
mice and that infiltration is assisted by increased expression of the chemokines, monocyte chemotactic
protein-1 (MCP-1), IFNc-induced protein-10 (IP-10) and RANTES. This may have implications in neurode-
generative diseases where BBB permeability is compromised.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Microglia, like macrophages, are plastic cells, responding to dif-
ferent stimuli by adopting different morphological and functional
phenotypes indicative of their broad array of functions (Lynch,
2009). These cells are the immune cells of the brain and therefore
respond to pathogen-associated, and danger-associated, molecular
patterns which trigger the responses that result from insult. An
acute stimulus generally induces release of inflammatory media-
tors, but this relatively brief inflammatory state is followed by res-
toration of microglia to their resting state. In contrast, exposure of
cells to chronic activation is undesirable and can result in damage
to neighboring cells.

A number of endogenous mechanisms ensure that microglial
activation is kept in check and these include the interaction with
other cells through ligand–receptor binding. Among the
ligand–receptor pairs is CD200–CD200R which has complementary
cell expression patterns characteristic of this method of controlling
microglial activation. Thus CD200 is expressed on several cell types
including neurons (Lyons et al., 2007a; Webb and Barclay, 1984)
and astrocytes (Costello et al., 2011) whereas CD200R is expressed
primarily on cells of the myeloid lineage and on microglia in the
brain (Barclay et al., 2002; Koning et al., 2009). The evidence has
indicated that decreased expression of CD200, which occurs with
age (Cox et al., 2012; Frank et al., 2006), Ab treatment (Lyons
et al., 2007a) or in the brain of AD patients (Walker et al., 2009),
is associated with the type of microglial activation that is charac-
terized by inflammatory changes (Colton and Wilcock, 2010). At
least in some cases, these inflammatory changes are attenuated
by a CD200 fusion protein (CD200Fc) which stimulates CD200R
activation (Cox et al., 2012; Lyons et al., 2012), although the evi-
dence indicates that the reversal is incomplete.

We have recently shown that glial cells prepared from CD200�/�

mice respond more profoundly to Toll-like receptor (TLR) agonists,
specifically lipopolysaccharide (LPS) which interacts with TLR4, and
Pam3CSK4 which interacts with TLR2 (Costello et al., 2011);
ier per-
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expression of both receptors was increased on microglia prepared
from CD200�/� mice, compared with wildtype mice, and this was
associated with a genotype-related increase in signaling through
NFjB. Thus the loss of CD200 in CD200-deficient mice is accompa-
nied by a number of changes that play a role in modulating microg-
lial activation.

In the present study, we set out to evaluate the changes that
accompany the loss of CD200 in vivo with the objective of increas-
ing our understanding of the mechanisms that modulate microglial
function. First, we showed that interferon (IFN)-c, which induces a
classically-activated microglial phenotype exerted a greater effect
in cultured cells from CD200�/�, compared with wildtype, mice.
In vivo, CD200 deficiency was associated with increased expression
of markers of microglial activation including tumor necrosis factor
(TNF)-a, which is a hallmark of classically-activated microglia, in
the absence of any stimulus. Increased expression of IFNc was ob-
served in hippocampus of CD200�/� mice, although it is generally
considered that IFNc is not produced by resident cells in the brain
(Lynch, 2010; Renno et al., 1995). The probable explanation for this
is that there was a significant infiltration of T cells and macro-
phages into the brain of CD200�/� mice, and the data suggest that
cell infiltration is a consequence of the increase in blood brain bar-
rier (BBB) permeability and increased expression of the chemo-
kines, monocyte chemotactic protein-1 (MCP-1), IFNc-induced
protein-10 (IP-10) and RANTES (also known as CCL5).

The data highlight the consequences of infiltration of peripheral
immune cells on microglial function and suggest that the inflam-
matory changes which occur in neurodegenerative diseases might
be modulated by targeting the BBB.
2. Methods

2.1. Animals

C57BL/6 mice (wildtype) and CD200-deficient mice were used in
this study. Mice were bred in an SPF housing facility in the Bio-Re-
sources Unit, Trinity College, Dublin and were maintained under vet-
erinary supervision in a controlled environment (12-hour light-dark
cycle; 22–23 �C) for the duration of the experiment. In one series of
experiments, wildtype mice were anaesthetized with urethane
(1.5 g/kg; Sigma Aldrich; IRE) and injected with IFNc (5 ll @ 1 ll/
min; 50 ng/ml; R&D Systems, UK; co-ordinates: 0.34 mm caudal
and 1 mm lateral to bregma, at a depth of 2.1 mm. After 3 h, animals
were perfused intracardially with ice-cold PBS (20 ml). In all experi-
ments, the brain was rapidly removed and placed on ice, the cerebel-
lum, brain stem, olfactory lobes and hippocampus were removed and
the remaining tissue was taken to prepare a single cell suspension for
flow cytometric analysis as described below. Animal experimenta-
tion was performed under a licence granted by the Minister for
Health and Children (Ireland) under the Cruelty to Animals Act
1876 and the European Community Directive, 86/609/EEC, and in
accordance with local ethical guidelines.
2.2. MRI analysis to assess BBB permeability and blood flow

MRI analysis, to assess extravasation of the gadolinium-based
contrast agent, gadopentate dimeglumine (Magnevist; Clissmann,
Ireland) as an indicator of BBB permeability, was carried out on a
small rodent Bruker Biospec (Bruker Biospin, Germany) system
with a 7 Tesla magnet and a 30 cm core. Anaesthesia was induced
and maintained using isoflurane (5% in 100% O2 and 1.5–2% at 1 l/
min of 100% O2, respectively). Respiration rate was monitored and
body temperature was controlled throughout.

Mice were placed into an MR-compatible cradle and positioned
in a stereotaxic frame. The right lateral tail vein was cannulated
Please cite this article in press as: Denieffe, S., et al. Classical activation of micr
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using a 30 gauge in-dwelling, paediatric intravenous cannula nee-
dle (Introcan, Ireland) to which an 80 cm long polyethylene tubing
cannula extension, connected to a 3-way tap, was attached; this al-
lowed delivery of contrast agent (200 ll/mouse) without disturb-
ing the animals and enabled pre- and post-contrast
measurements to be determined within the same contrast scan.
Contrast imaging was carried out using a 10 repetition T1-weighted
fast low angle shot (FLASH) sequence; the repetition duration was
2 min, 11 s and the 15-slice protocol had dimensions of
128 � 128 voxels per slice. Pre-contrast measurements were ac-
quired on the first repetition of the scan to provide a contrast-free
baseline after which the contrast agent was injected; the following
9 scan repetitions recorded the passage of the bolus throughout the
brain. Gadolinium-enhanced contrast images acquired from the
BBB permeability studies were analysed in the MIPAV software
package. The average signal intensity changes in each treatment
group were plotted against repetition. Anatomically-distinct ROIs,
viewed in the first repetition, were overlaid with a 2 � 2 voxel
square and the average pre-contrast intensity was measured. The
ROI squares were copied into the same locations in the remaining
9 repetitions for each mouse brain, measuring the contrast change
following injection of the gadolinium-based contrast agent at the
commencement of the second repetition. Values for each data set
were normalised to the pre-contrast measurement and expressed
as a proportion of the pre-contrast value.

Quantitative blood flow and volume measurements were inves-
tigated using a bolus-ASL methodology (Kelly et al., 2010). This
method uses a bolus-tracking ASL sequence to provide groups of
11 one slice images on a single time curve following the passage
of a 3 s bolus through the imaging slice. Control and labelled
images were created for wildtype and CD200-deficient mice and
corresponding pairs were subtracted to provide perfusion-
weighted maps. Mean values for cortical and hippocampal ROIs,
manually drawn on perfusion-weighted images, were plotted
against the acquisition time point in the bolus tracking ASL se-
quence. The curve was fitted to the solution of the non-compart-
mental cerebral perfusion ASL model (Kelly et al., 2009), and the
curve-fitting utility in Mathematica was used to find the least
squares fit to the experimental curves. The mean transit time
(MTT) and capillary transit time (CTT) were calculated from the
first and second statistical moments of the signal-time curves,
respectively.

Following MRI scanning, animals were anaesthetised with ure-
thane (1.5 g/kg; Sigma Aldrich; IRE) and perfused intracardially
with ice-cold PBS (20 ml). The brain was rapidly removed and
placed on ice, the cerebellum and olfactory bulbs were removed
and the brain was bisected along the midline. The hippocampus
was dissected free and snap-frozen in liquid nitrogen, for later
analysis by PCR and/or ELISA, and the remaining brain tissue was
used to prepare a single cell suspension for analysis by flow
cytometry.

2.3. Preparation of cultured glia

Mixed glial cells were prepared from 1 day-old wildtype and
CD200�/� mice (BioResources Unit, Trinity College, Dublin, Ireland)
as described (Costello et al., 2011). To prepare mixed glia, whole
brain minus cerebellum was roughly chopped, added to pre-
warmed Dulbecco’s modified Eagle medium (DMEM; Gibco BRL,
Ireland) containing 10% foetal bovine serum, penicillin (100 U/
ml) and streptomycin (100 U/ml), triturated and filtered through
a sterile mesh filter (70 lm). Samples were centrifuged (2000g,
3 min, 20 �C), the pellet was resuspended in warmed DMEM, cells
were seeded in 6 ml flasks (1 � 106 cells/flask) and incubated for
2 h before addition of warmed DMEM. Cells were grown for 10–
12 days at 37 �C in a humidified 5% CO2:95% air environment and
oglia in CD200-deficient mice is a consequence of blood brain barrier per-
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media was changed every 3 days. Mixed glia were approximately
70% astrocytes and 30% microglia (Costello et al., 2011). Purified
microglia were harvested by shaking off (110 rpm, 2 h, room tem-
perature) the non-adherent cells from the mixed cultures which
had been cultured for 10–12 days. Samples were centrifuged
(2000 rpm, 5 min), the pellet was resuspended in cDMEM, the
microglia were plated onto 6-well plates (2 � 105 cells/ml) and
cells were maintained at 37 �C in a 5% CO2 humidified atmosphere
for up to 3 days prior to treatment. Cells, which were 97% CD11b+

as assessed by FACS, were incubated for 24 h in the presence or ab-
sence of IFNc (50 ng/ml; R&D Systems, UK).

2.4. Analysis of mRNA by PCR

RNA was isolated from hippocampal tissue and from cultured
cells using Nucleospin� RNAII KIT (Macherey-Nagel, Duren, Ger-
many) and cDNA was prepared using High-Capacity cDNA RT kit
according to the manufacturer’s instructions (Applied Biosystems,
UK). Real-time PCR was performed with predesigned Taqman gene
expression assays (Applied Biosystems, UK). The assay IDs were as
follows: CD11b (Mm01271263_ml), MHCII (Mm00439221_m1),
CD40 (Mm0041895 _ml), MCP-1 (Mm00441242_m1), IP-10
(Mm00445235_m1), RANTES (CCL5; (Mm01302428_m1), MIP-1a
(CCL3; Mm00441258_m1), claudin 5 (Mm00727012_ml), TNFa
(Mm0043258_m1), iNOS (Mm00440502_m1), IL-6 (Mm00446191
_m1), mannose receptor (MR; Mm00485148_m1) and arginase-1
(Arg-1; Mm00475988_m1). Samples were assayed on an Applied
Biosystems 7500 Fast Real-Time PCR machine and gene expression
was calculated relative to the endogenous control samples (b-actin)
to give a relative quantification (RQ) value (2�DDCT, where CT is
threshold cycle).
Fig. 1. IFNc induced markers of classical activation in microglia prepared from wildtype a
�mice, were grown for 10–12 days at 37 �C in a humidified 5% CO2:95% air environment a
the non-adherent cells from the mixed cultures (110 rpm, 2 h, room temperature), cent
(2 � 105 cells/ml) and cells were maintained at 37 �C in a 5% CO2 humidified atmosphere f
ml; R&D Systems, UK). IFNc increased TNFa mRNA in mixed glia (A) and purified microgl
observed in the case of mixed glia (F(1,9) = 10.41; ⁄p < 0.05) and a significant interactio
(F(1,20) = 10.13; ⁄⁄p = 0.01). iNOS2 mRNA was increased in response to IFNc in mixed
significant treatment effect was observed for mixed glia (F(1,8) = 10.55; ⁄p < 0.05). Value
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2.5. Flow cytometry

Flow cytometry was carried out on cells prepared from brain
using a 5-layer Percoll gradient to obtain mononuclear cells, as de-
scribed (Costello et al., 2011). Cells were washed 3 times with FACS
buffer (2% FBS, 0.1% NaN3 in PBS), blocked for 15 min at room tem-
perature with mouse CD16/CD32 FccRIII block (1:100 in FACS buf-
fer; BD Biosciences, UK) and incubated with APC-Cy™7 rat anti-
mouse CD11b, PE-Cy™7 rat anti-mouse CD45, PerCP rat anti-
mouse CD8a, PeCy™7 rat anti-mouse CD4, FITC hamster anti-
mouse CD40, PE rat anti-mouse MHCII (all BD Biosciences, UK),
Alexa Fluor 488 rat anti-mouse CD68 (AbD Serotec, UK), PE ham-
ster anti-mouse CD119 (IFN gamma Receptor 1 (IFNGR1; eBio-
science, UK), APC rat anti-mouse CD3 and PerCP/Cy5.5 rat anti-
mouse CD86 (Biolegend, UK), diluted (1:200) in FACS buffer.
Immunofluorescence analysis was performed on a DAKO CyAn-
ADP 7-colour flow cytometer (DAKO Cytomation, UK) with Summit
version 4.3 software and data analysis was carried out using FlowJo
v7.6.5 software. Microglia and macrophages were identified as
CD11b+CD45low and CD11b+CD45high cells, respectively. CD4+ and
CD8+ T cells were initially gated on CD45 and subsequently on
CD3, and CD4 or CD8.

2.6. Western immunoblotting

Hippocampal lysate or lysate prepared from cultured cells was
assessed for the expression of IFNc, IFNGR1 or pSTAT1 using stan-
dard Western immunoblotting methods; the membranes were
incubated overnight in the presence of the primary antibodies,
IFNc (R&D, UK; 1:1000 in TBS containing 0.05% Tween and 2.5%
dried non-fat milk), IFNcRa (IFNGR1; Santa Cruz, US; 1:200 in
nd CD200�/�mice. Mixed glial cells, prepared from 1 day-old wildtype and CD200�/

nd media was changed every 3 days. Purified microglia were obtained by shaking off
rifuging (2000 rpm, 5 min), resuspending in cDMEM and plating onto 6-well plates
or 1–3 days. Cells were incubated for 24 h in the presence or absence of IFNc (50 ng/
ia (B) prepared from wildtype and CD200�/� mice; a significant treatment effect was
n between treatment and genotype was observed in the case of purified microglia
glia (C) and purified microglia (D) prepared from wildtype and CD200�/� mice; a
s are presented as means ± SEM.

oglia in CD200-deficient mice is a consequence of blood brain barrier per-
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TBS containing 0.05% Tween and 2.5% dried non-fat milk) and
pSTAT1 (Cell Signaling, Ireland; 1:1000 in TBS containing 0.05%
Tween and 2.5% dried non-fat milk) and subsequently in peroxi-
dase-conjugated secondary antibody for 2 h. Membranes were
washed and protein complexes were visualized using enhanced
chemiluminescence. Membranes were stripped (Re-blot plus;
Chemicon, US) and reprobed for b-actin. Images were captured
using a Fijifilm LAS-4000 imager, and densitometric analysis was
used to quantify expression of the proteins.
2.7. Analysis of cytokine expression by ELISA

The concentrations of IFNc, TNFa and IL-6 were assessed by ELI-
SA in hippocampal tissue or supernatant from glial cultures as pre-
viously described (Lyons et al., 2007a). In brief, 96-well plates were
coated overnight with capture antibody (rat anti-mouse IL-6 (2 lg/
ml in PBS; BD Biosciences, UK), goat anti-mouse TNFa antibody
(0.8 lg/ml in PBS; BD Biosciences, UK)), or rat anti-mouse IFNc
(4 lg/ml in PBS; R&D Systems). Triplicate samples and standards
(50 ll) were added, plates were incubated (2 h, room tempera-
ture), washed and detection antibody (100 ng/ml biotinylated
anti-mouse TNF-a or biotinylated anti-mouse IL-6 in PBS contain-
ing 10% FBS or biotinylated goat anti-mouse IFNc in TBS containing
0.1% bovine serum albumin and 0.05% Tween-20; R&D Systems,
UK) was added. Samples were incubated with streptavidin–horse-
radish peroxidase conjugate (100 ll; 1:200; 20 min, room temper-
ature) and washed before addition of substrate solution (100 ll;
1:1 H2O2:tetramethylbenzidine; R&D Systems, US). After colour
development, the reaction was stopped by adding 50 ll 1 M
H2SO4 and plates were read at 450 nm (Labsystem Multiskan RC,
Fig. 2. IFNc-induced TNFa and IL-6 release was enhanced in mixed glia and purified mic
prepared as described in the Methods and in the legend to Fig. 1. IFNc increased superna
purified microglia (B and D) prepared from wildtype and CD200�/� mice. A significan
(F(1,13) = 5.086; p < 0.05 for mixed glia and F(1,20) = 31.81; ⁄⁄⁄p < 0.001 for purified mi
F(1,14) = 4.804; ⁄p < 0.05) and genotype (F(1,12) = 24.21; ⁄⁄⁄p < 0.001 and F(1,14) = 38.13;
are presented as means ± SEM.

Please cite this article in press as: Denieffe, S., et al. Classical activation of micr
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UK). The limits of detection for IFNc, TNFa and IL-6 were
0.38 pg/ml, 4.3 pg/ml and 10 pg/ml, respectively.

2.8. Statistical analysis

Data are expressed as means ± standard error of mean (SEM).
Two-way analysis of variance (ANOVA) was performed to deter-
mine whether significant differences existed between conditions.
Two-tailed unpaired Students t-tests were also performed, where
indicated, to compare treatment groups; significance was set as
p < 0.05. All statistical analyses were carried out using GraphPad
Prism.

3. Results

Classical activation of macrophages is identified by increased
expression of TNFa and iNOS and their upregulation is designed
to reinforce the initial innate immune response (Colton, 2009).
The data presented here show that IFNc (50 ng/ml) increased TNFa
mRNA in mixed glia (Fig. 1A) and purified microglia (Fig. 1B) pre-
pared from wildtype and CD200�/� mice (F(1,9) = 10.41;
⁄p < 0.05; F (1,20) = 150.3, ⁄⁄⁄p < 0.001; 2-way ANOVA). In purified
microglia, a significant interaction between IFNc treatment and
CD200-deficiency was observed (++p < 0.01). IFNc also increased
iNOS mRNA expression in mixed glia (Fig. 1C) prepared from wild-
type and CD200�/�mice (F(1,8) = 10.55, ⁄p < 0.05) and although the
effect was greater in purified microglia prepared from CD200�/�,
compared with wildtype, mice, this did not reach statistical signif-
icant (F(1,17) = 14.37, p = 0.058). IFNc increased release of TNFa
and IL-6 from mixed glia (Fig. 2A and C) and purified microglia
(Fig. 2B and D) prepared from wildtype and CD200�/� mice; a sig-
roglia prepared from CD200�/� mice. Cells (mixed glia and purified microglia) were
tant concentrations of TNFa (A and B) and IL-6 (C and D) in mixed glia (A and C) and
t interaction between treatment and genotype was observed in the case of TNFa
croglia). In the case of IL-6, significant treatment (F(1,12) = 119.0; ⁄⁄⁄p < 0.001 and
⁄⁄⁄p < 0.001) effects were observed for mixed glia and microglia, respectively. Values

oglia in CD200-deficient mice is a consequence of blood brain barrier per-
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Fig. 3. CD200 deficiency is associated with upregulation of IFNc receptor 1 and
signalling. Purified microglia were prepared as described in the Methods and in
legend to Fig. 1. Cells were washed and blocked and incubated with antibodies
including APC-Cy™7 rat anti-mouse CD11b and PE hamster anti-mouse CD119 (IFN
gamma Receptor 1; eBioscience, UK; see Methods for details). (A and B) Flow
cytometric analysis revealed that the percentage of CD11b+ IFNGR1+ cells was
increased in cells prepared from CD200�/�, compared with wildtype, mice; a
significant genotype effect was observed (F(1,12)=12.27, ⁄⁄p < 0.01). (C) Microglia
were incubated for 24 h in the presence or absence of IFNc (50 ng/ml), cells were
harvested and lysate was assessed by Western immunoblotting for analysis of
STAT1 phosphorylation. A sample immunoblot reveals that IFNc increased STAT1
phosphorylation in cells prepared from CD200�/�, compared with wildtype, mice
and analysis of the densitometric data indicated a significant interaction between
treatment and genotype (F(1,9) = 63.34; ⁄⁄⁄p < 0.001). Values are presented as
means ± SEM.
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nificant interaction between genotype and treatment was ob-
served in the case of TNFa (A: F(1,13) = 5.086; +p < 0.05; B:
F(1,20) = 31.81; +++p < 0.001) and significant treatment (C:
F(1,12) = 119.0; ⁄⁄⁄p < 0.001; D: F(1,14) = 4.804; ⁄p < 0.05) and
genotype (C: F(1,12) = 24.21; p < 0.001; D: F(1,14) = 38.13;
p < 0.001) effects were observed in the case of IL-6. Overall,
CD200�/� mice display an enhanced response to IFNc and suggest
a role for CD200 in modulating the classical activation pathway.
Interestingly, when unstimulated IL-6 concentration was extracted
and compared in cells from wildtype and CD200�/� mice, a signif-
icantly greater concentration was observed in cells prepared from
CD200�/�, compared with wildtype, mice (p < 0.05 and p < 0.01 for
isolated microglia and mixed glia, respectively; student’s t-test for
independent means). We also examined the effect of IFNc on >95%
purified astrocytes from wildtype and CD200�/�mice and no geno-
type-related changes were observed (data not shown).

To explore the possible mechanism underlying the increased
responsiveness of glia prepared from CD200�/� mice to IFNc, the
expression of IFNGR1 was assessed. Flow cytometric analysis indi-
cated that the number of IFNGR1+ CD11b+ cells was increased in
cell preparations obtained from CD200�/�, compared with wild-
type, mice (F(1,12) = 12.27; ⁄⁄p < 0.01; 2-way ANOVA; Fig. 3A and
B). In addition, IFNc significantly increased STAT1 phosphorylation
in glia prepared from CD200�/� mice; a significant interaction be-
tween genotype and treatment was observed (F(1,9) = 63.34,
+++p < 0.001; Fig. 3C).

In contrast to the differential genotype-related effect of IFNc, IL-
4, which induces alternative activation of macrophages and
microglia (Colton et al., 2006; Gordon and Martinez, 2010), signif-
icantly increased expression of 2 hallmarks of alternative activa-
tion, arginase-1 mRNA and mannose receptor mRNA albeit to the
same extent in mixed glia prepared from wildtype and CD200�/�

mice (data not shown). These results demonstrate the specific nat-
ure of the modulatory effect of CD200 on classically-induced acti-
vation of microglia.

To examine the effect of CD200 deficiency on microglial activa-
tion in vivo, hippocampal tissue was assessed for expression of 3
markers of activation, CD11b mRNA, CD40 mRNA and MHCII mRNA,
and cells were prepared from brain tissue to investigate expression
of CD40 on CD11b+ cells. The data indicate that mRNA expression of
CD11b, CD40 and MHCII was significantly increased in hippocam-
pal tissue prepared from CD200�/�, compared with wildtype, mice
(⁄p < 0.05; ⁄⁄p < 0.01; Fig. 4A–C). However since there was an in-
crease in macrophage infiltration, these changes could also be
indicative of increased macrophage activation. The finding that
the percentage of CD11b+ CD40+ CD45low cells was doubled in tis-
sue prepared from CD200�/�, compared with wildtype, mice is
indicative of microglial activation rather than macrophage activa-
tion (Fig. 4D and E). The evidence suggested that microglia adopted
the classical phenotype since mRNA expression of TNFa, iNOS and
IL-6 was increased in the hippocampus of CD200�/�mice compared
with wildtype mice (⁄p < 0.05; ⁄⁄p < 0.01; Student’s t-test for inde-
pendent means; Fig. 4F–H). Hippocampal concentrations of TNFa
in WT and CD200-deficient mice were 2.55 pg/mg (±0.01, SEM)
and 4.69 (±1.67), respectively and IL-6 in WT and CD200-deficient
mice were 4.32 (±1.56 SEM) and 17.93 (±3.57), respectively
(p < 0.05; students t-test for independent means).

Since IFNc triggers the classical activation state, it was impor-
tant to assess hippocampal concentration of the cytokine. We dem-
onstrate that IFNc concentration was significantly increased in
hippocampus prepared from CD200�/�, compared with wildtype,
mice (⁄p < 0.05; ⁄⁄p < 0.01; student’s t-test for independent means;
Fig. 5A) and this was confirmed by showing increased IFNc expres-
sion in hippocampal tissue using Western immunoblotting
(⁄p < 0.05; student’s t-test for independent means; Fig. 5B). Addi-
tionally, there was a significant increase in expression of IFNGR1
Please cite this article in press as: Denieffe, S., et al. Classical activation of micr
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as revealed by Western immunoblotting (⁄p < 0.05; student’s t-test
for independent means; Fig. 5C); whereas the cells expressing this
receptor was not assessed in this study, the data in Fig. 3 indicate
increased expression on microglia from CD200�/�, compared with
wildtype, mice. The cell source of IFNc which is responsible for
the increase in brain tissue remains to be established, but we have
been unable to detect its presence in cultured glia or neurons
oglia in CD200-deficient mice is a consequence of blood brain barrier per-
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Fig. 4. The expression of CD11b, MHC class II and CD40 was increased in the hippocampus of CD200�/� mice. Real-time PCR was performed on cDNA prepared from
hippocampal tissue of wildtype and CD200-deficient mice. Details of the predesigned Taqman gene expression assays are given in the Methods. Gene expression was
calculated relative to the endogenous control samples (b-actin) to give a relative quantification (RQ) value (2�DDCT, where CT is threshold cycle). Expression of CD11b (A),
MHC II (B) and CD40 (C) was significantly increased in the hippocampus of CD200�/�mice compared with wildtype mice (⁄p < 0.05; ⁄⁄p < 0.01; Student’s t test for independent
means). (D and E) Cells, prepared for flow cytometry as described in the Methods, were incubated with antibodies including APC-Cy™7 rat anti-mouse CD11b, PE-Cy™7 rat
anti-mouse CD45 and FITC hamster anti-mouse CD40. Representative FACS plots for CD11b+ cells expressing CD40 from wildtype and CD200�/� mice demonstrate there was
an apparent increase in CD40 expression on CD11b+ cells prepared from CD200�/�, compared with wildtype, mice, however this failed to reach statistical significance. mRNA
expression of TNFa (F), iNOS (G) and IL-6 (H) was significantly increased in the hippocampus of CD200�/�mice compared with wildtype mice (⁄p < 0.05; ⁄⁄p < 0.01; Student’s t
test for independent means). Values are presented as means ± SEM (n = 4–6).

Fig. 5. IFNc and IFNc receptor 1 expression was increased in the hippocampus of CD200�/� mice. (A) IFNc concentration was assessed by ELISA in samples of hippocampal
homogenate prepared from CD200�/� and wildtype mice. IFNc concentration was increased in samples prepared from CD200�/�, compared with wildtype, mice (⁄p < 0.05;
Students t-test for independent means). (B) IFNc was also assessed in hippocampal lysate prepared from these animals and the sample immunoblot and mean data from
densitometric analysis revealed a significant genotype-related difference (⁄p < 0.05; Students t-test for independent means). (C) Similarly, the sample immunoblots and the
mean data from densitometric analysis revealed that IFNc receptor 1 was significantly increased in tissue from CD200�/�, compared with wildtype, mice (⁄p < 0.05; Students
t-test for independent means). Values are presented as means ± SEM (n = 4–6).
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Fig. 6. Deficiency of CD200 is associated with infiltration of immune cells. A single cell suspension, prepared from perfused brain, was added to a 5-layer Percoll gradient to
obtain mononuclear cells, as described previously (Costello et al., 2011) and in the Methods. Cells, prepared for flow cytometry as described in the Methods, were incubated
with antibodies including APC-Cy™7 rat anti-mouse CD11b, PE-Cy™7 rat anti-mouse CD45, PerCP rat anti-mouse CD8a, PeCy™7 rat anti-mouse CD4 and PE rat anti-mouse
MHCII. Flow cytometric analysis indicated that there was a significant increase in the number of CD45+ CD3+ CD4+ cells and CD45+ CD8+ cells in preparations obtained from
CD200�/� mice compared with wildtype mice ((A–C); ⁄⁄p < 0.01; student’s t-test for independent means). There was also a significant increase in the number of CD11b+ CD3+

CD45high cells (i.e., macrophages), as well as CD11b+ CD45high MHCII+ cells, in single cell suspensions prepared from the brains of CD200�/�, compared with wildtype, mice
((D–F); ⁄⁄p < 0.01; ⁄⁄⁄p < 0.001; student’s t-test for independent means). Values are presented as means ± SEM (n = 4–6).
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suggesting that infiltrating cells may be the source. IFNc is primar-
ily produced in, and released from, immune cells and we have pre-
viously reported that infiltrating CD3+ CD4+ and CD3+ CD8+ cells in
mice that overexpress amyloid precursor protein and presenilin 1
were IFNc+ (Browne et al., 2013). Here we considered that the ob-
served increase in IFNc in the brain of CD200-deficient mice may
be a consequence of infiltrating IFNc-producing peripheral cells
which may, in turn, contribute to the observed microglial activa-
tion. Therefore a single cell suspension was prepared from perfused
brain tissue of wildtype and CD200�/� mice and assessed by flow
cytometry for evidence of infiltrating cells. The data indicate that
there was a significant increase in CD4+ and CD8+ cells in tissue pre-
pared from CD200�/�, compared with wildtype, mice (⁄⁄p < 0.01;
student’s t-test for independent means; Fig. 6A–C). There was also
a significant genotype-associated increase in the number of
CD11b+CD45high macrophages (⁄⁄⁄p < 0.001; student’s t-test for
independent means; Fig. 6D and E) and, interestingly, the propor-
tion of these cells which stained positively for MHCII was also in-
creased (⁄⁄p < 0.01; student’s t-test for independent means; Fig. 6F).

Infiltration of cells may be facilitated if BBB permeability in-
creases and we examined this possibility in wildtype and CD200�/

�mice by assessing time-related changes in signal intensity follow-
ing intravenous injection of the gadolinium-based contrast agent,
gadopentate dimeglumine. Signal intensity, indicative of extravasa-
tion of the contrast agent (Blamire et al., 2000), was significantly in-
creased in several areas of the brain of CD200�/� mice compared
with wildtype mice (Fig. 7A); significant differences were observed
in the dentate gyrus and area CA1 (Fig. 7B and C) and also in the mo-
tor cortex and entorhinal cortex (Fig. 7D and E). Changes were also
observed in several other regions including area CA3 of the hippo-
campus, the somatosensory cortex, frontal associational cortex,
thalamus and cerebellum. We assessed CTT and MTT in
Please cite this article in press as: Denieffe, S., et al. Classical activation of micr
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hippocampal and cortical tissue in wildtype and CD200�/� mice
and no genotype-related changes were observed (Fig. 7F–I). Analy-
sis in whole brain similarly showed no genotype-related changes.
We examined expression of the tight junction proteins claudin 5,
claudin 12 and occludin mRNA and the data indicate that claudin
5 mRNA was significantly decreased in hippocampus (⁄⁄p < 0.01;
student’s t-test for independent means; Fig. 7J) and cortex
(⁄⁄p < 0.01; student’s t-test for independent means; Fig. 7K) of
CD200�/� mice compared with wildtype mice. Analysis of claudin
5 in hippocampus by Western immunoblotting indicated that there
was a genotype-related decrease (1.29 ± 0.11 vs 1.01 ± 0.09;
(mean ± SEM; n = 5) wildtype vs CD200�/�; p < 0.05; student’s t-
test for independent means; densitometric data expressed as a ra-
tio, claudin 5:b-actin). However there was no significant geno-
type-related difference in either claudin 12 mRNA or occludin
mRNA (data not shown). Interestingly, there was a significant in-
verse relationship between the signal intensity and claudin 5 mRNA
in hippocampus and cortex (p < 0.01; Fig. 7L). While these data are
consistent with the idea that increased BBB permeability enables
infiltration of peripheral cells into the brain, it is interesting that
expression of two chemokines, MCP-1 and IP-10, which act as che-
motactic factors for recruitment of cells including macrophages and
T cells, were significantly increased in hippocampal tissue prepared
from CD200�/� mice compared with wildtype mice (⁄p < 0.05; stu-
dent’s t-test for independent means; Fig. 8A and B). The data also
show that there was a genotype-related increase in CCL5 mRNA
(⁄p < 0.05; student’s t-test for independent means; Fig. 8C) but
not CCL3 mRNA (Fig. 8D).

If IFNc is the key to the increased microglial activation in
CD200�/� mice, then it must be predicted that injection of IFNc
will mimic the effects of CD200 deficiency. To assess this, a single
cell suspension was prepared from the perfused brain of control-
oglia in CD200-deficient mice is a consequence of blood brain barrier per-
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Fig. 7. BBB permeability is increased in hippocampus and cortex of CD200�/� mice. Signal intensity (SI) generated by extravasation of the gadolinium-based contrast agent,
gadopentate dimeglumine, was used to assess BBB permeability using MRI. Mice were anaesthetized using isoflurane (5% in 100% O2) and maintained under anaesthesia using
1.5–2% isofluorane in 100% O2). Mice were placed in a cradle, positioned in a stereotaxic frame and the right lateral tail vein was cannulated to allow delivery of gadopentate
dimeglumine. Contrast imaging was carried out using a T1-weighted fast low angle shot (FLASH) sequence (10 repetitions; duration 2 min 11 s/repetition; 15-slice @
128 � 128 voxels per slice). The first of 10 repetitions provided the pre-contrast measurement and contrast intensity was assessed in anatomically-distinct ROIs as described
in the Methods. (A) Mean SI was assessed in the last 4 repetitions and the data indicated that it was significantly greater in dentate gyrus (B) and CA1 (C) of CD200�/�,
compared with wildtype, mice (F(1, 9) = 8.91; p < 0.01 and F(1, 9) = 10.72; p < 0.01, respectively; 2-way ANOVA) and also in the motor (D) and entorhinal (E) cortices (F(1,
9) = 32.4; p < 0.001 and F(1, 9) = 17.57; p < 0.001, respectively; 2-way ANOVA). (F–I) Capillary transit time (CTT) and mean transit time MTT) was similar in hippocampus and
cortex of wildtype and CD200�/� mice. Expression of claudin 5 mRNA was significantly decreased in hippocampal (J) and cortical (K) tissue obtained from CD200�/� mice
compared with wildtype mice (⁄⁄p < 0.01; student’s t-test for independent means). (L) Signal intensity (SI) derived from extravasation of gadopentate dimeglumine, which is
an indicator of BBB permeability, was significantly correlated with claudin 5 mRNA (r2 = 0.37, p < 0.01).
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treated and IFNc-injected mice and subjected to flow cytometric
analysis. The data indicate that the expression of CD11b per cell,
as indicated by the mean fluorescence intensity, was increased in
IFNc-injected, compared with control-treated, mice (⁄p < 0.05; stu-
dent’s t-test for independent means; Fig. 9A) and, in addition, that
Please cite this article in press as: Denieffe, S., et al. Classical activation of micr
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there was a greater number of CD11b+ CD86+, as well as CD11b+

CD68+, cells in samples prepared from IFNc-injected mice
(⁄⁄p < 0.01; ⁄⁄⁄p < 0.001; student’s t-test for independent means;
Fig. 9B–D). Injection of IFNc also increased TNFa mRNA
(⁄p < 0.05; student’s t-test for independent means; Fig. 9E).
oglia in CD200-deficient mice is a consequence of blood brain barrier per-
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Fig. 8. Expression of MCP-1, IP-10 and RANTES mRNA was increased in hippocam-
pal tissue prepared from CD200-deficient mice. Real-time PCR was performed on
cDNA prepared from hippocampal tissue of wildtype and CD200-deficient mice.
Details of the predesigned Taqman gene expression assays are given in the
Methods. Gene expression was calculated relative to the endogenous control
samples (b-actin) to give a relative quantification (RQ) value (2�DDCT, where CT is
threshold cycle). MCP-1 mRNA (A), IP-10 mRNA (B) and CCL5 mRNA (C), but not
CCL3 mRNA (D), were significantly increased in hippocampal tissue prepared from
CD200-deficient, compared with wildtype, mice (⁄p < 0.05; Students t-test for
independent means). Values are presented as mean ± SEM (n = 6).
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4. Discussion

The significant finding reported here is that microglia in CD200-
deficient mice adopt the inflammatory classical activation pheno-
type because IFNc-producing T cells and macrophages enter the
brain as a consequence of increased BBB permeability, perhaps as-
sisted by increased expression of chemotactic factors in the brain.
The proposal is that the infiltrating T cells interact with the microg-
lia which have antigen presenting capability, and that the released
IFNc exerts a more profound effect since receptor expression and
receptor-induced signalling are enhanced in cells from CD200-defi-
cient mice.

It is established that the interaction between CD200 and its
receptor is an important factor in modulating microglial activation
and that loss of CD200 is coupled with increased microglial activa-
tion (Lyons et al., 2007a, 2009) and CD200 deficiency is associated
with increased responsiveness of microglia to TLR agonists, LPS and
Pam3CSK4 (Costello et al., 2011). Here we show that the response
to IFNc is greater in cells prepared from CD200-deficent, compared
with wildtype, mice and that this is associated with increased
expression of IFNGR1 and STAT1 phosphorylation. This genotype-
linked propensity to adopt the classical microglial activation state
was not mirrored by a genotype-related sensitivity to IL-4.

In vivo, even under resting conditions, the loss of CD200 is asso-
ciated with upregulation of inflammatory markers, including IL-6,
CD11b, MHCII and CD40 mRNA, as well as TNFa and iNOS mRNA
which are hallmarks of classical activation of microglia. Increased
expression of CD40 on CD11b+ cells was also observed. IFNc in-
duces microglia to adopt the classical activation state (Colton,
Please cite this article in press as: Denieffe, S., et al. Classical activation of micr
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2009) and has been shown to increase expression of several
inflammatory molecules in vitro and in vivo (Clarke et al., 2008;
Downer et al., 2009; Lyons et al., 2007b; Maher et al., 2006); here
the increased microglial activation in CD200�/� mice is accompa-
nied by increased IFNc concentration. A similar parallel between
IFNc concentration and increased markers of microglial activation
has been shown in the brain of aged rats and LPS/Ab-treated rats
(Clarke et al., 2008; Maher et al., 2006).

The evidence indicates that there was a genotype-related in-
crease in hippocampal concentration of IFNc as assessed by ELISA
and also by western immunoblotting. Interestingly an increase in
expression of IFNGR1 was also observed in hippocampus of
CD200�/� mice identifying a mechanism by which microglia might
be more responsive to IFNc. However the source of the IFNc in the
brain of CD200�/� mice is unclear since it is generally considered
that resident cells in the brain do not produce it; we have consis-
tently failed to induce release from microglia, or indeed astrocytes,
using a range of stimuli. We have also been unable to show any
meaningful IFNc mRNA expression in primary microglial cells,
although there have been sporadic reports in the literature sug-
gesting that glia produce IFNc under specific circumstances
(Kawanokuchi et al., 2006; Suzuki et al., 2005; Xiao and Link,
1998). In this study we considered that peripheral cells might infil-
trate the brain and explain the presence of IFNc.

An intact BBB provides one of the most important protective
strategies for the brain and the evidence has indicated that in-
creased BBB permeability is increased in conditions which are
associated with inflammation including AD (Farrall and Wardlaw,
2009; Starr et al., 2009), multiple sclerosis (Kirk et al., 2003) and
Parkinson’s disease (Kortekaas et al., 2005). An age-related increase
in BBB permeability has also been reported in rats (Blau et al.,
2012). Here we demonstrate that gadolinium extravasation is in-
creased in several areas of the brain of CD200�/�, compared with
wildtype, mice and that this is associated with decreased expres-
sion of claudin 5. It is well established that maintenance of BBB
integrity is dependent on the interaction between the transmem-
brane proteins, the claudins, occludin and junctional adhesion mol-
ecule (Ballabh et al., 2004; Capaldo and Nusrat, 2009; Hawkins and
Davis, 2005) and, consistent with this, is the observation that
expression of claudin 5 is inversely correlated with the signal
intensity derived from extravasation of gadolinium. Interestingly
we have observed a similar decrease in expression of claudin 5
and claudin 12 following LPS injection and these changes are also
associated with BBB permeability (Kelly et al., unpublished).
Expression of tight junction proteins, including claudin 5, is de-
creased by inflammatory cytokines like TNF-a and IL-1b which
are released from activated microglia (Kebir et al., 2007; Walsh
et al., 2000). Although the BBB is considered by some to be primar-
ily involved in preventing entry of high molecular weight mole-
cules into the brain, it also plays a role in preventing unrestricted
infiltration of cells, as suggested by the presence of large numbers
of peripheral cells in the brain in conditions where BBB permeabil-
ity is compromised (Kroenke et al., 2008; Murphy et al., 2010; Togo
et al., 2002). Consistent with this, we show that the increase in BBB
permeability in CD200�/� mice is associated with the presence of
CD4+ and CD8+ T cells and macrophages in the brain. While the
data demonstrate marked infiltration of peripheral cells, the next
step is to assess, using immunohistochemical analysis, the anatom-
ical distribution of the cells; these analyses, which form part of a
major new study, are underway. Interestingly, a role for another
neuroimmune regulatory molecule, fractalkine, in cell infiltration
into the brain has been described; specifically adenosine-induced
fractalkine upregulation in the choroid plexus has been shown to
trigger lymphocyte infiltration in experimental autoimmune
encephalomyelitis (Mills et al., 2012), whereas fractalkine defi-
ciency has been associated with decreased leukocyte infiltration
oglia in CD200-deficient mice is a consequence of blood brain barrier per-
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Fig. 9. IFNc increased CD11b, CD86 and CD68 on cells prepared from the cortex of wildtype mice. Mice were anaesthetized with urethane (1.5 g/kg), injected
intracerebroventricularly with saline or IFNc (50 ng/ml) and transcardially perfused 3 h after injection. The cerebellum, olfactory lobes and hippocampus were removed and
cells, prepared for flow cytometry as described in the Methods from the remaining tissue, were incubated with antibodies including APC-Cy™7 rat anti-mouse CD11b, Alexa
Fluor 488 rat anti-mouse CD68 and PerCP/Cy5.5 rat anti-mouse CD86. (A) Mean florescence intensity of CD11b was increased in cells prepared from IFNc treated animals
compared with saline controls (⁄p < 0.05; Students t-test for independent means). The expression of CD86 (B) and CD68 (C) was increased on CD11b+ cells prepared from IFNc
treated animals compared with saline controls (⁄p < 0.05; ⁄⁄⁄p < 0.001; Students t-test for independent means). Representative FACS plots are shown (D). IFNc also increased
TNFa mRNA expression (⁄p < 0.05; student’s t-test for independent means). Values are presented as mean ± SEM (n = 6).
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and smaller lesions in a model of cerebral ischaemia (Denes et al.,
2008).

Interestingly CD200 deficiency has also been associated with in-
creased infiltration of iNOS-producing macrophages into the retina
in experimental autoimmune uveoretinitis. In this case, it was ar-
gued that the infiltration was a consequence of the loss of the
down-regulatory signal, which arises from CD200-CD200R interac-
tion, at the retinal vascular endothelium (Copland et al., 2007).
Whether a similar mechanism contributes to BBB permeability re-
mains to be assessed. However the CD200–CD200R interaction be-
tween endothelial cells and microglia (Miller et al., 2011), like
neurons and astrocytes, increases production of inflammatory
cytokines including IL-1b from microglia (Cox et al., 2013; Lyons
et al., 2007a) creating an inflammatory microenvironment which
has been shown to increase BBB permeability (Argaw et al.,
2006; McCandless et al., 2009; Zhao et al., 2007). Similarly the
age-related increase in neuroinflammatory changes, which have
previously been coupled with increased IFNc expression (Lyons
et al., 2011) and decreased CD200 expression (Lyons et al.,
2007a), are associated with increased gadolinium extravasation
and infiltration of macrophages (Blau et al., 2012), while recent
findings have revealed similar age-related changes in APP/PS1
mice (Minogue et al., unpublished).

The clinical relevance of CD200 has been recognized recently
with the observation that expression of the ligand and receptor
are decreased in post mortem brain tissue prepared from individ-
uals with Alzheimer’s disease (Walker et al., 2009), whereas a de-
crease in CD200 has been reported around inactive and chronic
active lesions in multiple sclerosis (Koning et al., 2007). It has also
been reported that macrophage expression of CD200 receptor is
dysregulated in patients with Parkinson’s disease (Luo et al.,
2010). These data suggest that targeting CD200 may be a potential
Please cite this article in press as: Denieffe, S., et al. Classical activation of micr
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therapeutic option in neurodegenerative diseases which are char-
acterised by neuroinflammatory changes.

Recruitment of immune cells into the brain is also influenced by
chemokines and therefore the present finding that MCP-1, IP-10
and RANTES are increased in tissue prepared from CD200�/� mice
is significant. Interestingly, increased expression of MCP-1 and IP-
10 has been reported in brain in animal models of neurodegenera-
tive diseases including EAE (Boztug et al., 2002; Duan et al., 2008)
in which infiltration of inflammatory CD4+ T cells is considered to
be a primary factor in triggering demyelination and degeneration
of axons (Prendergast and Anderton, 2009). Especially significant
in the context of CD200-deficiency is the observation that
CD200–CD200R interaction plays a role in T cell adhesion and
migration into tissues (Ko et al., 2009).

IFNc is the signature cytokine of Th1 cells, but there is a wealth
of evidence indicating that CD8+ cells and macrophages also pro-
duce IFNc (Fenton et al., 1997; Ngai et al., 2007; Szabo et al.,
2002; Wang et al., 1999). Thus it is possible that the genotype-re-
lated increase in IFNc described here is derived from the infiltrat-
ing cells and that it triggers microglial activation. To further
explore the role of IFNc in microglial activation, we evaluated
the effect of intracerebroventricular injection of IFNc on microglial
activation in the hippocampus. The data show that IFNc markedly
increased the number of CD11b+ cells which stained positively for
both CD86 and CD68, and this concurs with earlier data indicating
that IFNc increased NO and TNFa in murine macrophages (Mosser,
2003). This observation, and the finding that IFNc was increased in
brain tissue prepared from CD200�/� mice, is clearly consistent
with the possibility that IFNc provides the trigger for microglial
activation. This proposal is supported by recent data from this lab-
oratory which showed that infiltrating IFNc-producing cells in a
mouse model of Alzheimer’s disease was associated with marked
oglia in CD200-deficient mice is a consequence of blood brain barrier per-
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microglial activation and, importantly, that administration of an
anti-IFNc antibody blocked this effect (Browne et al., 2013).

The data demonstrate that perturbation of the BBB, such as oc-
curs in certain neurodegenerative diseases which are characterized
by neuroinflammatory changes, may be a significant factor in driv-
ing further microglial activation and may therefore contribute to
the development of a persistent and damaging inflammatory cas-
cade. Targetting the BBB may therefore provide a useful approach
in breaking this cycle of events and limiting the consequent neuro-
nal damage.
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