
RNA underediting, epileptic death of mutant 
mouse lines caused solely by a modest de- 

d 	 * 

crease (20 to 40%) in the editing efficiency of 
a single site (GluR-B QIR site) has been 
reported (26). Our current efforts are focused 
on identification of the ADARl target genes 
critical for development. 
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OX2 (CD200) is a broadly expressed membrane glycoprotein, shown here t o  be 
important for regulation of the macrophage lineage. In mice lacking CDZOO, 
macrophage lineage cells, including brain microglia, exhibited an activated 
phenotype and were more numerous. Upon facial nerve transection, damaged 
CD2OO-deficient neurons elicited an accelerated microglial response. Lack of 
CD200 resulted in  a more rapid onset of experimental autoimmune enceph- 
alomyelitis (EAE). Outside the brain, disruption of CD200-CD200 receptor 
interaction precipitated susceptibility t o  collagen-induced arthritis (CIA) in 
mice normally resistant t o  this disease. Thus, in  diverse tissues OX2 delivers an 
inhibitory signal for the macrophage lineage. 

OX2 (now CD200) ( I )  is expressed in diverse 
cell types and tissues, ranging from splenic B 
lymphocytes to central nervous system (CNS) 
neurons (2, 3). It shares a two-immunoglob- 
ulin (1g)-domain arrangement with molecules 
involved in T lymphocyte regulation (4), in- 
cluding CD2, 2B4, CD80, and CD86, and is 
genetically linked to the latter two (5). How- 
ever, the broad expression pattern of CD200 
and the fmding that CD2OO-receptor (CD200R) 
expression is restricted to myeloid lineage 
cells (6 , 7) points instead to a role for CD200 
in regulation of myeloid-derived cells. 

To investigate CD200 function, we gener- 
ated CD200 gene-targeted mice using C57BLl6 
embryonic stem cells (8-10). Heterozygous 
(+I-) and homozygous (-I-) mice were 
grossly normal in appearance, bred normally, 
exhibited a normal life-span, and showed no 
obvious behavioral changes. Immunohisto- 
chemical (11) and flow cytometric (12) stain- 
ing with a new monoclonal antibody to mu- 
rine CD200 (mCD200, 0 x 9 0 )  (13) showed 
expression on neurons in the CNS and on 
B cells, follicular dendritic cells (FDCs), and 
endothelium in splenic tissue in wild-type 
(+I+)  mice, but not -1- mice (2, 3) (Fig. 
1). By contrast, splenic myeloid-lineage cells 
of +I+ mice (CDllbf  macrophages and 
granulocytes) expressed no CD200 (Fig. 1). 
Levels of expression of B220, CD4, C D ~ ,  
and C D l l b  were comparable between 
CD200-I- and +I+ mice (Fig. 1B). In the 
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spleen of C D 2 0 0 P '  mice, changes were 
detected only in the CD 1 1 bf population, 
which doubled in size (Fig. 1B and Table 
l ) ,  with both F4/801"-GR1'" granulocytes 
and F4/80h'-GR1'" mature macrophages ex- 
panded significantly (Table 1). Thus, the 
absence of CD200 resulted in an increase in 
cells that do not express CD200, but rather 
its receptor (7) .  

The increased CD 1 1 bf population in 
CD200P mice was reflected in splenic red 
pulp enlargement, visualized by a larger sur- 
face area staining with F4180 (Fig. 2, A and 
B). MOMA- 1 + metallophilic marginal zone 
macrophages were transformed from a thin. 
single cell layer (14) to a thick, multicell 
layer (Fig. 2, C and D). Higher expression of 
the ITAM-containing intracellular activation 
protein DAP12, shown to be an essential 
component of normal myeloid cell hnction 
(15). indicated that macrophage populations 
were activated in CD200P mice. particu- 
larly in the marginal zone (Fig. 2, E and F ) .  
Dendritic cells (DCs), which are CD200Rf 
(7) and reside in the T cell area of the white 
pulp, also showed increased activation. 

C D 2 0 O P  mice had slightly enlarged 
lymph nodes, especially the mesenteric lymph 
nodes (MLNs), changing from interconnected 
but well-defined spherical structures in + + 
mice (Fig. 2G) to a tubular forn~ation, without 
clear demarcation between nodes (Fig. 2H).  In 
addition, lymph node macrophages were ex- 
panded and activated substantially in 
CD200P mice (Fig. 2H). 

Because microglia, the resident CNS mac- 
rophage (16, 17), are CD200Rf ( 7 ) ,neurons 
could in principle interact with and regulate 
microglia function through their expression of 
CD200 (Fig. 1A) (3). In healthy +I+ mice, 
microglia are quiescent cells expressing mole- 
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cules such as major histocompatibility complex taneously exhibited many features of activa- glia in CD200-'- animals formed aggre- 
class I and 11, CDllb, and CD45 at low or tion, including less ramified, shorter glial gates, strongly expressing CDl l b  and CD45, 
negligible levels (Fig. 2, I and K) (16-18) and processes, a disordered arrangement (Fig. especially in the spinal cord (Fig. 2, J and L). 
show an ordered, ramified appearance (Fig. 21). 2J), and increased CDl l b  and CD45 expres- Aggregation of microglia is seen rarely in 
In contrast, microglia of CD200-'- mice spon- sion (Fig. 2, J and L). Unexpectedly, micro- normal healthy CNS, but is associated with 

inflammation or neurodegeneration (18). 

Fig. 1. (A) Immunohis- A To assess whether CD200 deficiency in the 
tGhemical staining (7 7) 
for mCD2OO of wild- 
type spleen (left) and 
brainstem (right). B, B 
cell follicles; T, T cell 
area; F, FDC; RP, red 
pulp. Staining is absent 
in ~D200-'- mice (in- 
set). (B) Flow cyto- 
metric analysis (72) of 
splenocytes. Numbers 
in quadrants are the 
percentages of total 
viable cells. 

Table 1. Number of cells in splenocyte subpopu- 
lations in CDZOO+'+ and -I- mice. 

Phenotype CDZOO+'+* CDZOO-'-* 

Total 
B220+ 
cxPTCR+ 
CD4+ 
CD8+ 
C D l  I b+ 
F4/80h'/CR1'0t 
~ ~ l ~ ' l F 4 / 8 0 ' " t  

*Mean number of cells ( ~ 1 0 - ~ )  ? SEM, determined by 
multiplying the percentage of a given cell type (compare 
with Fig. 1B) with the viable cell count (n = 6). tBy 
three-color flow cytometry CDl lb'  cells were subdiv~d- 
ed into macrophage (F4180hilCR11") and granulocyte 
(GRlhilF418010) populations. Note that the spleen contains 
more macrophages than granuloqtes, but recovery of mac- 
rophages is suboptimal owing to interaction with splenic 
stromal elements and adherence properties. :Signif- 
icantly higher number of cells in CD200-'- compared with 

mCDZOO +I+ mice (P < 0.005; unpaired t test). 

Fig. 2. CD2OO-deficient lymphoid tissues and CNS show dysregulated mac- 
rophage and myeloid compartments. lmmunohistochemical analysis (7 7) of 
othebise unmanipulated mice. [(A) to (F)] An expanded and more activated 
macrophage compartment in the spleen of CD~OO-'- mice. (A and 8) 
Macrophages (F4180, blue) and B lymphocytes (B220, brown); (C and D) 
metallophilic macrophages (MOMA-1, blue) and B lymphocytes (brown); 
MM, metallophilic macrophages; (E and F) DAPl2 myeloid cell activation 
protein. WP, white pulp (collectively T and B lymphocyte areas); MZ, 

marginal zone. (G and H) Fused MLNs and more numerous lymph 
node rnacrophages (MOMA-1, blue) in CD2OO-'- mice. (I to 1) 
Spontaneously activated and aggregated spinal cord microglia in mice 
lacking CD200 with up-regulated CDl lb  [(I) and (J)] and CD45 [(K) 
and (L)]. Histology is representative of analysis of 10 mice. Paired 
plates are at the same final magnification. Original magnifications: 
x50 [(A) and (B)]; x 125 [(c) and (D)]; X 100 [(E) and (F)]; X26 [(C) 
and (H)]; XZ50 [(I) and (1)); and X500 [(K) and (L)]. 
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A Facial nerve transection c Experimental autoimmune encephalomyditis 

f 60. - iNOS CD68 

40- Fig. 3. Effects of lack of CD200 for outcome of diseases in the CNS. (A) 
.I 
CI 

Neuronal damage elicits an accelerated microglial response in the ab- 
sence of CD200. Activation of microglia evoked by facial nerve transec- 
tion (70, 78, 79) demonstrated by CDll b staining (77) 4 days after 

E transection (32). (Inset) Micmglial (M) envelopment of motoneurons (N) 
is well developed only in CD200-I- mice at this time. Data are re re- g ' 5 6 7 8 9 10 11 12 13 14 15 16 17 sentative of five animak per group. Original magnification. X62.5 &ay 

Days after immunization 4 inset, x640). (B and C) Early disease onset and advanced macrophage 
activation during EAE in CD200-I- mice. (B) EAE was induced in C57BU 

6+'+ (W) or CD2W-I- (0) mice (23). Main graph shows the cumulative incidence; inset shows the mean of clinical scores at each time point (-I-: n = 
10, +/+: n = 8). Mean day of onset + SEM = 9.7 + 0.6 (-I-) and 12.8 + 0.7 (+I+); P < 0.01, unpaired t test. The data are representative of two separate 
experiments. Clinical scores ranged from tail weakness (score I), through bilateral hind-limb paralysis and incontinence (score 5). (C) lmmunohistochemistry 
of thoracic spinal cord (7 7) showed advanced macrophage activation in CD200-I- mice with disease at day 7 after immunization, shown by iNOS expression. 
At this stage the +/+ mice were healthy. Ten days after immunization, choosing a +I+ and -1- mouse that showed similar disease, macropha e and 
microgLial activation across the entire tissue was still markedly enhanced in CD200-I- mice (CD68 staining). Originail magnifications us& XI60 (iNOSf; X50 
(CD68). 

Fig. 4. Prevention of CD200-CDZOOR interaction 
renders C57BU6 mice susceptible to CIA. (A) After 
a single immunization (26) a marked susceptibility 
increase to CIA is seen in CDZOO-'- mice (0) (n = 
21) compared with +I+ (W) (n = 10) mice (P < 
0.025, uncorrected x2 test), or when CDZOO- 
CD200R interaction is blocked in C57BU6+'+ mice 
with a soluble neutralizing CDZOOR-lg fusion pro- 
tein (27) (A) (n = s), compared with control-lg (Fc 
portion of human IgC only (A) (n = 5) (P < 0.01, 
uncorrected x2 test). Incidence was determined by 
including mice with any clinical disease, scored on 
the appearance of swelling of a single joint (score 
I), two or more joints (score 2), or the entire paw 
(score 3), summed over all four paws to give a 
maximum possible score of 12. A summary of the 
clinical data is shown in (70). (B) Histopathology of 
joints of a CD200R-lg-treated mouse with disease 
and a he. ithy control-lg-treated animal at day 33. 
Hematoxylin and eosin staining show synovial in- 
flammation (asterisk) and articular cartilage ero- 
sion (arrowhead) in the CDZOOR-lg-treated, but 
not in the control-lg-treated, animal. Micrographs 
shown are of metatarsophalangial joints. Original n 

CNS affected microglial responsiveness to 
nerve damage, we used the facial nerve tran- 
section model for localized microglia activation 
(19). The course of microglial activation in 
+I+ mice is well documented (19) and can first 
be detected 4 days after transection (Fig. 3A), 
with the peak of activation at day 7 (20). In 
CD200-'- mice the microglial response was 
accelerated dramatically, with a detectable re- 
action after 2 days (20) and maximal activation 

A 
3100 - 
f $0 
0 3 60 - 
p 40 - 
.L 

9 20 
J 
0 0 

10 15 20 25 30% 40 45 50 55 
Day6 after immunization 

magnifications, X 125. 

4 days after surgery (Fig. 3A). Microglial en- 
velopment of damaged motoneurons (18, 19) 
was well advanced in CD200-'- mice at day 4 
(Fig. 3A, inset), but minimal at this time in 
+I+ mice. 

To determine whether CD200 could limit 
disease processes to which myeloid lineage cells 
contribute, we used two autoimmune models 
affecting different tissues. The first, experimen- 
tal autoimmune encephalomyelitis (EAE), is a 

model of the human disease multiple sclerosis, 
resulting from activation of peripheral T lym- 
phocytes, macrophages (2I), and granulocytes 
(22). These cells migrate to the CNS, leading to 
microglial activation, tissue damage, and neuro- 
logical deficits including paralysis. Normal 
C57BL/6+'+ mice are highly susceptible to 
EAE induced with MOG peptide (23), with 
onset occurring rapidly 10 days after immuni- 
zation. Notably, MOG-induced EAE was ad- 
vanced significantly by a M e r  3 days in 
the absence of CD200 (Fig. 3B). The presence 
of activated [inducible nitric oxide synthase 
(iN0S)-expresssing] inflammatory macro- 
phages in the CNS of CD200-'- but not +/+ 
mice early in the disease confirmed these differ- 
ences (Fig. 3C). Macrophage and microglia ac- 
tivation throughout the CNS, measured by 
CD68 expression, was greatly enhanced in 
CD200-'- mice compared with +I+ mice with 
disease (Fig. 3C). The relative contribution of 
the myeloid compartment in the CNS (micro- 
glia) (Figs. 2, I to L, and 3A) versus the periph- 
ery (macrophages) remains to be established. 

CIA, a model of rheumatoid arthritis, is an 
inflammatory autoimmune disease of the joints, 
and like EAE involves tissue-specific influx of 
T cells, macrophages, and granulocytes. Macro- 
phage products are critical elements of the dis- 
ease process, leading ultimately to cartilage and 
bone destruction (24). In contrast to EAE, 
C57BL/6+'+ mice are resistant to CIA after a 
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single immunization with collagen, with an ex
tremely low incidence (<10%, Fig. 4A) (25). 
Immunizing CD200_/_ mice only once (26) 
resulted in disease onset as early as day 20 and 
a cumulative incidence of over 50% (Fig. 4A). 
That this result was not an artifact of gene 
targeting was illustrated by infecting C57BL/ 
6+l+ mice with a replication-deficient adenovi
rus expressing a soluble Ig-fusion protein of 
CD200R (7, 27). Such mice were highly sus
ceptible to CIA compared with mice receiving a 
control Ig-fusion protein construct (Fig. 4A). 
Both CD200"7" and CD200R-Ig-treated ani
mals developed moderate to severe arthritis (10) 
with synovial inflammation and formation of 
invasive pannus, resulting in cartilage and bone 
degradation seen normally only in CIA-suscep
tible animals (24) (Fig. 4B). Inflammatory cells 
in the arthritic joints were mainly CD1 lb+ cells 
(20\ with a substantial proportion being CD68+ 

macrophages (10). 
Because EAE and CIA are initiated by 

activation of self-reactive T lymphocytes (27, 
25), enhanced disease could reflect hyperac-
tivation of these cells in the absence of 
CD200. No evidence for T cell dysregulation 
in CD200-deflcient environments was ob
served with a range of in vivo and in vitro 
experiments (10). 

Thus, through CD200 expression, diverse 
tissues regulate macrophages, and probably also 
granulocytes, directly and continuously through 
interaction with the inhibitory CD200R (7). The 
consequences of loss of this pathway can be 
profound, rendering mice susceptible to tissue-
specific autoimmunity and enabling accelerated 
reactivity of resident tissue macrophages, in
cluding those in the CNS. That these effects 
appear to be unrelated to T cell activation but 
rather the result of direct deregulation of 
effector pathways within the macrophage/ 
myeloid lineage has important and broad 
implications for treatment of neurodegen
erative diseases like Alzheimer's disease or 
for varied pathologies involving hyperacti-
vation of the myeloid lineage. 

References and Notes 
1. HLDA7: 7th Workshop and Conference on Human 

Leukocyte Differentiation Antigens, Harrogate, UK, 
20 to 24 June 2000. 

2. A. N. Barclay, Immunology 42, 727 (1981). 
3. M. Webb, A. N. Barclay, J. Neurochem. 43, 1061 

(1984). 
4. S. J. Davis et a/., Immunol. Rev. 163, 217 (1998). 
5. F. Borriello et at., Mamm. Genome 9, 114 (1998). 
6. S. Preston et a/., Eur. J. Immunol. 27, 1911 (1997). 
7. G. J. Wright et a/., Immunity 13, 233 (2000). 
8. F. A. Lemckert, J. D. Sedgwick, H. Korner, Nucleic 

Acids Res. 25,917(1997) . 
9. F. Kontgen et a/., Int. Immunol. 5, 957 (1993). 

10. Supplementary data are available at Science Online 
at www.sciencemag.org/cgi/content/full/290/5497/ 
1768/DC1. 

11. Single- and double-staining procedures used are de
tailed in (28). Primary antibodies were as in (72), and 
MOMA-1 (Bachem Bioscience, King of Prussia, PA), rab
bit polyclonal anti-DAP12 antibody (75), and anti-CD45 
(clone YTS165.1 obtained from S. P. Cobbold, University 
of Oxford, UK). Secondary antibodies were peroxidase-

or alkaline phosphatase-conjugated polyclonal anti-rat 
or anti-rabbit IgG (Jackson Immunochemicals, NJ). Hind 
limbs for histological analysis were prepared by means 
of a procedure adapted from (29). 

12. Single-cell suspensions of spleens were stained for 
mCD200 (73), B220, CD4, CD8, CD11b, Ly-6G, and 
F4/80 (PharMingen, San Diego, CA, and Caltag, Bur-
lingame, CA) by standard procedures. 

13. OX90 was prepared by fusing splenocytes from rats 
immunized with a mouse CD200-rat CD4 fusion 
protein (6) with the Y3 myeloma, by standard pro
cedures. The monoclonal antibody was selected by its 
capacity to bind recombinant mCD200-rat CD4 in an 
enzyme-linked immunosorbent assay (ELISA) and to 
bind those cells predicted to express CD200 (2, 3). 

14. G. Kraal, M. Janse, Immunology 58, 665 (1986). 
15. A. B. H. Bakker et a/., Immunity 13, 345 (2000). 
16. V. H. Perry, S. Gordon, Trends Neurosci. 11, 273 

(1988). 
17. J. D. Sedgwick et a/., Proc. Natl. Acad. Sci. U.S.A. 88, 

7438 (1991). 
18. G. W. Kreuzberg, Clia 19, 312 (1996). 
19. M. B. Graeber, W. J. Streit, G. W. Kreutzberg, J. Neu

rosci. Res. 2 1 , 18 (1988). 
20. R. M. Hoek et a/., data not shown. 
21. C. S. Raine, Lab. Invest. 50, 608 (1984). 
22. S. R. McColl, et al.J. Immunol. 161, 6421 (1998). 
23. EAE was induced and scored as described in (30) by 

subcutaneous immunization with 50 p.g of myelin 
oligodendrocyte glycoprotein (MOG)35.55 peptide in 
complete Freund's adjuvant (CFA), but each mouse 
received 0.1 mg of H37RA Mycobacterium tubercu
losis and intravenous injections of 100 ng of pertussis 
toxin on the day of immunization and 2 days later. 

24. I. K. Campbell et a/., Ann. Rheum. Dis. 56, 364 (1997). 
25. W. C. Watson, A. S. TownesJ. Exp. Med. 162, 1878 

(1985). 
26. CIA was induced by immunization intradermally with 

100 ^ g of chicken type II collagen in CFA (0.25 mg 
H37RA M. tuberculosis) and scored only by clinical 
criteria as described in (24). 

27. The adapted mCD200R cDNA (residues 86 to 720) 
was subcloned in the Xho I site of a modified 

In humans, the intestine presents a barrier that 
prevents the absorption of plant sterols and 
partially blocks the absorption of cholesterol. 

pCDM8.lg expression plasmid (37). The Hind l l l -Not I 
fragment of this was transferred to a modified pQB1-
AdCMV5-GFP adenovirus transfer vector (Quantum 
Biotechnologies, Montreal, Canada), with an addi
tional multicloning site 5'-AGATCTAAGCTTGCAC-
GCGTATGCGGCCGCATGGTACCATTCTAGAGCGAT-
ATCGTTTAA AC-3' added between the Bgl II and 
Pme I sites. Recombinant adenovirus was produced 
with host QBI-293A human embryonic kidney cells 
(Quantum applications manual 24AL98). Virus ex
pressing only the human Fc portion encoded by 
pCDM8.lg was used as control. Mice were infected 5 
days before collagen immunization, and serum hu
man Ig levels were subsequently monitored by ELISA. 

28. J. D. Sedgwick et al.J. Exp. Med. 177, 1145 (1993). 
29. R. Jonsson, A. Tarkowski, L. Klareskog, J. Immunol. 

Methods 88, 109 (1986). 
30. D. S. Riminton etal.J. Exp. Med. 187, 1517 (1998). 
31. E. E. Bates et a/., Mol. Immunol. 35, 513 (1998). 
32. At various times after facial nerve transection (79), 

tissue was prepared for immunohistochemistry (77) 
of the brainstem area containing nucleus VII. To 
ensure valid comparison between different tissues, 
we made 20-jjim coronal sections in a caudo-rostral 
direction starting in the cervical spinal cord, and 
advancing until the first appearance of nucleus VII. 
Eight-micrometer serial sections were prepared, and 
microglial activation was assessed (77, 79). 

33. We thank F. A. Lemckert and D. S. Riminton (Cente
nary Institute, Sydney, Australia) for technical assist
ance, N. Hutchings (University of Oxford, UK) for 
analysis of OX90 mAb, and L. Spargo (Hanson Centre, 
Adelaide, Australia) for advice on preparation of CIA 
tissue. We thank L L Lanier (UCSF, CA) and A. B. H. 
Bakker (DNAX, CA) for DAP12 antiserum, S. Gordon 
(University of Oxford, UK) for CD68 mAb, Y.-J. Liu 
(DNAX, CA) for support with DC studies, and M. 
Andonion for graphics assistance. Co-workers in Ox
ford were supported by the UK Medical Research 
Council. DNAX Research Institute is supported by 
Schering Plough Corporation. 

14 August 2000; accepted 27 October 2000 

This barrier is disrupted in the rare autosomal 
recessive disorder, sitosterolemia, which is 
characterized by hyperabsorption of plant ste-

Accumulation of Dietary 
Cholesterol in Sitosterolemia 

Caused by Mutations in 
Adjacent ABC Transporters 
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In healthy individuals, acute changes in cholesterol intake produce modest changes 
in plasma cholesterol levels. A striking exception occurs in sitosterolemia, an 
autosomal recessive disorder characterized by increased intestinal absorption and 
decreased biliary excretion of dietary sterols, hypercholesterolemia, and premature 
coronary atherosclerosis. We identified seven different mutations in two adjacent, 
oppositely oriented genes that encode new members of the adenosine triphosphate 
(ATP)-binding cassette (ABC) transporter family (six mutations in ABCC8 and one 
in ABCC5) in nine patients with sitosterolemia. The two genes are expressed at 
highest levels in liver and intestine and, in mice, cholesterol feeding up-regulates 
expressions of both genes. These data suggest that ABCG5 and ABCG8 normally 
cooperate to limit intestinal absorption and to promote biliary excretion of sterols, 
and that mutated forms of these transporters predispose to sterol accumulation 
and atherosclerosis. 
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