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Summary

 

The autoimmune disease which affects MRL/MpJ-

 

fas

 

lpr

 

 mice results in cere-
bral leucocyte recruitment and cognitive dysfunction. We have previously
observed increased leucocyte trafficking in the cerebral microcirculation of
these mice; however, the types of leucocytes recruited have not been analysed
thoroughly, and the roles of key endothelial adhesion molecules in recruit-
ment of these leucocytes have not been investigated. Therefore the aim of this
study was to classify the phenotypes of leucocytes present in inflamed brains
of MRL/MpJ-

 

fas

 

lpr

 

 mice, and dissect the roles of endothelial adhesion mole-
cules in their accumulation in the brain. Immunohistochemical analysis
revealed significant leucocyte infiltration in the brains of 16- and 20-week-old
MRL/MpJ-

 

fas

 

lpr

 

 mice, affecting predominantly the choroid plexus. Isolation of
brain-infiltrating leucocytes revealed that lymphocytes and neutrophils were
the main populations present. The CD3

 

+

 

 lymphocytes in the brain consisted
of similar proportions of CD4

 

+

 

, CD8

 

+

 

 and CD4

 

–

 

/CD8

 

–

 

 [double negative
(DN)] populations. Assessment of MRL/MpJ-

 

fas

 

lpr

 

 mice deficient in endothe-
lial adhesion molecules intercellular adhesion molecule-1 (ICAM-1) or P-
selectin indicated that cerebral leucocyte recruitment persisted in the absence
of these molecules, with only minor changes in the phenotypes of infiltrating
cells. Together these data indicate that the brains of MRL/MpJ-

 

fas

 

lpr

 

 mice are
affected by a mixed leucocyte infiltrate, of which the unusual DN lymphocyte
phenotype contributes a substantial proportion. In addition, endothelial
adhesion molecules ICAM-1 and P-selectin, which modulate survival of MRL/
MpJ-

 

fas

 

lpr

 

 mice, do not markedly inhibit leucocyte entry into the central
nervous system.
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Introduction

 

Systemic lupus erythematosus (SLE) is a debilitating autoim-
mune disease in which a range of organs are targeted by a
damaging inflammatory response. One of the organs
affected most commonly in SLE patients is the central ner-
vous system (CNS) [1]. Indeed, SLE patients can exhibit
symptoms ranging from mild cognitive dysfunction to sei-
zures and strokes [2,3]. There is a growing body of evidence
that the local inflammatory response contributes to the
development of these symptoms. Pathological assessment of
brains from SLE patients show evidence of inflammation,
with widespread microinfarcts and perivascular lymphocytic
cuffing being common post mortem findings [1,4,5]. How-
ever, the mechanisms of the cerebral inflammatory response
in SLE patients are poorly understood.

Much information about the inflammatory mechanisms
of systemic autoimmune disease has come from the analysis
of a number of spontaneous murine models, in particular
the MRL/MpJ-

 

fas

 

lpr

 

 mouse. Indeed, this mouse strain is used
routinely as a model of SLE. MRL/MpJ-

 

fas

 

lpr

 

 mice develop a
severe autoimmune disease with many similarities to that
seen in SLE patients, including autoantibody production,
immune complex formation and systemic inflammation [6].
Furthermore, multiple lines of evidence indicate that the
CNS in these animals is also affected by this disease. Behav-
ioural studies in MRL/MpJ-

 

fas

 

lpr

 

 mice have demonstrated
cognitive impairments which increase in severity as the dis-
ease progresses [7–9]. In addition, the brains of these ani-
mals display extensive leucocyte infiltration and evidence of
leakage of plasma proteins into the parenchyma of the brain
[10]. In order to examine the mechanisms responsible for
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the accumulation of leucocytes in the brains of lupus-prone
mice, we recently used intravital microscopy to examine the
intact cerebral (pial) microvasculature of MRL/MpJ-

 

fas

 

lpr

 

mice [11]. Post-capillary venules in the cerebral microvascu-
lature of these mice readily supported rolling and adhesive
interactions with blood-borne leucocytes during the active
phase of disease, in marked contrast to the rarity of these
interactions in similarly aged, non-diseased MRL

 

+/+

 

 mice
[11]. These findings indicate that the cerebral microvascula-
ture is activated as part of the disease process in these mice.
However, this study did not examine the types of leucocytes
which enter the brain, and the molecular requirements for
leucocyte accumulation in the CNS. Furthermore, the biol-
ogy of the circulating leucocytes in MRL/MpJ-

 

fas

 

lpr

 

 mice is
highly unusual with many CD3

 

+

 

 T cells lacking expression of
both CD4 and CD8 [termed double negative (DN) T cells]
[12]. The contribution of these leucocytes to the cerebral
leucocyte infiltrate is unclear.

Examination of MRL/MpJ-

 

fas

 

lpr

 

 mice lacking key adhesion
molecules has provided strong evidence for the important
roles of adhesion molecules in disease-associated pathology.
Deletion of intercellular adhesion molecule-1 (ICAM-1) has
been shown to increase survival and reduce leucocyte infil-
tration into inflamed organs such as the kidney [13,14]. In
addition, absence of the ICAM-1 ligand, lymphocyte func-
tion-associated antigen-1 (LFA-1/CD11a), resulted in com-
parable improvements in survival and reductions in disease
severity [15]. Together these findings demonstrate that inter-
actions mediated by ICAM-1/LFA-1 play central roles in the
development of inflammatory disease in MRL/MpJ-

 

fas

 

lpr

 

mice. However, it is noteworthy that this does not extend to
all adhesion molecule pathways. MRL/MpJ-

 

fas

 

lpr

 

 mice lack-
ing P-selectin are not protected from early lethality and leu-
cocyte recruitment to organs such as the kidney proceeds
unabated in these animals [16,17]. Despite these studies, the
roles of these adhesion molecules in promoting leucocyte
entry into the brain have not been investigated. Therefore,
the aims of this study were to characterize fully the pheno-
type of the leucocytes which enter the brains of lupus-prone
MRL/MpJ-

 

fas

 

lpr

 

 mice, and examine the contribution of
ICAM-1 and P-selectin to the accumulation of leucocytes in
the CNS.

 

Materials and methods

 

Animals

 

MRL/MpJ-

 

fas

 

lpr

 

 mice and MRL/MpJ (MRL

 

+/+

 

) were pur-
chased from the Jackson Laboratory (Bar Harbor, ME, USA).
ICAM-1

 

–/–

 

 MRL/MpJ-

 

fas

 

lpr

 

 mice were generated by back-
crossing a gene-targeted mutation on to the MRL/MpJ-

 

fas

 

lpr

 

strain background, as described previously [13]. A similar
approach  was  used  to  generate  the  P-selectin

 

–/–

 

 MRL/
MpJ-

 

fas

 

lpr

 

 mice [16,17]. Mice were used at 8, 16 and 20–
25 weeks of age and weighed 30–50 g.

 

Antibodies

 

The antibodies used for flow cytometry were purchased from
BD Biosciences (San Diego, CA, USA) and directed against
murine antigens: 30-F11 

 

−

 

 anti-CD45, conjugated to
allophycocyanin (APC); 17A2 

 

−

 

 anti-CD3, conjugated to
fluorescein isothiocyanate (FITC) or phycoerythrin (PE);
GK1·5 

 

−

 

 anti-CD4, conjugated to PE; 53–6·7 

 

− 

 

anti-CD8a,
conjugated to APC; RB6–8C5 

 

−

 

 anti-Ly-6G (Gr-1), conju-
gated to PE; RA3–6B2 

 

−

 

 anti-B220, conjugated to FITC;
KT3 

 

−

 

 anti-CD3 and M1/70 

 

−

 

 anti-Mac-1, both purified
from hybridoma supernatant and conjugated to Alexa 488
(Molecular Probes, Eugene, OR, USA).

 

Immunohistochemical analysis of brain leucocyte 
infiltration

 

The location of leucocytes present in the brains of lupus-
prone mice was determined by immunohistochemical
staining for the pan-leucocyte marker CD45. Briefly, anaes-
thetized mice were killed via intracardiac perfusion with
phosphate-buffered saline (PBS), then fixed by perfusion
with cold paraformaldehyde/lysine/periodate (PLP) fixative.
Brains were removed and cryoprotected in 20% sucrose and
embedded in optimum cutting temperature (OCT) embed-
ding compound. Brains were frozen in a bath of isopentane
suspended over liquid nitrogen (LN

 

2

 

) then submerged in
LN

 

2

 

. Coronal cryostat sections (10 

 

μ

 

m) were cut from the
anterior end of the brain and 10 sections were collected at
200 

 

μ

 

m intervals, taking the first section at the most anterior
position of the ventricles. CD45

 

+

 

 leucocytes in brain sections
were identified using a modified three-layer immunohis-
tochemistry technique [18]. Briefly, sections were blocked
with normal swine serum then incubated with anti-CD45
(clone 30F-11, BD Biosciences, 1 

 

μ

 

g/ml, overnight, 4

 

°

 

C).
Sections were then treated with secondary antibody (rabbit
anti-rat IgG), tertiary antibody [horseradish peroxidase
(HRP)-conjugated sheep anti-rabbit IgG] and developed
with diaminobenzidine and counterstained with haematox-
ylin, as described previously [18].

 

Analysis of anti-CD45-stained brain sections

 

In accord with previous data, leucocyte infiltration was
located predominantly in the choroid plexus [10]. Therefore,
two aspects of this region were examined in detail: (i) the
area of the choroid plexus and (ii) the number of CD45

 

+

 

 leu-
cocytes present within the choroid plexus. The area of the
choroid plexus was measured in five sections of the brain
between 1000 and 2000 

 

μ

 

m from the anterior aspect of the
ventricles. Sections were examined on a Leica BMLB labora-
tory microscope. Images were captured at 50

 

×

 

 magnification
using a Leica DC 300F digital camera and Photoshop CS
software (Adobe Systems, San Jose, CA, USA). The area of
the  choroid  plexus  was  measured  using  Scion  Image
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image analysis software, following calibration using a stage
micrometer, and expressed as mean area of each choroid
plexus villus. The number of CD45

 

+

 

 leucocytes in each villus
(examined at 400

 

×

 

 magnification) was also counted, and
expressed relative to the villus area (cells/mm

 

2

 

). The CNS
parenchyma was also assessed for leucocyte infiltration in
multiple high-power fields.

 

Isolation and identification of leucocytes in the CNS

 

Leucocytes  present  in  the  brain  and  spinal  cords  of
MRL

 

+/+

 

, MRL/MpJ-

 

fas

 

lpr

 

, P-selectin

 

–/–

 

 MRL/MpJ-

 

fas

 

lpr

 

 and
ICAM-1

 

–/–

 

 MRL/MpJ-

 

fas

 

lpr

 

 mice were isolated and analysed
by flow cytometry using a modification of a previously
described technique [19,20]. Briefly, anaesthetized mice were
killed by intracardiac perfusion of 15 ml cold PBS. The brain
and spinal cord were then removed, and dissociated by pass-
ing through wire mesh. The resultant cell suspension was
separated on a 90%/37%/30% Percoll (Amersham Bio-
sciences AB, Uppsala, Sweden) gradient, and the leucocyte
fraction isolated from the 90%/37% interface. Leucocytes
were washed in PBS/1·0% bovine serum albumin (BSA)
three times. Aliquots (100 

 

μ

 

l) of the resultant cell suspension
were incubated in one of the three following antibody com-
binations: (1) CD45-APC, Gr-1-PE, M1/70-FITC; (2) CD45-
APC, CD3-PE, B220-FITC; (3) CD3-FITC, CD4-PE and
CD8-APC. Cells were incubated for 20 min at room temper-
ature, washed and then fixed in 4% neutral buffered forma-
lin. Labelled cells were analysed using a MoFlo flow
cytometer (Cytomation, Fort Collins, CO, USA).

To identify leucocytes from within the cell fraction iso-
lated from the brain, cells were gated on positive staining for
the leucocyte common antigen, CD45. CD45

 

+

 

 subpopula-
tions were classified subsequently as follows: granulocytes,
Gr-1

 

hi

 

/M1/70

 

hi

 

; monocytes, Gr-1

 

int

 

/M1/70

 

hi

 

; T cells, CD3

 

+

 

; B
cells B220

 

+

 

/CD3

 

–

 

, in accord with previous observations in
mice [21]. The number of cells of each subpopulation was
expressed as a percentage of CD45

 

+

 

 cells in the sample. CD3

 

+

 

T cells were defined further as CD4

 

+

 

, CD8

 

+

 

 or CD4

 

–

 

/CD8

 

–

 

(DN), a leucocyte population observed routinely in MRL/
MpJ-

 

fas

 

lpr

 

 mice [12], and expressed as a percentage of CD3

 

+

 

cells.

 

Flow cytometric analysis of circulating leucocytes

 

To identify the leucocyte populations present in the blood
of lupus-prone mice, 100 

 

μ

 

l samples of whole blood were
incubated with the same combinations of antibodies used
for the brain samples. Samples underwent subsequent
erythrocyte lysis and fixation using a Q-prep Workstation
(Beckman Coulter, Miami, FL, USA) and flow cytometric
analysis using identical conditions to the brain samples. The
numbers of each cell type present in the blood were deter-
mined by reference to the circulating leucocyte counts of
each animal.

 

Statistics

 

Comparisons between mouse strains were performed using
Student’s 

 

t

 

-tests, using Bonferroni’s calculation to correct for
multiple comparisons. 

 

P

 

 

 

<

 

 0·05 was deemed significant.

 

Results

 

Comparison of the phenotypes of circulating leucocytes in
MRL

 

+/+

 

 and MRL/MpJ-

 

fas

 

lpr

 

 mice revealed that at 8 weeks,
the numbers of neutrophils, monocytes, CD4 and CD8 T
cells and B cells were significantly lower in MRL/MpJ-

 

fas

 

lpr

 

mice  (Tables 1 and 2). In MRL

 

+/+

 

 mice, leucocyte counts
remained relatively stable to 20 weeks. In contrast, in MRL/
MpJ-

 

fas

 

lpr

 

 mice at 16 weeks, there was a marked increase in
the number of circulating leucocytes. Much of this change
was due to a striking elevation in circulating T cells of almost
10 

 

×

 

 10

 

6

 

/ml, with an increase in circulating DN T cells
accounting for the majority of this difference. In MRL

 

+/+

 

mice, DN T cells represented a very minor population. Small
but significant increases in neutrophils and monocytes were
also observed in 16-week MRL/MpJ-

 

fas

 

lpr

 

 mice (Tables 1 and
2). By 20 weeks, the leucocyte counts in MRL/MpJ-

 

fas

 

lpr

 

 mice
had undergone a further increase to nearly 30 

 

×

 

 10

 

6

 

/ml, with
more than 14 

 

×

 

 10

 

6

 

/ml being DN T cells.

 

Leucocyte infiltration is elevated in the choroid plexus of 
MRL/MpJ-fas

 

lpr

 

 mice

 

Histological examination of leucocyte infiltration in brains
of MRL/MpJ-faslpr mice revealed that, in accord with previ-
ous observations, the choroid plexus was the primary site of
leucocyte infiltration (Fig. 1), with leucocytes rarely detect-
able within the parenchyma [10]. Therefore, detailed com-
parison of MRL+/+ and MRL/MpJ-faslpr mice was based on
analysis of the choroid plexus. In MRL+/+ mice, the villi of the
choroid plexus were thin and contained diffuse areas of
CD45+ cell infiltration (Fig. 1a). In contrast, the intensity of
infiltration in the choroid plexus of MRL/MpJ-faslpr mice was
such that the size of the villi appeared increased relative to
MRL+/+ mice (Fig. 1b). We therefore quantified the size of the
choroid plexus villi and intensity of infiltration of the chor-
oid in MRL+/+ and MRL/MpJ-faslpr mice. At 16 weeks, the
mean area of the choroid plexus in MRL/MpJ-faslpr mice was
greater than twice that in MRL+/+ mice (P < 0·05) (Fig. 2a).
Moreover, by 20 weeks, both the area of the choroid villi and
the number of leucocytes per mm2 of choroid villus area
were significantly greater in MRL/MpJ-faslpr mice relative to
MRL+/+ mice (Fig. 2c,d).

Neutrophils and T cells are the dominant leucocytes 
recruited to the brains of MRL/MpJ-faslpr mice

The infiltrating leucocytes in brains of MRL/MpJ-faslpr

mice were then purified from the brain via density gradient
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centrifugation and identified using flow cytometry. At both
16 and 20 weeks, the dominant cell types present in the
brains were neutrophils and lymphocytes, together com-
prising 70–80% of the CD45+ leucocyte population
(Fig. 3). Monocytes and B cells each comprised < 10% of
the infiltrated leucocytes. It must be noted that, in many
cases, the total leucocyte percentages did not reach 100%.
Given that this was not observed when leucocytes were iso-
lated from blood, this suggests that the process of brain
dissociation and leucocyte isolation induced loss of one of

the surface markers used for leucocyte identification. We
next examined the T lymphocyte populations present in
the brain (Fig. 4). At 16 weeks, the numbers of CD4+,
CD8+ and DN cells were similar (Fig. 4a). At 20 weeks the
number of CD4+ cells was higher than the other two popu-
lations; however, both CD8 and DN populations were
present in substantial numbers (Fig. 4b). These data indi-
cate that DN T cells are able to exit the cerebral vascula-
ture and enter the brain to a similar extent as the other T
cell phenotypes.

Table 1. Circulating leucocyte counts and leucocyte subsets in MRL+/+, MRL/MpJ-faslpr, P-selectin–/– -MRL/MpJ-faslpr, and intercellular adhesion 

molecule-1 (ICAM-1)–/– -MRL/MpJ-faslpr mice at 8, 16 and 20–25 weeks of age.*

Total

M1/70hi/Gr-1hi

(PMNs)

M1/70 hi/Gr-1int

(monocyte lineage)

CD3+

(T cells)

B220+/CD3–

(B cells)

MRL+/+

8 weeks 6·8 ± 0·5 (6) 1·5 ± 0·1 (6) 0·20 ± 0·28 (6) 3·2 ± 0·3 (6) 2·1 ± 0·2 (6)

16 weeks 7·4 ± 0·5 (6) 1·6 ± 0·1 (6) 0·20 ± 0·01 (6) 3·2 ± 0·2 (6) 1·7 ± 0·1 (6)

20–25 weeks 4·9 ± 0·6 (7) 1·3 ± 0·2 (7) 0·14 ± 0·05 (7) 1·9 ± 0·2 (7) 0·9 ± 0·2 (7)

MRL/MpJ-faslpr

8 weeks 5·3 ± 0·4 (6) 0·9 ± 0·1 (6)† 0·07 ± 0·01 (6)† 2·0 ± 0·1 (9)† 1·0 ± 0·1 (9)†

16 weeks 19·4 ± 3·8 (6) 4·5 ± 0·9 (6)† 0·77 ± 0·17 (6)† 12·8 ± 1·3 (6)† 1·4 ± 0·1 (6)

20–25 weeks 29·6 ± 4·1 (7) 5·3 ± 1·8 (6)† 0·72 ± 0·18 (6)† 20·8 ± 1·6 (6)† 2·0 ± 0·2 (6)†

P-selectin–/–-MRL/MpJ-faslpr

8 weeks 10·9 ± 0·5 (9) 4·4 ± 0·3 (8)** 0·56 ± 0·07 (8)** 3·1 ± 0·4 (6)** 1·7 ± 0·3 (6)**

16 weeks 20·2 ± 4·9 (5) 5·7 ± 0·7 (6) 0·79 ± 0·14 (6) 10·7 ± 0·8 (8) 2·8 ± 0·2 (8)**

20–25 weeks 27·8 ± 4·9 (6) 6·5 ± 1·6 (6) 0·72 ± 0·16 (6) 14·6 ± 1·6 (7)** 3·1 ± 0·4 (7)**

ICAM-1–/–-MRL/MpJ-faslpr

16 weeks 16·1 ± 4·4 (5) 3·2 ± 0·8 (6) 0·50 ± 0·13 (6) 7·3 ± 0·7 (8)** 2·0 ± 0·2 (8)**

20–25 weeks 28·7 ± 6·7 (5) 4·3 ± 0·8 (6) 0·51 ± 0·09 (6) 18·1 ± 0·8 (6) 4·7 ± 0·7 (6)**

*Data are expressed as cells  × 106/ml ± s.e.m. The number of mice sampled is shown in parentheses. †P < 0·05 versus MRL+/+ at same age. **P < 0·05

versus MRL/MpJ-faslpr at same age.

Table 2. Phenotypes of circulating CD3+ leucocytes in MRL+/+, MRL/MpJ-faslpr, P-selectin–/– MRL/MpJ-faslpr and intercellular adhesion molecule-1 

(ICAM-1)–/– MRL/MpJ-faslpr mice at 8, 16 and 20–25 weeks of age.*

CD4+ CD8+

CD4–/CD8–

(DN) B220+

MRL+/+

8 weeks (6) 1·75 ± 0·05 (6) 1·30 ± 0·03 (6) 0·09 ± 0·02 (6) 0·98 ± 0·43 (6)

16 weeks (7) 1·50 ± 0·10 (7) 1·40 ± 0·10 (7) 0·22 ± 0·08 (7) 0·35 ± 0·11 (6)

20–25 weeks (7) 1·04 ± 0·04 (7) 0·82 ± 0·05 (7) 0·06 ± 0·02 (7) 0·05 ± 0·01 (7)

MRL/MpJ-faslpr

8 weeks (9) 0·86 ± 0·04 (9)† 0·91 ± 0·03 (9)† 0·18 ± 0·01 (9)† 0·38 ± 0·03 (9)

16 weeks (6) 1·75 ± 0·17 (6) 2·50 ± 0·39 (6)† 8·46 ± 0·55 (6)† 9·20 ± 1·32 (6)†

20–25 weeks (6) 2·71 ± 0·18 (6)†c 3·56 ± 0·24 (6)† 14·42 ± 0·34 (6)† 14·33 ± 0·67 (6)†

P-selectin–/–-MRL/MpJ-faslpr

8 weeks (8) 1·44 ± 0·03 (8)** 1·44 ± 0·03 (8)** 0·24 ± 0·02 (8)** 0·54 ± 0·09 (6)**

16 weeks (6) 1·69 ± 0·23 (6) 1·52 ± 0·29 (6)** 7·43 ± 0·41 (6) 7·50 ± 0·93 (8)

20–25 weeks (7) 2·35 ± 0·18 (7) 2·06 ± 0·44 (7)** 10·17 ± 0·43 (7)** 10·76 ± 1·36 (7)**

ICAM-1–/–-MRL/MpJ-faslpr

16 weeks (6) 1·43 ± 0·11 (6) 1·50 ± 0·19 (6)** 4·29 ± 0·30 (6)** 3·30 ± 0·77 (8)**

20–25 weeks (6) 4·14 ± 0·23 (6)** 3·41 ± 0·12 (6) 10·49 ± 0·30 (6)** 11·73 ± 0·77 (6)**

*CD4+, CD8+, CD4–/CD8– and B220+data are expressed as cells × 106/ml ± s.e.m. based on the total CD3+ cell count, and percentage data for each

subclass. The number of mice sampled is shown in parentheses. †P < 0·05 versus MRL+/+ at same age. **P < 0·05 versus MRL/MpJ-faslpr at same age.
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Effect of ICAM-1 and P-selectin deficiency on infiltration

We next examined leucocyte infiltration in MRL/MpJ-faslpr

mice deficient in either ICAM-1 or P-selectin. In 20-week-old
mice, neither adhesion molecule deficiency resulted in a
reduction in choroid leucocyte infiltration (Fig. 5). In con-
trast, ICAM-1–/– MRL/MpJ-faslpr mice displayed increased
leucocyte recruitment, apparent as a significant increase in
the density of leucocyte infiltrate within the affected area
(Fig. 5b). P-selectin–/– mice did not differ from wild-type
mice.

Assessment of the types of leucocytes present in the brains
of these mice showed that at 16 weeks, a greater proportion
of both T and B cells were present in brains of both ICAM-
1–/– and P-selectin–/– MRL/MpJ-faslpr mice, relative to wild-
type MRL/MpJ-faslpr mice (Fig. 6a). However, by 20 weeks,
no differences were observed in the broad phenotypes of leu-
cocytes in the brains of these mice (Fig. 6b). In addition,
investigation of the types of T cells present revealed only
minor differences in the T cell populations present (Fig. 7).
At 16 weeks, ICAM-1–/– mice had a significantly increased
proportion of CD4+ cells, whereas at 20 weeks, DN T cells
were significantly increased in P-selectin–/– MRL/MpJ-faslpr

mice, relative to wild-type MRL/MpJ-faslpr mice.

Effect of deficiency of ICAM-1 or P-selectin on 
phenotype of circulating leucocytes in MRL/MpJ-faslpr 
mice

Mice deficient in ICAM-1 and P-selectin on conventional
backgrounds have been described previously to have
increased circulating leucocyte counts [22,23]. Therefore, we
examined circulating leucocyte phenotypes of these mice on
the MRL/MpJ-faslpr background (Tables 1 and 2). At 8 weeks,
P-selectin–/– MRL/MpJ-faslpr mice displayed significant eleva-
tions in all cell types, but most prominently in neutrophils.
At 16 and 20 weeks, the number of circulating leucocytes in
both strains showed comparable elevations (relative to
MRL+/+ mice) to those seen in wild-type MRL/MpJ-faslpr

mice. However, ICAM-1–/– mice showed evidence of a delay
in the increase in CD3+ cells, as at 16 weeks the number of
CD3+ cells was lower than that seen in wild-type MRL/MpJ-
faslpr mice, due to reduced numbers of CD8 and DN T cells.
However, by 20 weeks, ICAM-1–/– mice had become similar
to wild-type MRL/MpJ-faslpr mice, apart from an alteration
in the proportions of T cells such that CD4 cells were
increased significantly and DN T cells were decreased signif-
icantly (Tables 1 and 2). In P-selectin–/– mice at 20 weeks, the
number of CD3+ T cells was reduced relative to the extremely
high levels in wild-type MRL/MpJ-faslpr mice, due to lower
levels of CD8 and DN T cells in P-selectin–/– mice (Tables 1
and 2). Finally, DN T cells in MRL/MpJ-faslpr mice have been
observed previously to express B220 [24]. Examination ofFig. 1. Cerebral leucocyte recruitment in the brains of MRL+/+ (a) and 

MRL/MpJ-faslpr (b) mice at 20 weeks. Intense leucocyte infiltrate is 

present in choroid plexus villi of MRL/MpJ-faslpr mice but not in 

MRL+/+ mice. Bar denotes 100 μm.

(a)

(b)

Fig. 2. Quantification of leucocyte recruitment in the choroid plexus of 

MRL+/+ and MRL/MpJ-faslpr mice at 16 and 20 weeks. Brains were sec-

tioned at regular intervals and leucocyte recruitment identified using 

immunohistochemistry for CD45. (a,c) Area of the choroid plexus in 

MRL+/+ and MRL/MpJ-faslpr mice at 16 (a)and 20 (c)weeks. (b,d) Den-

sity of CD45+ leucocyte infiltrate present in the choroid plexus of both 

mouse strains at 16 (b) and 20 (d)weeks. n = 6–8 mice per group. Data 

are shown as mean ± s.e.m. *P < 0·05 versus MRL+/+ mice.
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B220 expression on CD3+ cells in the present study revealed
that the number of B220+ CD3+ lymphocytes was very sim-
ilar to the number of DN T cells, suggesting that all circulat-
ing DN T cells in all strains of MRL/MpJ-faslpr mice
examined expressed B220 (Table 2).

Discussion

It has been assumed that leucocytes rarely enter the brain,
due to the nature of the blood–brain barrier. However, it is
clear that in response to local inflammatory stimuli leuco-
cytes can gain access readily to the brain [20,25–27]. This
also applies in the systemic disease which affects the MRL/
MpJ-faslpr mouse [10,28]. Moreover, the finding that immu-
nosuppressive treatments which reduce cerebral leucocyte
infiltration protect MRL/MpJ-faslpr mice from cognitive dys-
function provides support for the concept that leucocytes are
key contributors to cerebral pathology in these lupus-prone
mice [29]. However, the mechanisms responsible for this
leucocyte recruitment are unknown. We have demonstrated
previously that the cerebral microvasculature of MRL/MpJ-
faslpr mice shows evidence of aberrant activation, such that
leucocyte–endothelial cell interactions are increased relative
to non-diseased mice [11]. Due to the extremely low rate of

leucocyte trafficking in the uninflamed brain, it is probable
that in diseased MRL/MpJ-faslpr mice this endothelial activa-
tion is critical to allowing large numbers of leucocytes to
attach to the cerebral endothelium and exit the vasculature.

Fig. 3. Leucocyte phenotypes present in brains of MRL/MpJ-faslpr mice 

at 16 and 20 weeks. Leucocytes were isolated from brains using density 

centrifugation and classified using flow cytometry as follows: 

PMNs − Gr-1hi/M1/70hi; monocytes − Gr-1int/M1/70hi; T cells – CD3+; B 

cells − B220+/CD3–. n = 7–13 mice per group. Data are shown as 

mean ± s.e.m.

Fig. 4. T cell phenotypes present in brains of MRL/MpJ-faslpr mice at 

16 and 20 weeks. Leucocytes were isolated from brains using density 

centrifugation and CD3+ leucocytes were classified using flow cytometry 

as CD4+, CD8+ or CD4–/CD8– (DN). n = 6 mice per group. Data are 

shown as mean ± s.e.m.

Fig. 5. Quantification of leucocyte recruitment in the choroid plexus of 

wild-type (WT) MRL/MpJ-faslpr mice and intercellular adhesion mole-

cule-1 (ICAM-1)–/– and P-selectin–/– MRL/MpJ-faslpr mice at 20 weeks. 

Brains were sectioned at regular intervals and leucocyte recruitment 

identified using immunohistochemistry for CD45. (a) Area of choroid 

plexus. (b) Density of CD45+ leucocyte infiltrate present in the choroid 

plexus of each of the mouse strains. n = 7 for WT mice and 4 for 

ICAM-1–/– and P-selectin–/– mice. Data are shown as ± s.e.m. *P < 0·05 

versus MRL/MpJ-faslpr mice.
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Despite these studies, the endothelial adhesion molecules
required for leucocyte entry into the brain remain unclear.
Furthermore, the complex immunology of these mice has
meant that the types of leucocytes which are recruited to
these animals have not been identified clearly. Therefore, the
two aims of this study were to classify the types of leucocytes
recruited to the brains of these mice, and investigate the roles
of two candidate adhesion molecules in their recruitment.
The data show that the leucocyte infiltrate consists predom-
inantly of a mixture of T cells and neutrophils, and that DN
T cells comprise approximately one-third of all T cells. In
addition, the absence of either ICAM-1 or P-selectin did not
affect markedly the recruitment of the key leucocyte popu-
lations to the inflamed brains of MRL/MpJ-faslpr mice.

DN T cells are generated in large numbers in MRL/MpJ-
faslpr mice [6]. Moreover, evidence indicates that they con-
tribute significantly to tissue injury in the kidney [30]. How-
ever, DN T cells have been difficult to identify definitively
using immunohistochemistry, as the main marker used to
identify them (B220) is also expressed on B cells. Therefore,
to investigate their contribution to cerebral leucocyte infil-
tration, we isolated leucocytes from the brains and used flow
cytometry to examine multiple cell markers on individual
cells. This allowed the unequivocal identification of CD3+

DN T cells in brains of lupus mice, in addition to CD4 and
CD8 single-positive cells. This demonstrated that DN T cells
were able to enter the brain effectively, to the extent that they
comprised approximately one-third of all T cells in the brain.
Infiltration of CD4+/CD8+ ‘double-positive’ cells was also
investigated, as it has been suggested that CD4+ cells accu-
mulate in the brain only because they are dysfunctional and
display aberrant expression of both CD4 and CD8 [10,31].
However, in the present study double-positive cells were
observed rarely in the inflamed brains of lupus mice.

The conventional paradigm used to explain the movement
of leucocytes from the mainstream of blood flow into tissues
requires that leucocytes first roll then adhere onto the end-
othelial surface, and subsequently exit the vasculature [32].
In many cases, the initial rolling interaction is selectin-
mediated, whereas the subsequent adhesion step requires
interaction between leucocyte integrins and their endothelial
ligands, including ICAM-1 and vascular cell adhesion mol-
ecule-1 (VCAM-1) [33]. We have observed previously a key
role for the α4-integrin/VCAM-1 pathway in mediating leu-
cocyte interactions in pial post-capillary venules in MRL/
MpJ-faslpr mice [11]. Moreover, although P-selectin medi-
ated some rolling in cerebral microvessels, in its absence the

Fig. 6. Leucocyte phenotypes present in brains of wild-type, 

ICAM-1–/– and P-selectin–/–MRL/MpJ-faslpr mice at 16 and 20 weeks. 

Leucocytes were isolated from brains using density centrifugation and 

classified using flow cytometry as described for Fig. 3. Data are shown 

as mean ± s.e.m. of 6–13 mice per group. *P < 0·05 versus MRL/MpJ-

faslpr mice.

Fig. 7. T cell phenotypes present in brains of wild-type, ICAM-1–/– and 

P-selectin–/–MRL/MpJ-faslpr mice at 16 and 20 weeks. Leucocytes were 

isolated from brains using density centrifugation and CD3+ leucocytes 

were classified using flow cytometry as CD4+, CD8+ or CD4–/CD8– 

(DN). Data are shown as mean ± s.e.m. of 5–10 mice per group. 

*P < 0·05 versus MRL/MpJ-faslpr mice.
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number of leucocytes which became adherent was unaltered.
However, this study examined only intravascular rolling and
adhesive interactions. The approach used did not allow
assessment of the molecular basis for the subsequent step of
leucocyte emigration from the vasculature. In addition, the
area of the most intense cerebral leucocyte recruitment in
these animals, the choroid plexus, was not examined. The
molecular basis of rolling and adhesion is characterized
readily, as inhibitory antibodies can block these interactions
rapidly. In contrast, emigration and leucocyte accumulation
in the brain is a much slower process [34]. Under these cir-
cumstances, use of MRL/MpJ-faslpr mice deficient in specific
adhesion molecules provides an excellent tool for the assess-
ment of the molecular basis for leucocyte accumulation in
the brain. These experiments have demonstrated clearly that
ICAM-1 and P-selectin are not required for leucocyte
recruitment to the CNS in MRL/MpJ-faslpr mice.

It was noteworthy that in 20-week ICAM-1–/– MRL/MpJ-
faslpr mice, leucocyte infiltration was elevated significantly
relative to wild-type MRL/MpJ-faslpr mice, suggesting that
ICAM-1 acts to reduce the numbers of leucocytes which
accumulate in the CNS. The mechanisms whereby ICAM-1
may mediate this effect are not clear. Given the established
role of ICAM-1 as a lymphocyte co-stimulatory molecule,
the elevation in recruitment may be a consequence of altered
lymphocyte activation in ICAM-1-deficient cells [35,36].
Alternatively ICAM-1 may be involved in leucocyte elimina-
tion from the inflamed brain via processes such as apoptosis
or recirculation.

Deficiency in ICAM-1 has been shown previously to have
a specific effect on neutrophil migration, as shown by a four-
fold increase in circulating neutrophils and a concomitant
decrease in neutrophil migration to sites of inflammation
[22]. Similarly, deficiency in P-selectin has been reported to
result in a 2·4-fold increase in circulating neutrophil num-
bers, and an inhibition, but not elimination, of neutrophil
entry into the inflamed peritoneum [23]. The effect of defi-
ciency of P-selectin on leucocyte recruitment is variable
depending on the model investigated. In some models, the
absence of P-selectin results in almost complete absence of
leucocyte recruitment [37], whereas in others the absence of
P-selectin does not reduce recruitment [38,39]. Studies with
mice lacking both P-selectin and E-selectin have shown that
additional absence of E-selectin results in a much more pro-
found deficiency in recruitment, suggesting that in the
absence of P-selectin, E-selectin can mediate critical leuco-
cyte rolling interactions required for recruitment induced by
inflammatory stimuli [40,41]. Given these findings, it is
arguably not surprising that in the present experiments, leu-
cocyte entry into the brain was not affected by either dele-
tion. This suggests that alternative adhesion molecules may
assume the roles played by P-selectin and ICAM-1 in sup-
porting leucocyte entry into the brain. This possibility is
supported by the fact that the inflammation which affects the
MRL/MpJ-faslpr mouse occurs over several months, allowing

time for expression of alternative adhesion molecule path-
ways.

The reason the choroid plexus is a preferential target of
cerebral leucocyte recruitment in MRL/MpJ-faslpr mice is
unclear. It is possible that the fenestrated endothelium of the
choroid plexus allows leucocyte entry to occur more readily,
and the preferential deposition of immune complexes in this
site may also act to attract and retain leucocytes [28]. In
addition, investigation of adhesion molecule expression in
the choroid has demonstrated that the choroid epithelial
cells, but not the associated endothelial cells, constitutively
express ICAM-1 and VCAM-1, and increase expression of
these molecules during inflammatory responses [42]. This
finding raises the possibility that following leucocyte exit
from the vasculature, epithelial cell-expressed molecules are
important in retaining leucocytes at this site. It is clear from
the present findings that ICAM-1 does not serve this func-
tion, as large numbers of leucocytes accumulate in the
choroid plexus of ICAM-1–/– MRL/MpJ-faslpr mice. However,
epithelial cell-expressed VCAM-1 could act in this fashion as
many of the leucocyte types present in the choroid, including
DN T cells (data not shown), express VCAM-1 ligands such
as the α4-integrin, making them capable of adhering to
VCAM-1-expressing cells [43,44].

Recent observations have shown that in some tissues the
necessity for a rolling interaction prior to leucocyte adhesion
to the endothelium is bypassed [45–47]. Furthermore, in
CNS microvessels, adhesion of activated lymphoblasts has
been observed to occur without prior rolling [34]. Given
these findings, it is conceivable that in the choroid plexus
vasculature the conventional multi-step paradigm of leuco-
cyte recruitment does not apply. Under these circumstances
it is plausible that neither P-selectin nor ICAM-1 are
required for leucocyte adhesion within the choroidal vascu-
lature. Further experiments with MRL/MpJ-faslpr mice lack-
ing alternative adhesion molecules would aid in clarifying
this issue.
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