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Ibuprofen Fails to Prevent Brain Pathology in a Model
of Neuropsychiatric Lupus
DAVID A. BALLOK, XIAOXING MA, JUDAH A. DENBURG, LARRY ARSENAULT, and BORIS SAKIC
ABSTRACT. Objective. Neurologic and psychiatric manifestations are severe complications of systemic lupus ery-

thematosus (SLE). As commonly seen in patients, spontaneous development of lupus-like disease in
MRL-lpr mice is accompanied by brain atrophy and behavioral dysfunction. We examined inflammato-
ry and ultrastructural aspects of central nervous system (CNS) involvement using a nonselective
cyclooxygenase-2 (COX-2) inhibitor and measuring effects on behavior, microglial activation, and neu-
ronal morphology.
Methods. Ibuprofen (IBU) was provided in a rodent chow (375 ppm) for animals 5–19 weeks of age.
Exploration of a novel environment and performance in the forced swim test assessed effects on behav-
ior. Immunohistochemistry, fluoro-Jade B (FJB) staining, and flow cytometry were employed in neu-
ropathological analysis. Transmission electron microscopy was used to examine ultrastructural mor-
phology of cortical, hippocampal, hypothalamic, nigral, and cerebellar cells.
Results. Chronic IBU treatment failed to normalize immune status, behavior, and brain mass in lupus-
prone MRL-lpr mice. It also did not reduce density of CD3+ lymphocytes in the choroid plexus, or FJB+
neurons in the hypothalamus. Activated F4/80+ microglia increased with age, but IBU treatment was
not effective in reducing their numbers. Although numerous dark cells were seen in functionally criti-
cal brain regions (e.g., paraventricular nucleus and subgranular zone), ultrastructural morphologies of
classical apoptosis or necrosis were not detected.
Conclusion. The COX-dependent pathway does not seem to be critical in the etiology of CNS disease
in this model of neuropsychiatric lupus. Reduced brain mass, increased microglial activation, and con-
densation of cytoplasm point to a metabolic perturbation (e.g., excitotoxic damage) that compromises
function and survival of central neurons during lupus-like disease. (J Rheumatol 2006;33:2199–213)
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Although development of systemic autoimmunity and inflam-
mation clearly account for peripheral manifestations (e.g.,
dermatitis, vasculitis, glomerulonephritis), mechanisms
underlying central nervous system (CNS) damage in up to
50% of patients with systemic lupus erythematosus (SLE)
remain largely unknown. Brain atrophy1,2 and biochemical

signs of neuronal/astrocytic damage are reported in a signifi-
cant proportion of patients with clinically verified CNS
involvement3. To determine the relationship between SLE-
like disease and aberrant behavior, we study brain pathology
and behavioral dysfunction in the MRL/MpJ-Faslpr (MRL-lpr)
murine substrain. MRL-lpr mice lack a functional Fas recep-
tor and develop lupus-like manifestations earlier in life than
congenic MRL/MpJ (MRL+/+) controls4. Along with sponta-
neous onset of inflammation and autoimmunity, MRL-lpr
mice show retarded brain growth, infiltration of leukocytes
into the choroid plexus, neuronal atrophy, and deterioration in
behavioral performance5-7. The constellation of behavioral
deficits that distinguish 2 MRL substrains has been opera-
tionally defined as “autoimmunity-associated behavioral syn-
drome”8, and has been proposed to model neuropsychiatric
lupus (NP-SLE)9.

As reported in patients with NP-SLE10,11, the blood-brain
barrier in MRL-lpr mice becomes more permeable with the
progress of lupus-like disease12,13. Since T and B cells infil-
trate brain14, their soluble mediators may drain into the cere-
brospinal fluid (CSF), diffuse into neighboring interstitial tis-
sue, and have detrimental effects on neuronal cell function-
ing15. Although recent evidence emphasizes the role of
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autoantibody-mediated neuronal damage16-18, inflammatory
mechanisms in the etiology of mental dysfunction (e.g.,
depressive behavior) remain largely unexplored19-21.
Circulating proinflammatory cytokines facilitate infiltration
of macrophages and other monocytes into the brains of lupus-
prone mice by upregulating expression of cell adhesion mole-
cules22,23. Activated microglial cells/macrophages often
migrate to sites of injury where they proliferate and undergo
morphological and functional changes24. This includes
expression of molecules that orchestrate the inflammatory
cascade, such as MHC class II, tumor necrosis factor-α (TNF-
α), interleukin 1 (IL-1), and IL-6. Expressed primarily on acti-
vated microglial cells25, MHC class II molecules interact with
T cells, contributing to local synthesis of inflammatory factors
and recruitment of other inflammatory cells. Indeed, exces-
sive levels of MHC class II (as determined by Ia mRNA) were
observed in the diencephalon of MRL-lpr mice26. Similarly,
overexpressed IL-6 and interferon-γ mRNA in the hippocam-
pus and cerebellum27,28 further supported the notion of a cen-
tral inflammatory response in these animals.

The limbic system of diseased MRL-lpr mice shows
increased density of TUNEL+ cells29, but merely ~7% of this
population is accounted for by degenerating neurons30.
Although this suggests that the majority of dying neurons do
not undergo synchronized DNA fragmentation, the prevalent
mode of neuronal death within the apoptosis-necrosis contin-
uum remains unclear. Our study focused on the “inflammato-
ry aspect” of brain involvement by attenuating activity of
cyclooxygenase-2 (COX-2), an enzyme instrumental in the
inception of inflammatory processes31. In addition, given that
neuronal necrosis is often accompanied by an inflammatory
response32 and sustained microglial activation may contribute
to chronic neuropathology33, the microglial/macrophage pop-
ulation and ultrastructural morphology of cells in several
brain regions were examined.

Nonsteroidal antiinflammatory drugs (NSAID) are effec-
tive inhibitors of COX-1/COX-2 pathways34 and the
microglia/macrophage-driven neurotoxic cascade35,36. In vitro
studies showed that the nonselective COX-2 inhibitor ibupro-
fen (IBU) can induce apoptosis of activated microglial cells37,
reduce glutamate neurotoxicity38, and attenuate drug-induced
damage of dopaminergic neurons39, which are a proposed tar-
get of autoimmune processes in the MRL model40-42.
Moreover, supplementing rodent chow with IBU led to atten-
uation of amyloid plaque deposition and microglia-mediated
brain inflammation in murine models of Alzheimer’s dis-
ease43,44. These beneficial effects and stress-free chronic
administration of the drug led us to select the above treatment
for behavioral/neuropathological study. The overall expectation
was that mice fed with IBU would show normalized behavioral
performance, immune status, and brain morphology.

MATERIALS AND METHODS
Animals, drug treatment, and tissue collection. Twenty MRL-lpr and 10 MRL

+/+ males (5 mice/cage) were obtained from a local specific-pathogen-free
colony and maintained under standard laboratory conditions (light phase 8
AM – 8 PM, food and water ad libitum; temperature 24–26°C). Ten age-
matched CD1 males (Charles River Canada, Saint-Constant, PQ, Canada)
were housed in the same colony room and used as non-autoimmune controls.
IBU was purchased from Sigma Chemical Co. (St. Louis, MO, USA) and
subsequently formulated into color-coded AIN-76A rodent diet (Research
Diets, New Brunswick, NJ, USA) at a final concentration of 375 ppm. This
dose was selected on the evidence that it prevents CNS pathology and inflam-
mation in a mouse model for Alzheimer’s disease43. From 5 to 19 weeks of
age half of each group was fed ad libitum with either drug-supplemented
chow or control chow. At the end of the study, mice were anesthetized with
Somnotol (intraperitoneal, 60 mg/kg body weight; MTC Pharmaceuticals,
Cambridge, ON, Canada) and after terminal bleeding from the vena cava,
they were intracardially perfused with 20 ml phosphate buffered saline (PBS)
and 20 ml fresh 4% paraformaldehyde. Extracted brains and spleens were
weighed on an analytical balance (AB54-S; Mettler Toledo, Switzerland).
Brains were used to examine CD3+ cell (T lymphocyte) infiltration into the
choroid plexus and brain parenchyma.

Given dissimilar fixation protocols, a second cohort of 4-week-old mice
(MRL-lpr, MRL +/+, and CD1 males; n = 18/strain; 3 mice/cage) was used to
examine effects of the IBU treatment on neuropathological indices (presence
of FJB+ neurons, expression of a F4/80 marker on microglia/macrophage cell
line) and behavioral performance (MRL-lpr vs MRL +/+ only). As with the
first cohort, half of each group was fed ad libitum with either drug-supple-
mented chow or control chow from 4 to 18 weeks of age (n = 9
mice/strain/treatment). The body weight and food consumption were moni-
tored weekly. Averaged food consumption was ~5 g/day/animal, resulting in
a final daily dose of ~62.5 mg/kg in the IBU-treated groups. Mice were sac-
rificed at 18 weeks with Somnotol. After terminal bleeding from the vena
cava, they were perfused as described above.

To assess the time-course of microglial/macrophage activation, PBS-per-
fused brains from 5, 12, and 18-week-old MRL-lpr (8/age group) and MRL
+/+ mice (5/age group) were pooled for the purpose of flow cytometry. Mice
were maintained under conditions as outlined above. A fourth cohort of males
was used for the purpose of electron microscopy. It included three 23-week-
old MRL-lpr mice, an asymptomatic 8-week old MRL-lpr mouse, a 22-week-
old MRL +/+ congenic control, and a healthy, age-matched CD1 mouse. After
overdose with Somnotol, they were heparinized and perfused by gravity via
the left ventricle with lactated Ringer’s solution, followed by Karnofsky’s fix-
ative (phosphate buffered 4% glutaraldehyde). The brains were dissected and
postfixed in Karnofsky’s fixative at 4°C for 2 days. A stainless steel coronal
brain matrix (Stoelting, Wood Dale, IL, USA) was used to obtain 1 mm-thick
sections. Using a scalpel blade, blocks of tissue (~2 mm2) were dissected
from hypothalamus, cerebellar cortex, hippocampus, and substantia nigra. To
prevent tissue drying, sections remained submerged in Karnofsky’s fixative
throughout the micro-dissection. All experimental protocols were approved
by a local animal care committee and in accord with the regulations of the
Canadian Council of Animal Care.
Immunohistochemistry for CD3+ cells. Immunohistochemistry of the CD3 T
lymphocyte marker was used to examine the degree of leukocyte infiltration
into the choroid plexus and brain parenchyma in the first cohort of mice.
Twelve micrometer coronal sections (Bregma ~ –1.0) were fixed in acetone
at –20°C for 3 min and air dried. Following two 5 min washes in PBS, slides
were placed into avidin-blocking solution (Vector Laboratories, Burlingame,
CA, USA) for 15 min, washed in PBS, and immersed in biotin-blocking solu-
tion (Vector Laboratories) for 5 min. After a 5 min wash, sections were incu-
bated with 10% normal goat serum (Vector Laboratories) in PBS for 30 min
at room temperature. After incubation with primary antibody (hamster anti-
mouse CD3e diluted 1:30 with 5% goat serum/PBS; BD Pharmingen, catalog
no. 550275) overnight at 4°C, 3 additional PBS washes (5 min each) were fol-
lowed by incubation with secondary antibodies (biotinylated anti-hamster
IgG diluted 1:250 with 5% goat serum/PBS; Vector Laboratories, BA-9100)
for 1 h at room temperature. After a 5 min wash in PBS, slides were immersed
into 0.03% H2O2 in PBS for 10 min at room temperature, and after an addi-
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tional wash, incubated with streptavidin/HRP (Anti-Ig HRP detection kit, BD
Pharmingen 551013) for 30 min at room temperature. After 3 additional PBS
washes (5 min each), slides were incubated with DAB for several minutes, and
washed in tap water. A brief counterstain with hematoxylin and dehydration
through graded alcohol and xylene preceded three 5-min PBS washes before
cover-slipping. Counting of CD3+ cells from digitized photographs (depicting
choroid plexus of the third ventricle) was performed in 1 section/brain under
400× magnification by an observer blinded to the group origin.
Behavioral testing. In comparison to congenic MRL +/+ controls, diseased
MRL-lpr mice reliably show impaired locomotor activity in a novel environ-
ment and excessive floating in forced swim test6,21. In our study, the second
cohort of age-matched MRL-lpr and MRL +/+ males was tested between 18
and 19 weeks in computerized activity boxes (Digiscan-16; Omnitech
Electronics, Columbus, OH, USA). Distance traveled and time spent in ambu-
lation over two 30-min periods (6:00–7:00 PM) were measured by VersaDat
software (Accuscan Instruments, Columbus, OH, USA). Floating in the
swimming pool (diameter 1.83 m, water temperature 25°C) was defined by
the absence of any paw and tail movements over a 6-min trial and recorded
by an unbiased observer, as described21.
Fluoro-Jade B staining. Fluoro-Jade B is an anionic fluorescein derivative
used for the localization of degenerating neurons in brain tissue sections. This
dye has an affinity for the entire degenerating neuron including cell body,
dendrites, axon, and axon terminals. However, the degenerating tissue com-
ponents (biomolecules) to which the dye has an affinity are currently
unknown. Ten micrometer coronal sections (Bregma ~ –1.0) were cut with a
Jung Frigocut 2800E cryostat and sections were mounted onto Aptex-coated
slides according to protocol40. The sections were examined using a Zeiss
argon laser scanning confocal microscope (wavelength 488 nm; LSM 510,
Carl Zeiss Inc.). Two confocal micrographs from the paraventricular hypo-
thalamic region were obtained using a Fluar 20×/0.75 objective in combina-
tion with a 1024 × 1024 pixel resolution, and Fluoro-Jade B+ cells were man-
ually counted by an observer blinded to group origin.
Immunohistochemistry for F4/80+ cells. F4/80, a 120–160 kDa glycoprotein,
is highly and constitutively expressed on most resident tissue macrophages45,
including microglia46. Resting microglia possess a characteristic ramified
morphology that can be visualized with antibodies to the F4/80 antigen.
However, immunohistochemical staining to F4/80 is proposed to become
more intense after microglial activation47. We used the rat monoclonal anti-
body F4/80 (1:100 dilution in 5% goat serum/PBS; Serotec) and biotinylated
anti-rat IgG secondary antibodies (1:200 dilution in 5% goat serum/PBS;
Serotec) to morphologically characterize microglia on horizontal sections.
Incubation times for the primary and secondary antibodies were overnight at
4°C and 1 h at room temperature, respectively. After incubation, brain sec-
tions were treated with Vectastain ABC reagent (Vector Laboratories) accord-
ing to the manufacturer’s directions, and the resulting avidin-biotin-peroxi-
dase complex was visualized with DAB (DAB substrate kit, Vector
Laboratories). The stained brains were observed by confocal light microscopy
under differential interference contrast. In addition to more intense staining,
activated microglia were distinguished by a more rounded morphology than
when in a resting state48. Three adjacent 0.5 mm2 areas from the paraventric-
ular region of the diencephalon were selected from each brain, and F4/80+
cells were manually counted by an observer blinded to group origin at 200×
magnification. The sparse presence of F4/80+ cells in the cerebellum and cor-
tex was also noted.
Flow cytometry for CD69+ F4/80+ cells. A useful approach to assess acti-
vated microglia/macrophages in the brain is the combination of immunohis-
tochemistry and flow cytometry49. Therefore, the third cohort of mice was
used to confirm activation of microglial/macrophage cell lineage during the
progress of lupus-like disease in MRL-lpr mice. CD69 antigen (also known
as an activation-inducer molecule or a very early activation marker) is a mem-
ber of the natural killer (NK) cell gene complex family of signal-transducing
receptors. CD69 expression can be induced in vitro on cells of most
hematopoietic lineages, including T and B lymphocytes, NK cells, murine
macrophages, neutrophils, and eosinophils50. According to a pilot study (data

not shown), 0.5–1.5 × 105 of mononuclear cells can be obtained from a sin-
gle MRL-lpr brain. Since this yield was not optimal for flow cytometry (~ 5
× 105), 5–8 brains for each age point and substrain were pooled from 5, 12,
or 18-week-old MRL-lpr and MRL +/+ mice. Freshly extracted brains were
minced in a glass homogenizer containing cell culture media, Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, Invitrogen, Grand Island, NY,
USA). Tissues were transferred into 50 ml centrifuge tubes, and a single-cell
suspension was obtained by vigorous pipetting. Percoll separation was used
to isolate the infiltrating mononuclear cells as described51. Briefly, 9 parts of
Percoll (Amersham Bioscience, Uppsala, Sweden) to one part 10× PBS was
added to brain tissue suspension at a final concentration of 30% Percoll and
centrifuged at 27,000 g for 30 min at 4°C. This resulted in top myelin/cellu-
lar debris fraction, middle glial fraction, and bottom mononuclear cell frac-
tion. The latter was collected and washed with DMEM. The number of living
cells collected was counted in a hemacytometer.

Fluorescence-labeled antibodies used for staining were R-phycoerythrin
(R-PE)-conjugated rat anti-mouse CD69 monoclonal antibody (0.25 µg for 1
× 106 cells; BD Pharmingen) and RPE-Cy5-conjugated rat anti-mouse F4/80
monoclonal antibody (5 µl for 1 × 106 cells; Serotec, Oxford, UK) as
described52. In particular, aliquots of mononuclear cells (0.5–1 × 106) were
suspended in 0.1 ml PBS containing 0.1% sodium azide and incubated with
predetermined optimal concentrations of R-PE-conjugated anti-mouse CD69
and RPE-Cy5-conjugated anti-F4/80 for 30 min in the dark at 4°C. Cells were
washed 3 times with PBS, resuspended in 0.3 ml PBS (containing 0.1% sodi-
um azide), and subjected to FACScan analysis. Mononuclear splenocytes
without fluorescence-labeled antibodies added were used as a negative con-
trol. Background autofluorescence was determined by incubating mononu-
clear cells (from brains of 18-week-old MRL-lpr mice) with PBS. The analy-
sis was performed using FACScan (Becton Dickinson, Mountain View, CA,
USA) and regions of interest were set according to forward scatter (roughly
proportional to the diameter of the cell) and side scatter characteristics of
splenocytes (proportional to the granularity). A total of 10,000 cells were ana-
lyzed and the frequency of each cell-surface marker was determined using
WinMDI 5.1 software (J. Trotter, Scripps Clinic, La Jolla, CA, USA). Data
were represented as dot plots, where each cell was represented by a dot, posi-
tioned according to the fluorescence intensities. These 2-color dot plots were
divided into 4 quadrants, comprising double-negative cells, green only, red
only, and double-stained cells. Percentage of different cell populations in each
quadrant was calculated for comparative purposes.
Light microscopy and transmission. In preparation for electron microscopy
analysis, 1 × 2 × 1 mm blocks of brain tissue were isolated from the regions
of interest (described above) and stored in Karnofsky’s fixative until process-
ing. Samples were rinsed in 0.1 M sodium cacodylate buffer twice for 10 min
each, and post-fixed in 1% osmium-tetroxide (in 0.1 M sodium cacodylate
buffer) for 1 h at room temperature. Tissue was dehydrated in ascending con-
centrations of ethanol, followed by 2 changes with propylene-oxide (10 min
each). Then samples were immersed in 1:1 and 1:3 propylene-oxide:Spurr’s
resin (Marivac-Canemco, St. Laurent, PQ, Canada) for 1 h before being
placed into 100% Spurr’s resin overnight. The next day samples were embed-
ded in fresh Spurr’s resin and polymerized overnight at 60°C. Blocks were
trimmed and semithin sections (0.5 µm) were cut and stained for light
microscopy with toluidine blue, which delineates both perikarya and proxi-
mal dendrites53. In brief, 5 g of toluidine blue powder (Marivac-Canemco)
and 5 g sodium borate (Caledon, Georgetown, ON, Canada) were combined
in deionized water to make a 500 ml staining solution. The solution was heat-
ed to ~65°C and sections were transiently immersed for staining. Sections
were washed 3 times in distilled water before mounting and cover-slipping for
assessment. Finite neuroanatomical areas were identified from each section.
From each slide, an area common to a particular region was demarcated for
further processing. Ultrathin sections (90 nm) of each finite area were then cut
and placed onto 200-mesh copper-palladium grids. The grids were post-
stained with saturated uranyl acetate in 50% ethanol and Reynolds lead cit-
rate. Grid sections were examined and photographed using a JEOL 1200 EX
(Tokyo, Japan) transmission electron microscope at an accelerating voltage of
80 kV. Some sections were also processed with standard H&E as described54.
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Indices of systemic disease. Profound changes in the systemic cytokine net-
work are one of the earliest manifestations of autoimmune disease in murine
models of lupus4. We presently measured TNF-α, which is proposed to con-
tribute to progressive microglia-induced cell damage in neurodegenerative
diseases55, and is elevated in MRL-lpr mice56,57. Similarly, high concentra-
tions of IL-1ß may have detrimental effects on cultured neurons58 and hip-
pocampal tissue59. Therefore, serum levels of TNF-α and IL-1ß were ana-
lyzed with an ELISA kit (R&D Systems, Minneapolis, MN, USA) as
described57.

Considering that death of MRL-lpr mice is usually attributed to immune
complex-mediated glomerulonephritis, and deposits of IgG and DNA
immune complexes have been observed in the kidneys60, circulating immune
complexes (CIC) and antibodies to double-stranded DNA (dsDNA) were
measured as additional markers of disease severity. Blood samples were left
to coagulate in 1.5 ml plastic vials and centrifuged for 10 min at 3000 rpm.
Serum was separated from the clot and stored at –20°C until analysis. CIC
and dsDNA concentrations were measured using qualitative sandwich ELISA
kits (CIC: catalog no. 5900; anti-dsDNA: catalog no. 5100), according to the
manufacturer’s instructions (Alpha Diagnostic International, San Antonio,
TX, USA). In brief, serum samples were diluted 1:100 in diluent included in
the kit, and applied to both experimental and control wells to assess the speci-
ficity of binding. The optical density of each well was determined using a
microplate ELISA reader set to 450 nm. Given that splenomegaly is a well
established marker of severe autoimmunity in the MRL model4, wet spleen
was weighed immediately upon extraction.
Statistical analysis. Data were analyzed by analysis of variance with substrain
(MRL-lpr vs MRL +/+; CD1) and treatment (IBU-rich vs control food) as
between-group factors. Student’s t test was used in the post-hoc analysis
because of the 2 × 2 design in most comparisons. Pearson’s correlation was
used to measure association between variables. Significance level was set at
p ≤ 0.05 and graphs show means ± SEM. All computations were performed
using the SPSS 13 statistical package.

RESULTS
Dermatitis, alopecia, and necrosis of ear tips appeared earlier
and were more common among the IBU-treated MRL-lpr
mice in comparison to 3 other groups (~30% vs ~10%). This
suggested that chronic ingestion of IBU-laced food exacerbat-
ed lupus-like disease in some animals. However, this observa-
tion needs to be repeated in a separate cohort by formulating
an a priori hypothesis and by systematically measuring
peripheral manifestations.
Infiltration of T cells and neuropathology. As shown previ-
ously29, T cells were dense in the choroid plexus and sparsely
scattered throughout the brain parenchyma of MRL-lpr mice.
Although the difference in the number of T lymphocytes in the
choroid plexus and the third ventricle was not statistically sig-
nificant, there was a trend for more T cells in brains from the
IBU-treated MRL-lpr group (83 ± 23 vs 53 ± 13 in control
MRL-lpr mice; t18 = 1.197, p > 0.1). Regardless of the treat-
ment, T lymphocytes were not observed in brains of congenic
or allogenic controls.

As expected, reduced brain weight (F(1,32) = 4.704, p <
0.05) was accompanied by increased Fluoro-Jade B and F4/80
positivity in brains of diseased MRL-lpr mice. Hypothalamic,
cortical, and cerebellar regions were frequently populated
with brightly stained fluoro-Jade B-positive neurons or
Purkinje cells (Figure 1). In contrast to a scattered distribution
in the hypothalamus (Figure 2A), clusters of intensely stained

F4/80+ cells were observed in the parieto-temporal cortex of
MRL-lpr brains (Figure 2C). The size and morphology of
some F4/80+ cells were reminiscent of macrophage-like cells
(Figure 2C inset). While F4/80+ cells were rarely seen in the
cerebellum of MRL-lpr mice, discretely stained cells were fre-
quently noted in proximity to the Purkinje layer (Figure 2E).
These observations were more profound in comparison to
brains of congenic MRL +/+ controls (Figures 2B, 2D, 2F)
and healthy CD1 mice (data not shown). The treatment with
IBU did not change established group differences, as evi-
denced by undiminished counts in the hippocampal region
(Figure 3). However, similarly to enhanced T cell infiltration,
there was a trend for more Fluoro-Jade B-positive neurons in
the IBU-treated MRL-lpr mice than in MRL-lpr mice fed with
the control diet (102 ± 8 vs 81 ± 7; t16 = 0.081; Figure 3A).

A novel contribution to the neuropathology described pre-
viously5,7,29,30,54 was the observation that (regardless of treat-
ment) intensely stained “activated microglia” were more com-
mon in the hypothalamus of diseased MRL-lpr mice (sub-
strain: F(2,25) = 17.667, p < 0.001; Figure 3B). This notion of
enhanced microglial activation was supported by the FACS
analysis, which revealed a ~20-fold increase in the number of
CD69+ F4/80+ cells from mice 5 to 18 weeks of age (Figure
4). Although resident CD69+ F4/80+ cells were less abundant
than other leukocyte populations60a, their percentage
increased with age and was higher in brains pooled from 12
and 18-week-old MRL-lpr mice than in age-matched MRL
+/+ controls.
Behavior. MRL-lpr mice consumed less food and water com-
pared to congenic controls, and the IBU-rich diet did not
affect these measures (for food, substrain: F(1,32) = 6.639, 
p < 0.02; for water, substrain: F(1,32) = 7.062, p < 0.02). As
expected, MRL-lpr males moved less and traveled shorter dis-
tances when exposed to a novel environment (activity box),
and this deficit was not ameliorated by the IBU treatment (for
movement time, substrain: F(1,32) = 9.153, p < 0.01; for dis-
tance, substrain: F(1,32) = 12.909, p < 0.001). Chronic IBU
treatment also failed to reduce floating time in MRL-lpr mice
(substrain: F(1,32) = 13.352, p < 0.01). Since these observa-
tions have been reported21,57,61, they are not shown here. The
CD1 mice showed food/water consumption and behavioral
performance similar to MRL +/+ mice (data not shown).
Indices of autoimmune disease. MRL-lpr mice had signifi-
cantly larger spleen weights compared to the other 2 control
groups (substrain: F(2,46) = 33.778, p < 0.001), but IBU did
not attenuate this difference. Splenomegaly correlated with
reduced brain weights within the MRL-lpr mice (r16 = –0.486,
p < 0.05) and serum dsDNA levels (r16 = –0.573, p < 0.05),
suggesting a relationship between systemic autoimmunity and
brain damage in this substrain. Serum levels of TNF-α and IL-
1ß were elevated only in MRL-lpr mice, and the treatment
with IBU did not alter these measures (for TNF-α substrain:
F(2,47) = 8.058, p < 0.001; for IL-1ß substrain: F(2,47) =
4.719, p < 0.02). Similarly, increased levels of CIC and anti-
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Figure 1. Representative fields of Fluoro-Jade B (FJB) staining in MRL brains. More numerous, brightly stained FJB+ cells sug-
gest a neurodegenerative process in the diencephalon of MRL-lpr mice (A) in comparison to age and sex-matched MRL +/+ con-
trols (B). Similarly, scattered FJB+ cells were commonly seen in the cortical parenchyma (C) in comparison to comparable areas
from control brains (D). Some contiguous Purkinje cells were distinctly stained in MRL-lpr mice (E), but were not seen in con-
genic MRL +/+ controls (D).
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Figure 2. Representative fields of F4/80 staining in MRL brains. Intensely stained F4/80+ cells were commonly observed in hypothalmic regions from diseased
lupus-prone mice (A), suggesting increased microglial activation. While also seen in control brains, F4/80+ cells appeared less dense (B). Patches of cortical
microglia cells were frequently observed in lupus brains (C) in comparison to age-matched controls (D). Although sparse F4/80 staining was seen in the Purkinje
layer of the MRL-lpr brain (E), this was not observed in age and sex-matched MRL+/+ controls (F).
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dsDNA antibodies in sera of MRL-lpr mice were not attenu-
ated by the antiinflammatory treatment (for CIC substrain:
F(2,47) = 30.016, p < 0.001; for anti-dsDNA antibodies sub-
strain: F(2,39) = 21.407, p < 0.001; data not shown). The

MRL +/+ mice fed control chow and both groups of CD1 mice
were negative for CIC and anti-dsDNA antibodies.
Microscopic observations. As expected, spleen weights of 3
MRL-lpr mice employed in the electron microscopy analysis
were greatest in the 23-week-old MRL-lpr animals (0.45 ±
0.03 g) relative to controls (0.11 ± 0.02), confirming their
autoimmune status (data not shown). Increased presence of
“dark” cells in 2 MRL-lpr brains was observed at the level of
light microscopy by enhanced toluidine blue staining (Figure
5). Interestingly, densely packed cells were prominent in the
subgranular zone, one of few brain areas that is populated
with neuronal and glial precursors62. This observation is con-
sistent with our previous reports in which fluoro-Jade B-posi-
tive cells were detected in the dentate gyrus of MRL-lpr
mice30 and a patient with NP-SLE54. Many scattered “dark”
cells were seen in the substantia nigra, but less frequently in
the periventricular hypothalamus and in the Purkinje and
granular cell layers of the cerebellar vermis (Figure 5) and
cerebral cortex (data not shown). Similarly to toluidine blue
staining, H&E revealed accumulations of basophilic cells in
the subgranular zone of the dentate gyrus (Figure 6). Although
a degenerative process is anticipated30,54, it is generally con-
sidered that a clear distinction between cells in prophase and
cells undergoing pycnosis or apoptosis cannot be made with
H&E staining only63.

Using electron microscopy, an abundance of “electron-
dense” cells was confirmed in the hypothalamus, hippocam-
pus, cerebellum (Figure 7), and the substantia nigra. Nuclear
and cytoplasmic condensation and clumping/condensation of
chromatin were ubiquitous across different brain regions.
However, “dark” cells neither contained apoptotic bodies nor
showed evidence of budding, which are classical signs of
apoptosis64. Although intracellular organelles showed good
ultrastructural preservation and membrane integrity, their
swollen shape suggested an initial stage of a metabolic insult.
Cells adjacent to the “dark Purkinje layer” were often of nor-
mal appearance despite increased amounts of lipofuscin-like
particles. Occasionally, the cellular plasma membrane was
ruffled, giving a scalloped appearance to these cells (Figure
7C). Electron-dense cells were confirmed in the subgranular
zone and the CA2/CA3 region, with mitochondria preserving
double-membrane appearance. While cristae appeared con-
densed, they were relatively intact within the condensed cyto-
plasm of dark neurons. Blebbing of cell membranes or pro-
found internal changes in organelles was generally absent.
The dysmorphic cells in MRL-lpr brains resembled reversible
ultrastructural changes documented by Auer and colleagues,
who proposed nonlethal alterations to the neurons after hypo-
glycemic brain damage65. In contrast to the above observa-
tions, cells in control brains had evenly dispersed nuclear
chromatin and rounded/oval shaped nuclei with prominent
nucleoli (data not shown).

Overall, these dark cells failed to exhibit classical signs of
apoptosis, such as formation of apoptotic bodies secondary to
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Figure 3. Quantification of degenerating neurons and microglial cells, as
revealed by fluoro-Jade B (FJB) and F4/80 staining. Compared to age-
matched controls, the density of FJB+ counts was significantly higher in the
hypothalamus of 19-week-old MRL-lpr mice than in other groups (A).
Similarly, the number of intensely stained F4/80+ cells was increased in
MRL-lpr mice in comparison to controls (B). Chronic treatment with IBU did
not affect these measures.
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nuclear and cytoplasmic fragmentation, or blebbing of the
cytoplasmic membrane. Moreover, there was no evidence of
large discrete masses (crescentic caps) of chromatin aggrega-
tion around the perimeter of nuclear membranes66. These neg-
ative findings would argue against a classical form of apopto-
sis within brain cells of Fas-deficient autoimmune mice.
Similarly, there were no signs of classical oncosis or necrosis,
characterized by vacuolization, nuclear and plasma membrane

breaks, and spilling of cell contents. Despite such an “inter-
mediate form” of cellular pathology67, a large proportion of
cells in 2 out of 3 brains extracted postmortem from aged
MRL-lpr mice appeared to have undergone profound meta-
bolic perturbations.

DISCUSSION
Immunosuppression with cyclophosphamide attenuates infil-
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Figure 4. Dot-plot scatter analysis of CD69+ F4/80+ cell infiltration in MRL-lpr and MRL +/+ brains pooled at 5, 12, and 18 weeks
of age. The percentage of CD69+ F4/80+ cells increased from 0.06% to 1.12% in the MRL-lpr groups (A, C, E), while the same
population was less consistent (B, F) and less abundant (D, F) in age-matched MRL +/+ controls.
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Figure 5. Toluidine blue staining of various brain regions inspected by light microscopy. The CA2/CA3 region (not shown)
and subgranular zone of the dentate gyrus of 2 diseased MRL-lpr mice were frequently populated with densely packed, elon-
gated dark cells. Although round, dark cells were clustered in the substantia nigra, they were scattered in the paraventricular
nucleus (PVN), and Purkinje and granule cell layers of the cerebellum.
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Figure 6. H&E staining of dentate gyrus inspected by light microscopy. The subgranular zone of diseased MRL-lpr mice was populated with dense-
ly packed basophilic cells in both hemispheres (contralateral hemisphere not shown). Although H&E cannot reliably distinguish degenerating cells
from cells in the prophase, the notion of proliferating, immature neurons “at risk” is consistent with our reports of hippocampal damage in MRL-
lpr mice30,54. Inset: enlarged area showing neighboring cells with dark, basophilic nucleoli.
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tration of leukocytes5, reduces neuronal atrophy68, lowers
serum and CSF levels of TNF-α, and abolishes in vitro CSF
cytotoxicity in lupus-prone MRL-lpr mice40. Since
cyclophosphamide is a cytotoxic drug that affects broad pop-
ulations of cells, it was of interest to understand whether
inflammatory pathways associated with prostaglandin produc-

tion play a role in the etiology of brain damage. We used a
nonsteroid antiinflammatory drug, ibuprofen, that is common-
ly used in treatment of SLE. The experimental dose was com-
parable to therapeutic doses used in other models of CNS
inflammation43,44,69. In this model of NP-SLE, however, the
IBU-rich diet did not attenuate behavioral dysfunction, sero-
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Figure 7. Electron microscopy (EM) revealing ultrastructural features of dark cells in brain of an MRL-lpr mouse. The
increased electron density was unaccompanied by blebbing of cell membranes or internal changes in organelles, other than
occasional swelling. A. Hypothalamic neuron (N) with densely compacted karyoplasm and cytoplasm, as well as an enlarged
Golgi apparatus (GA) and endoplasmic reticulum (ER) (bar = 1 µm). B. Densely packed dark cells between healthy neurons
(N) in the subgranular zone (bar = 2 µm). C. Cerebellar neuron with condensed cytoplasm, swollen mitochondria (M), and
ruffled outer membrane (bar = 1 µm). D. Dark neuron (N) surrounded by healthy-looking satellite oligodendrocyte (SO) and
shrunken glial cell (G) (bar = 2 µm). E. Hippocampal oligodendrocyte (O) with electron-dense cytoplasm and karyoplasm.
No evidence of apoptotic bodies, nuclear fragmentation, or ruptured membranes could be observed in any preparation (bar =
1 µm).
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logic markers of autoimmune disease, T lymphocyte infiltra-
tion, or microglia/macrophage activation. This lack of benefi-
cial effects was also observed in prospective clinical trials in
patients with Alzheimer’s disease70, and when kidney pathol-
ogy was examined in lupus-prone mice71. As for infiltrated
CD3+ lymphocytes, chronic IBU treatment showed a trend for
increased severity of leukocytosis in the third brain ventricle.
The commonly reported adverse CNS reactions to IBU in
patients with SLE72-75 are consistent with this observation. In
addition, our negative finding on the importance of the
inflammatory pathway is in agreement with a classic descrip-
tion of brain pathology in NP-SLE, generally negative for vas-
culitis76. Although this reasoning indirectly points to the
importance of autoimmune and/or COX-independent mecha-
nisms, one may assume the experimental treatment regimen
failed due to limited penetration of IBU into the brain77, or
because systemic inflammation in MRL-lpr mice is more
aggressive than in models with Alzheimer’s-like brain pathol-
ogy43,44. However, given that the blood-brain barrier is
breached in diseased MRL-lpr mice12,13, the former possibili-
ty is unlikely. Using light and electron microscopy, numerous
dark cells were observed throughout brains from diseased
MRL-lpr mice. Condensed nuclear and cytoplasmic material,
swollen mitochondria, and ruffled cell membranes suggest
events that may precede excitotoxic/oncotic cell death.
Transient dark neurons, however, are common in ischemic
brain65, and also in normal CNS78 as a consequence of
improper fixation or handling of brain tissue64. Although our
sample size was not large enough to estimate the severity of
the phenomenon, profound differences between MRL-lpr and
control brains suggest that dark cells are not procedural arti-
facts. Rather, they point to profound metabolic perturbations
(in both neurons and accessory cells) during the development
of systemic autoimmune disease.

The Fas antigen (Fas/Apo-1/CD95) is a cell-surface recep-
tor that is critical in mediating apoptosis in the CNS79. This
receptor is not expressed in brains of MRL-lpr mice80, which
is generally consistent with the lack of typical apoptotic mor-
phology in this study. However, an apoptotic mode of neu-
ronal demise can be mediated by mechanisms such as TNF-α
or granzyme B receptors. If so, there are at least 2 lines of sup-
portive evidence. For example, Alexander and colleagues
combined immunohistochemistry of the neurofilament,
TUNEL staining, DNA laddering, and caspase-3 activity to
infer increased neuronal apoptosis in MRL-lpr brains81.
Additionally, caspase-3-mediated apoptosis in animal prepa-
rations treated with neurotoxic CSF16 points to a causal rela-
tionship between NR2 receptor-reactive autoantibodies and
brain damage in patients with NP-SLE82. However, the inabil-
ity of the TUNEL method to discriminate apoptosis from
necrosis in solid tissues calls into question the specificity of
this assay83-85. Similarly, the evidence that caspase-3 activa-
tion also occurs in neuronal necrosis86 is in accord with the
general consensus that transmission electron microscopy is

the most reliable identification method87. This dilemma on
whether apoptotic or necrotic mechanisms prevail in autoim-
mune brain is further complicated by markers of excitotoxic
and/or pro-oncotic signaling. In particular, significant increas-
es in glutamine, glutamate, and lactate concentrations have
recently been reported in MRL-lpr brains88. In addition to free
oxygen species, intracellular glutamine accumulation and
release of glutamate are known to result in both apoptotic and
necrotic neuronal demise89. However, acute excitotoxic dam-
age is considered physiologically closer to the necrotic end of
the apoptosis-necrosis continuum67,90.

Numerous factors can induce excitotoxic damage, and in
injured or immunologically challenged brain, cytokine-pro-
ducing microglia play an important role91,92. Together with
class II MHC upregulation26, deposition of complement pro-
teins C3 and C981, and increased mRNA expression for proin-
flammatory cytokines in brains of MRL-lpr mice27,28, our
results are consistent with the notion of microglia-induced
neuronal excitotoxicity. Observation of densely packed dark
cells in the subgranular zone is potentially important in light
of the evidence that CSF from lupus-prone mice is cytotoxic
to proliferating brain cells93.

In addition to immune-mediated insults, altered production
of steroid hormones is likely to be another important factor in
the pathogenic circuitry during systemic autoimmune disease.
Plasma corticosterone is chronically elevated in MRL-lpr
mice94, and in contrast to its suppressive effect on peripheral
inflammation, it may exacerbate excitotoxicity by glutamate
accumulation and non-apoptotic death of central neurons95,96.
Despite the relative colocalization of Fluoro-Jade B-positive
and F4/80+ cells, our results do not clarify whether age-
dependent microglial activation causes neuronal demise, or
reflects a “scavenging response” to necrosis, or alternatively,
a reparative process in the CNS97,98. In the same way, as com-
monly seen in neurodegenerative disorders associated with
glutamate receptor-mediated excitotoxicity67, we could not
provide conclusive evidence that documents typical modes of
cell death in brains of autoimmune mice. The presence of
clustered and scattered dark cells may not necessarily indicate
the same pathogenic mechanism in major divisions of the
brain because peripheral inflammation, permeable blood-
brain barrier, disturbed ionic transport, and altered glucose
metabolism may individually and/or synergistically compro-
mise survival of mature and immature neurons in different
brain regions12,13,15,88,93.

Defining characteristics of typical apoptotic or necrotic
cell death were not found in MRL-lpr brains, despite relative-
ly broad electron microscopic screening. However, condensa-
tion of nuclear and cytoplasmic material, swollen mitochon-
dria, and ruffled appearance of cell membranes suggest pro-
found metabolic perturbations that may precede excitotox-
ic/oncotic cell death. This possibility requires further explo-
ration in a larger sample, throughout the whole brain, and
using a combination of methodological approaches. A better
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understanding of neuronal death in the MRL model of NP-
SLE may provide a basis for novel, non-antiinflammatory
drugs in treating this poorly understood neuroimmunological
condition.
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