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The neuromodulator adenosine regulates immune activation and neuronal survival through specific G-protein-coupled receptors expressed on macrophages and neurons, including the A1 adenosine receptor (A1AR). Here we show that A1AR null (A1AR ⫺/⫺) mice
developed a severe progressive-relapsing form of experimental allergic encephalomyelitis (EAE) compared with their wild-type
(A1AR ⫹/⫹) littermates. Worsened demyelination, axonal injury, and enhanced activation of microglia/macrophages were observed in
A1AR ⫺/⫺ animals. In addition, spinal cords from A1AR ⫺/⫺ mice demonstrated increased proinflammatory gene expression during
EAE, whereas anti-inflammatory genes were suppressed compared with A1AR ⫹/⫹ animals. Macrophages from A1AR ⫺/⫺ animals
exhibited increased expression of the proinflammatory genes, interleukin-1␤, and matrix metalloproteinase-12 on immune activation
when matched with A1AR ⫹/⫹ control cells. A1AR ⫺/⫺ macrophage-derived soluble factors caused significant oligodendrocyte cytotoxicity compared with wild-type controls. The A1AR was downregulated in microglia in A1AR ⫹/⫹ mice during EAE accompanied by
neuroinflammation, which recapitulated findings in multiple sclerosis (MS) patients. Caffeine treatment augmented A1AR expression on
microglia, with ensuing reduction of EAE severity, which was further enhanced by concomitant treatment with the A1AR agonist,
adenosine amine congener. Thus, modulation of neuroinflammation by the A1AR represents a novel mechanism that provides new
therapeutic opportunities for MS and other demyelinating diseases.
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Introduction
The endogenous purine nucleoside adenosine regulates a variety
of physiological processes, including neuronal survival (Ribeiro
et al., 2002) and suppression of inflammation (Cronstein, 1994).
The biological effects of adenosine are mediated by four different
subtypes of G-protein-coupled cell surface receptors (A1, A2a,
A2b, and A3), all of which have been shown to regulate the synthesis and release of immunomodulatory molecules, including
cytokines, matrix metalloproteinases (MMPs), and reactive oxygen species (Boyle et al., 1996; Hasko et al., 1996). In recent
studies, the activation of adenosine receptors on immune cells
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cluding tumor necrosis factor (TNF)-␣ (Bouma et al., 1994;
Hasko et al., 1996; Sajjadi et al., 1996) and MMPs (Boyle et al.,
1996), while also increasing the expression of neuroprotective
and anti-inflammatory cytokines, including interleukin-6 (IL-6)
and IL-10 (Hasko et al., 1996; Le Moine et al., 1996; Schwaninger
et al., 1997). Adenosine receptor agonists also appear to influence
other macrophage properties, such as phagocytosis and chemotaxis, thereby reducing leukocyte accumulation at sites of inflammation (Cronstein, 1994; Olah and Stiles, 1995). In the CNS, the
A1 adenosine receptor (A1AR) is highly expressed on microglia/
macrophages and neurons but not on infiltrating lymphocytes
(Johnston et al., 2001a), although its effects on neuroinflammation remain uncertain.
Multiple sclerosis (MS) is a chronic debilitating disease of the
CNS characterized by neuroinflammation, which results in ongoing demyelination and axonal/neuronal injury mirrored by
progressive, usually relapsing, physical disability (Lassmann et
al., 2001). Although the cause of MS remains unknown, acquired
immunity, including T- and B-cell responses targeting myelin
proteins, determines the early stages of disease, whereas innate
immune mechanisms with macrophage/microglia activation are
pivotal in disease initiation and progression together with the
selective expression and release of inflammatory mediators by
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activated immune cells, such as cytokines (Navikas and Link,
1996), chemokines (Bar-Or et al., 1999; Sorensen et al., 1999),
and MMPs (Chandler et al., 1997; Yong et al., 1998). Several
immunomodulatory agents inhibit the development of disease in
an animal model of MS, experimental autoimmune encephalomyelitis (EAE) (Miller and Shevach, 1998; Neuhaus et al., 2003),
and in some cases have been shown to influence the course of
human disease (Neuhaus et al., 2003). Thus, regulating inflammatory mediators and reducing innate immune activation is a
rational therapeutic strategy for MS.
Previous studies from our group have reported that A1AR
expression and activity on macrophage/microglial cells were diminished in MS patients compared with controls with concurrent cytokine dysregulation (Mayne et al., 1999; Johnston et al.,
2001a). Thus, we hypothesized that the A1AR controlled the extent of neuroinflammation and associated demyelination in MS
and EAE. Here, we report that reduced A1AR expression results
in a more severe progressive EAE phenotype, which is accompanied by innate neuroimmune activation with augmented myelin
damage and axonal loss. Moreover, the severity of EAE was abrogated by concomitant treatment with the A1AR modulator
caffeine and the A1AR agonist adenosine amine congener
(ADAC).

Materials and Methods
Induction and treatment of EAE. Homozygous A1AR null mice
(A1AR ⫹/⫹) and littermate wild-type (A1AR ⫺/⫺) controls were generated as described previously (Sun et al., 2001). To induce EAE, agematched female mice were each injected subcutaneously with 50 g of
myelin oligodendrocyte glycoprotein (MOG35–55) (Brundula et al.,
2002) emulsified in complete Freund’s adjuvant (Difco Laboratories,
Detroit, MI), together with 300 ng of reconstituted lyophilized pertussis
toxin (List Biological Laboratories, Campbell, CA). The pertussis toxin
injection was repeated after 48 hr (Liu et al., 1998). For caffeine- and
ADAC-related experiments, EAE was induced in female 129/SvEv mice
and treated by implanting subcutaneous osmotic Alzet pumps (Durect,
Cupertino, CA) containing caffeine or ADAC or vehicle (saline or 1%
DMSO) to maintain constant caffeine and ADAC concentrations. Caffeine treatment (0.2–2.0 mg/kg) was initiated at the time of MOG immunization and continued until the animals were killed. ADAC (10 g/kg)
was initiated at day 12 after MOG immunization. Animals were assessed
daily for EAE severity for 60 d (A1AR ⫹/⫹ and A1AR ⫺/⫺ animals) or for
25 d in the caffeine-, ADAC-, and vehicle-treated animals using a 0 –5
rating scale (Liu et al., 1998) as follows: 0, no disease; 1, limp tail; 2, partial
paralysis of one or two hindlimbs; 3, complete paralysis of hindlimbs; 4,
hindlimb paralysis and forelimb paraparesis; 5, moribund. The animals
were killed by cardiac puncture and perfusion with PBS under methoxyflurane anesthesia; they were treated according to Center for Animal Care
and Control guidelines, and this study was approved by the University of
Calgary Animal Care Committee.
Histological analysis. The brain and spinal cord were removed from
euthanized animals, immersed in 10% neutral buffered formalin, and
embedded in paraffin wax as reported previously (Brundula et al., 2002).
Four micrometer sections, taken from cervical and lumber spinal cord
regions, were stained by Bielschowsky’s silver impregnation. The axonal
number was quantified by counting the silver-positive axonal fibers per
square millimeter in A1AR ⫹/⫹ and A1AR ⫺/⫺ mice. Five randomly chosen fields in white matter from each spinal cord section were scanned
with a Zeiss (Oberkochen, Germany) Axioskop 2 upright microscope
and Spot system (Diagnostic Instruments, Sterling Heights, MI) to provide digital images. Quantitative analysis of axonal numbers per square
millimeter was performed using Adobe Photoshop (San Jose, CA) and
the public domain program Scion Image (Scion, Frederick, MD). Briefly,
black axonal fibers in white-matter tracts were captured in Adobe Photoshop and axons per square millimeter were counted in Scion Image.
Immunohistochemistry. To detect macrophages/microglia, astrocytes,
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and neurons, antibodies to ionized calcium binding adaptor molecule 1
(Iba-1) (provided by Dr. Y. Imai; Imai et al., 1996), glial fibrillary acidic
protein (GFAP) (Dako, Carpinteria, CA), and neuronal nuclei (NeuN)
(Chemicon, Temecula, CA) (Iba-1, 1 g/ml; GFAP, 1:2000; NeuN,
1:100) were used, respectively, together with the Vectastain ABC-Elite kit
(Vector Laboratories, Burlingame, CA) (Power et al., 2003). An examiner
who was unaware of the slide identity performed cell counts of Iba-1- and
GFAP-immunopositive cells in the white matter of spinal cords and
NeuN-immunopositive cells in the frontal lobes of brains. Five randomly
chosen fields in white-matter tracts from each spinal cord section were
scanned as described above. The quantitative analysis of cell counts per
square millimeter was performed using Adobe Photoshop and Scion
Image (Scion Corporation) as described above.
Immunofluorescence and confocal laser scanning microscopy. Paraffinembedded sections were deparaffinized and preincubated with 10% normal goat serum, 2% BSA, and 0.2% Triton X-100 overnight at 4°C to
prevent nonspecific binding. Primary antibody mouse anti-myelin basic
protein (MBP) (1:1000 dilution; Sternberger Monoclonals, Lutherville,
MD) was diluted in 5% normal goat serum, 2% BSA, and 0.2% Triton
X-100, and incubated overnight at 4°C. After washing, the sections were
incubated with Cy-3 goat anti-mouse secondary antibody (1:500 dilution; Jackson ImmunoResearch, West Grove, PA) for 2 hr at room temperature in the dark, and mounted with fluorescent mounting medium.
Slides were examined on an Olympus (Tokyo, Japan) Fluoview (FV300)
confocal laser scanning microscope. An examiner who was unaware of
the slide identity calculated the percent vacuolar change in the white
matter of spinal cords, and quantitative analysis was performed as described previously (Linker et al., 2002). Cultured oligodendrocytes (OLs)
derived from adult rat brains were stained with an O1 monoclonal antibody that recognizes galactocerebroside (GalC), a marker for mature
OLs (Sommer and Schachner, 1981; Bansal et al., 1989). Goat anti-mouse
antibody conjugated to Cy-3 (Jackson ImmunoResearch) was used as the
secondary antibody to detect labeled OLs. Mouse OLs extend several
thread-like processes from soma, which facilitated the counting of the
percentage of O1-positive cells with processes (Oh et al., 1999). The
number of cells exhibiting processes at 24 hr was measured after treatment with the conditioned medium from bone marrow-derived macrophages (BMDM) from A1AR ⫹/⫹ or A1AR ⫺/⫺. To confirm the identity
of cells expressing A1AR, double staining was performed using Alexafluor-488-conjugated goat anti-rabbit secondary antibody (1:500 dilution; Molecular Probes, Eugene, OR) to detect the Iba-1 polyclonal antibody and Cy-3-conjugated donkey anti-goat secondary antibody (1:500
dilution; Jackson ImmunoResearch) to detect the A1AR polyclonal antibody (1:200 dilution; Santa Cruz Biotechnology, Santa Cruz, CA).
Deparaffinized sections were preincubated with 5% donkey and horse
serum, 2.5% mouse serum, 2% BSA, and 0.2% Triton X-100 overnight at
4°C to prevent nonspecific binding. Antigen retrieval was achieved by the
pretreatment of sections for 10 min in 10 mM sodium citrate buffer, pH
6.0, in a microwave oven. The specificity of staining was confirmed by
omitting the primary antibody. Slides were examined on an Olympus
FV300 confocal laser scanning microscope.
Real-time reverse transcription PCR. Animals were killed by cardiac
puncture under methoxyflurane anesthesia 60 d after the induction of
EAE, and lumbar–sacral spinal cords were collected. Spinal cord tissue
was dissected, homogenized, and then lysed in TRIzol (Invitrogen,
Gaithersburg, MD), according to the manufacturer’s guidelines. Total
cellular RNA was isolated and dissolved in diethylpyrocarbonate-treated
water, 1 g of RNA was used for the synthesis of complementary DNA,
and PCRs were performed as described previously. All mouse primer
sequences were established previously (Overbergh et al., 1999; Sun et al.,
2001), except for A2aAR (5⬘-CGCCATCCCATTCGCCATCAC-3⬘ and
5⬘-CCTTCGCCTTCATACCCGTCACCA-3⬘), A3AR (5⬘-GCCTTCGCATGTGGTATCAGTAAA-3⬘ and 5⬘-GAAGGGCAGAGTCCGTGGTAATC-3⬘), and MMP-12 (5⬘-TTTCTTCCATATGGCCAAGC-3⬘ and 5⬘GGTCAAAGACAGCTGCATCA-3⬘). All human primer sequence were
reported previously (Boven et al., 2003), except for A1AR (5⬘CCCCCTCGCCATCCTCATCA-3⬘ and 5⬘-GCCCGCTCCACCGCACTC-3⬘) and MMP-12 (5⬘-GGGGCCCGTATGGAGGAAACA-3⬘ and
5⬘-CACGGGCAAAAACCACCAAAATG-3⬘). Semiquantitative analysis
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was performed by monitoring in real-time the increase of fluorescence of
the SYBR-green dye (Molecular Probes) on a Bio-Rad (Hercules, CA)
i-Cycler. Real-time fluorescence measurements were performed, and a
threshold cycle value for each gene of interest was determined, as reported previously (Power et al., 2003). All data were normalized to the
glyceraldehyde-3-phosphate dehydrogenase mRNA level and expressed
as mRNA relative fold change (RFC).
Cell cultures. Mouse BMDMs were isolated from the pelvic and femoral bone marrow of A1AR ⫹/⫹ or A1AR ⫺/⫺ littermates, as described
previously (Riches and Underwood, 1991). The cells were cultured in
DMEM containing 2 mM L-glutamine, 100 U/ml penicillin, 100 g/ml
streptomycin, 10% heat-inactivated FBS, and 10% L929 cell-conditioned
medium as a source of macrophage colony-stimulating factor-1 in 10%
CO 2 for 5– 6 d in plastic dishes permitting cellular differentiation, resulting in monolayer cultures that were ⬎95% pure macrophages. The medium was replaced with Opti-MEM (Invitrogen) on day 7, and the cells
were treated with 100 ng/ml lipopolysaccharide (LPS), and 50 ng/ml
PMA for 4 hr. Cells were harvested and homogenized in TRIzol, whereas
supernatants were stored at ⫺80°C for subsequent oligodendrocyte toxicity studies. OLs were isolated from adult Sprague Dawley rat brains and
seeded at a density of 5 ⫻ 10 4 cells per well in polyornithine-coated
culture chambers (Nunc, Naperville, IL) (Oh et al., 1999). Isolated OLs
were differentiated in feeding media (MEM containing 5% heatinactivated FBS, 0.1% dextrose, 100 U/ml penicillin, and 100 g/ml
streptomycin. Culture medium was replaced with AIM V serum-free
medium (Invitrogen) and incubated with the supernatant from BMDM
culture for 24 hr. U937 human monocytoid cells (American Type Culture Collection, Rockville, MD) were initially cultured in RPMI-1640
containing 10% fetal calf serum, 100 U/ml penicillin, and 100 g/ml
streptomycin. Culture medium was replaced with AIM V serum-free
medium and treated with 50 ng/ml PMA for 4 hr. Total cellular RNA was
isolated from the above cells, and A1AR, A2aAR, A3AR, inducible nitric
oxide synthase (iNOS), TNF-␣, IL-1␤, IL-10, IL-4, and MMP-12 mRNA
expressions were quantified using reverse transcription PCR (RT-PCR)
analysis as described above.
Human brain tissue samples. Brain tissue (frontal white matter) was
collected at autopsy from each experimental group (n ⫽ 7 controls; n ⫽
7 MS) and stored at ⫺80°C as described previously (Johnston et al.,
2001b). Brain samples from controls were obtained from the Neurovirology Laboratory Brain Bank (Calgary, AB, Canada). Brain tissue from
MS patients was obtained from the Multiple Sclerosis Patient Care and
Research Clinic (Edmonton, AB, Canada) and was derived from normalappearing white matter. Frontal white matter was homogenized and then
lysed in TRIzol, and used in real-time PCR analyses as described above.
Western blot analysis. Protein extracts were prepared from lumbar–
sacral spinal cord tissue samples with TRIzol (Invitrogen), and concentrations were determined by BCA assay (Pierce, Rockford, IL). Ten micrograms of protein was separated by 10% SDS-polyacrylamide at 120 V
for 2 hr. Proteins were transferred overnight at 4°C onto nitrocellulose
membranes, followed by blocking with 10% skimmed milk to prevent
nonspecific binding. Membranes were then probed with polyclonal antisera to A1AR (1:1000 dilution; ␣ Diagnostic, San Antonio, TX) or
␤-actin (1:100; Chemicon) overnight at 4°C, followed by washing with
TBS-Tween 20. Goat anti-rabbit secondary antibody conjugated to HRP
(1:5000 dilution; Chemicon) was used to detect the primary antibody
bound to the protein. After several washes, peroxidase activity on the
membrane was detected by chemiluminescence (Roche Diagnostics,
Laval, Quebec, Canada).
Statistical analysis. Statistical analyses were performed using GraphPad InStat version 3.0 (GraphPad Software, San Diego, CA) for both
parametric and nonparametric comparisons. Analysis was performed
using the Mann–Whitney U test for neurobehavioral study and the unpaired t test for histopathological changes and real-time RT-PCR analysis. p values of ⬍0.05 were considered significant.

Results
To determine the neurological effects of diminished A1AR expression, we examined the severity of MOG-induced EAE in
A1AR ⫺/⫺ mice compared with A1AR ⫹/⫹ littermate controls.
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Figure 1. Neurobehavioral outcomes during EAE in A1AR ⫹/⫹ and A1AR ⫺/⫺ animals. a,
EAE in A1AR null (A1AR ⫺/⫺) animals showed a progressive-relapsing phenotype that exhibited more severe clinical scores (⫾ SEM) than in wild-type littermates (A1AR ⫹/⫹). b, The sum
of scores (SOS) per day and maximal disease severity per animal (Max Score) were significantly
greater in A1AR ⫺/⫺ animals compared with A1AR ⫹/⫹ animals. *p ⬍ 0.05; **p ⬍ 0.01.

The disease course in this model was a chronic progressiverelapsing phenotype with no difference in the onset and severity
of disease between A1AR ⫺/⫺ and A1AR ⫹/⫹ mice until day 20
after immunization (Fig. 1a). Twenty days after immunization,
A1AR ⫺/⫺ animals showed progressive neurological impairment
(Fig. 1a), unlike the A1AR ⫹/⫹ mice. In addition, the cumulative
neurological disability and the maximal severity of disease was
greater for the A1AR ⫺/⫺ animals compared with the wild-type
littermates (Fig. 1b), indicating that A1AR expression diminished
the severity of EAE after its onset and during disease progression.
MS- and EAE-related neuropathological features include immune activation with demyelination and axonal loss (Lucchinetti
et al., 2000). Histopathological analyses of the current experiments revealed that immunoreactivity of the macrophage/microglia marker Iba-1 in lumbar spinal cord was markedly enhanced
with cellular hypertrophy and infiltration in both A1AR ⫺/⫺ and
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Figure 2. Neuropathological changes in lumbar spinal cord during EAE in A1AR ⫹/⫹ and A1AR ⫺/⫺ animals. a, Iba-1 immunoreactivity was greater with cellular hypertrophy and infiltration
(arrows) during EAE in A1AR ⫺/⫺ animals compared with A1AR ⫹/⫹ with EAE and healthy A1AR ⫹/⫹ animals (Control) (magnification, 200⫻). b, Quantitation of microglial/macrophage
immunoreactivity showed a higher mean number of immunopositive cells (⫾ SEM) in A1AR ⫺/⫺ animals with EAE compared with A1AR ⫹/⫹ animals with EAE. c, MBP immunoreactivity was
reduced in A1AR ⫺/⫺ animals with EAE compared with A1AR ⫹/⫹ with EAE and A1AR ⫹/⫹ animals without EAE, which was confirmed by the quantitative analysis of mean vacuolar change in
myelin (⫾ SEM) ( d) (magnification, 100⫻; insets, 600⫻). e, Silver-stained axons were fewer in A1AR ⫺/⫺ with EAE compared with A1AR ⫹/⫹ animals with EAE and control A1AR ⫺/⫺ animals
(magnification, 1000⫻). f, Similarly, mean axon counts (⫾ SEM) were significantly lower in A1AR ⫺/⫺ animals with EAE compared with A1AR ⫹/⫹ animals with EAE (n ⫽ 4 per group). *p ⬍ 0.05;
***p ⬍ 0.001.

A1AR ⫹/⫹ animals with EAE (Fig. 2a) compared with animals
without EAE (Control). Quantitative analysis of Iba-1immunopositive cells after EAE showed greater frequency of detection in A1AR ⫺/⫺ compared with A1AR ⫹/⫹ animals (Fig. 2b).
In contrast, no difference in GFAP immunostaining of astrocytes
was observed between A1AR ⫺/⫺ and A1AR ⫹/⫹ animals during
EAE, although GFAP immunoreactivity was increased in animals
after the induction of EAE compared with healthy animals (data
not shown). The assessment of myelin indicated that the MBP
immunopositive area in the white matter of A1AR ⫺/⫺ lumbar
spinal cord was significantly reduced compared with A1AR ⫹/⫹
animals with and without EAE (Fig. 2c), which was accompanied
by severe vacuolar changes in the white matter of A1AR ⫺/⫺ lumbar spinal cords (Fig. 2c). The severity of vacuolar changes was
quantified by measuring the percentage of the vacuolar area in
MBP-stained sections, revealing significantly greater vacuolation
in A1AR ⫺/⫺ compared with A1AR ⫹/⫹ animals during EAE (Fig.
2d). In conjunction with the myelin changes, silver staining
showed that axon detection was decreased in the A1AR ⫺/⫺ com-

pared with the A1AR ⫹/⫹ animals with EAE (Fig. 2e), which was
underscored by the quantitative analyses of axon counts (Fig. 2f ).
Importantly, neuronal, axonal and glial counts did not differ between A1AR ⫺/⫺ and A1AR ⫹/⫹ animals before the induction of
EAE (supplemental Figs. 1, 2, available at www.jneurosci.org).
Hence, these findings supported the above neurobehavioral observations that absent A1AR expression resulted in worsened
neuropathological outcomes during EAE that were defined by
greater macrophage/microglial activation together with enhanced demyelination and axonal loss.
The selective expression and release of inflammatory mediators from activated immune cells, such as cytokines, chemokines,
and MMPs, contributes to the pathogenesis of both EAE and MS
(Navikas and Link, 1996; Sorensen et al., 1999; Vos et al., 2003).
Because the A1AR is known to regulate the release and synthesis
of immune molecules (Bouma et al., 1994; Boyle et al., 1996;
Hasko et al., 1996; Le Moine et al., 1996; Sajjadi et al., 1996;
Schwaninger et al., 1997), we investigated the extent to which the
absence of A1AR modulates proinflammatory and anti-
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observed in patients with MS but also emphasize the regulatory effects of the A1AR
on immune activation in the CNS.
Because macrophage/microglial activation represents a predominant neuropathological finding during progressive
MS and was also evident in the present
model, we examined the effects of immune
activation of macrophages from A1AR ⫹/⫹
and A1AR ⫺/⫺ animals after LPS and PMA
treatment. Consistent with the present in
vivo data, IL-1␤ and MMP-12 mRNA levels
were significantly increased in A1AR ⫺/⫺
compared with A1AR ⫹/⫹ macrophages after immune stimulation (Fig. 4a), whereas
TNF-␣ expression did not differ between
A1AR ⫺/⫺ and A1AR ⫹/⫹ macrophages after
activation (data not shown), implying that
monocytoid cells were the principal determinants of the proinflammatory gene profile
observed in the present in vivo experiments.
Because OLs are susceptible to injury
associated with neuroinflammation, their
morphology and survival was examined
after treatment with supernatants from
differentiated, but otherwise untreated,
A1AR ⫹/⫹ and A1AR ⫺/⫺ macrophages.
OLs treated with supernatants from
A1AR ⫺/⫺ macrophages exhibited marked
process retraction compared with OLs
treated with supernatants from A1AR ⫹/⫹
macrophages and untreated OLs (Fig. 4b).
The quantitation of the number of OLs
with processes showed that A1AR ⫺/⫺derived supernatants were significantly
Figure 3. Analysis of mean proinflammatory and anti-inflammatory molecule mRNA RFC (⫾ SEM) in lumbar spinal cord in more cytotoxic than supernatants from
⫹/⫹
⫺/⫺
healthy and EAE-induced in A1AR
and A1AR
animals. RT-PCR showed that mRNA levels for IL-1␤ ( a), iNOS ( b), MMP-12 differentiated A1AR ⫹/⫹ macrophages and
( c), and MMP-9 ( d) were significantly higher in A1AR ⫺/⫺ animals during EAE compared with A1AR ⫹/⫹ animals with EAE when control media (Fig. 4c). Although the OL
expressed as a fold increase above expression in healthy A1AR ⫹/⫹ animals. Conversely, IL-10 ( e) and IL-4 ( f) mRNA levels were
death percentage was increased in cultures
lower in the spinal cords of A1AR ⫺/⫺ animals during EAE compared with A1AR ⫹/⫹ animals with EAE. Basal mRNA levels for each
treated with supernatants from both
gene did not differ between null and wild-type animals (n ⫽ 4 per group). *p ⬍ 0.05.
A1AR ⫹/⫹ and A1AR ⫺/⫺ macrophages
compared with untreated OLs, there was
inflammatory responses in the CNS during EAE. Although the
no difference in the OL death rate caused by A1AR ⫹/⫹ and
A1AR ⫺/⫺ supernatants (data not shown). These findings suggest
RFC in mRNA expression of the proinflammatory cytokine
⫹/⫹
that macrophage-derived soluble factors were toxic to OLs and
IL-1␤ was induced in A1AR
mice after EAE induction,
A1AR ⫺/⫺ EAE mice showed a significant 5.6-fold increase comthat the absence of A1AR expression increased the release of cypared with A1AR ⫺/⫺ healthy controls (Fig. 3a). Similarly, iNOS
totoxic factors from macrophages.
mRNA was induced in A1AR ⫹/⫹ EAE mice compared with
To define A1AR expression in the CNS of the healthy wildA1AR ⫹/⫹ healthy controls (Fig. 3b), but A1AR ⫺/⫺ EAE mice
type mice, immunofluorescence studies showed that A1AR imshowed significantly greater iNOS expression (Fig. 3b). MMP-12
munoreactivity in the spinal cord was colocalized principally
mRNA expression was also induced in A1AR ⫹/⫹ EAE mice comwith the microglia/macrophage marker, anti-Iba-1 (Fig. 5a), with
pared with A1AR ⫹/⫹ healthy controls (Fig. 3c), but the absence
few A1AR-immunopositive neurons (data not shown). However,
of A1AR significantly augmented MMP-12 expression compared
in A1AR ⫹/⫹ mice during EAE, A1AR mRNA (Fig. 5b) and pro⫹/⫹
tein (Fig. 5c) expression was reduced in lumbar–sacral spinal
with A1AR
EAE mice. MMP-9 mRNA abundance was also
increased in A1AR ⫺/⫺ after EAE compared with healthy
cord compared with healthy controls, emphasizing the close couA1AR ⫺/⫺ mice (Fig. 3d), but no differences were observed
pling of A1AR mRNA and protein expression. Conversely,
among wild-type littermates with and without EAE. Conversely,
A2aAR and A3AR mean RNA levels were increased in lumbar–
TNF-␣ mRNA levels were significantly induced in EAE-induced
sacral spinal cord during EAE in both A1AR ⫹/⫹ and A1AR ⫺/⫺
⫹/⫹
animals, whereas both the A2aAR and A3AR transcript levels did
mice, but there was no difference between A1AR
and
A1AR ⫺/⫺ with EAE (data not shown). Both the antinot differ between A1AR ⫹/⫹ and A1AR ⫺/⫺ in healthy animals.
inflammatory cytokines, IL-10 (Fig. 3e) and IL-4 (Fig. 3f ) were
Although both the A2aAR and A3AR mRNA levels were insignificantly reduced in A1AR ⫺/⫺ mice compared with
creased during EAE, only among A1AR ⫺/⫺ animal was there a
⫹/⫹
A1AR
significant increase in the A2aAR levels (Fig. 5b). We also exammice after EAE. Thus, these studies reflected changes
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ined PMA-stimulated human monocytic
cells, U937, which revealed reduced A1AR
mRNA and increased MMP-9 expression
(Fig. 5d) compared with untreated controls. Recapitulating the latter finding and
previous studies (Mayne et al., 1999;
Johnston et al., 2001a), A1AR mRNA expression was also significantly decreased in
MS patient brains compared with controls
(Fig. 5e). Moreover, mRNA levels of prototypic proinflammatory molecules, including IL-1␤, MMP-12, and iNOS, were
significantly upregulated in MS patients’
brains (Fig. 5e), similar to earlier studies
(Bagasra et al., 1995; Baranzini et al.,
2000). Thus, A1AR expression in the CNS
was diminished during both MS and EAE,
which was accompanied by enhanced
proinflammatory responses in the brains
of MS patients compared with controls.
From the above studies, upregulation
of the A1AR and/or A1AR activation
would be a highly desirable therapeutic
strategy; hence, we examined the effects of
caffeine and/or ADAC on MOG-induced
EAE because chronic caffeine treatment
upregulates A1AR expression in the CNS
(Shi et al., 1993) and A1AR activation after
caffeine treatment might synergistically
reduce EAE severity. After the induction of
EAE in A1AR ⫹/⫹ mice, A1AR immunoreactivity on macrophage/microglia in Figure 4. Induction of proinflammatory molecule expression in macrophages from A1AR ⫹/⫹ and A1AR ⫺/⫺ animals with
mRNA levels (⫾ SEM) for LPS-induced IL-1␤ and PMA-induced MMP-12 were significantly
spinal cord was reduced (Fig. 6a), but con- oligodendrocyte cytotoxicity. a, Mean
⫺/⫺
animals after stimulation compared with A1AR ⫹/⫹ animal-derived macrophages after
current treatment of mice with caffeine (2 higher in macrophages from A1AR
mg/kg) increased A1AR expression on immune activation. b, Healthy GalC-immunopositive oligodendrocytes showed numerous processes (arrows). c, Quantitative
analysis showed that there were fewer oligodendrocytes with processes (% mean OL process ⫾ SEM) observed in cultures treated
Iba-1-immunopositive macrophage/miwith supernatants from A1AR ⫺/⫺ macrophages compared with A1AR ⫹/⫹ macrophage-derived supernatant treated and uncroglia, although there was no observable treated (Control) oligodendrocyte cultures. *p ⬍ 0.05; ***p ⬍ 0.001.
difference in the number of Iba-1-positive
cells (Fig. 6a). Analysis of mRNA levels in
pathological parameters suggested marked differences in EAE
spinal cord also showed that caffeine treatment significantly reseverity between A1AR wild-type and null animals, the neurobeversed EAE-related suppression of A1AR expression, compared
havioral measures revealed modest changes, likely caused by the
with saline-treated animals with EAE (Fig. 6b). Importantly,
limitations of the scoring system. Moreover, microglial/macrochronic caffeine treatment also significantly delayed the onset
phage activation was enhanced in A1AR ⫺/⫺ animals and A1AR
and reduced the severity of neurobehavioral signs in MOGdeficiency increased proinflammatory responses, whereas the
induced EAE compared with vehicle-treated mice (Fig. 6c), with
anti-inflammatory genes were suppressed together with inconcomitant reductions in cumulative neurological disability
creased oligodendrocyte cytotoxicity compared with littermate
and maximal severity of disease (Fig. 6d). To ensure that reversed
controls. Chronic caffeine treatment increased the A1AR expresA1AR expression with caffeine treatment reflected a correspondsion in macrophage/microglia during EAE, with an ensuing ating enhanced responsiveness to A1AR ligands, caffeine and
tenuation of disease, and concomitant ADAC treatment from the
ADAC treatments were administered together. Caffeine and
onset of EAE further enhanced the reduction of disease severity,
ADAC treatment synergistically reduced EAE severity more than
raising the possibility of treating inflammatory demyelination by
caffeine alone. Of interest, low-dose caffeine (0.2 mg/kg) also
increasing A1AR activity and expression.
increased A1AR mRNA expression and significantly reduced
Earlier studies from our group reported that A1AR mRNA
EAE disease severity, albeit to a lesser extent than high-dose cafand
protein levels were reduced in blood and brain monocytoid
feine (data not shown). These data indicate that caffeine moducells from patients with MS with associated dysregulation of cylates the severity of EAE by increasing A1AR expression on
tokine expression (Mayne et al., 1999; Johnston et al., 2001a).
monocytoid cells, and A1AR activation after caffeine treatment
Similarly, the present study shows that the A1AR is downregusignificantly reduced EAE severity.
lated on microglia during MOG-EAE. These findings suggest that
Discussion
transcriptional control or transcript degradation of A1AR gene
was perturbed during CNS inflammation, which is in contrast
Here, we demonstrate that the A1AR regulates the severity of
with findings in asthma, in which antagonism of the A1AR imEAE-related neurobehavioral and neuropathological outcomes,
proves outcomes (Fozard and McCarthy, 2002). The expression
including demyelination and axonal injury. Although the neuro-
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pression through their actions on binding
sites in the A1AR gene promoter (Svenningsson and Fredholm, 1997; Ren and
Stiles, 1999). Given that the A1AR regulates innate inflammatory responses in
macrophages and neutrophils (Linden,
2001), diminished A1AR expression
would be expected to exacerbate CNS inflammatory diseases, although the precise
effects were unclear until the present
study.
Adenosine-mediated anti-inflammatory
effects have been studied chiefly in macrophage-like cells, with inhibitory effects on
cytokine, chemokine, and MMP release (Le
Moine et al., 1996; De Stefano et al., 1998).
Macrophage/microglial infiltration and activation are key features of EAE in the present
A1AR null mouse model. This finding is emphasized by the marked increase in vitro and
in vivo of MMP-12 (macrophage metalloelastase) mRNA in A1AR null mice, which is
selectively expressed in monocytoid cells. Of
interest, this latter observation is supported
by our finding of increased MMP-12 mRNA
in the brains of MS patients and a study
showing MMP-12 protein in macrophages
of demyelinating lesions (Vos et al., 2003).
Although the MMP-12 substrate in demyelination remains uncertain, a neuropathogenic role for MMP-12 is plausible, given
very recent studies from our group showing
that MMP-2 is neurotoxic through a mechanism by which a chemokine is cleaved, resulting in a highly neurotoxic molecule
(Zhang et al., 2003). The precise substrate for
MMP-12 in the present context is currently
under investigation.
Because lymphocyte infiltration and
activation are important early determinants of MS and EAE onset (Bar-Or et al.,
Figure 5. A1AR expression is reduced in EAE and MS. a, Double-label immunofluorescence shows the microglial marker Iba-1 1999), but they minimally express the
colocalizing with the A1AR (inset) in the normal mouse spinal cord. b, Analysis of mean mRNA levels of adenosine receptors (⫾ A1AR, it was not surprising to find that the
SEM) in A1AR ⫹/⫹ and A1AR ⫺/⫺ animals by real-time RT-PCR in both healthy (Control) and EAE (EAE) animals revealed that severity of EAE at the onset of disease in
A1AR mRNA levels were undetectable in A1AR ⫺/⫺ animals and that A1AR levels were suppressed in A1AR ⫹/⫹ animals during the present model did not differ between
EAE. However, both A2aAR and A3AR mRNA levels were augmented during EAE in A1AR ⫹/⫹ and A1AR ⫺/⫺ animals, whereas the A1AR null and wild-type animals. HowmRNA levels of both receptors did not differ between A1AR ⫹/⫹ and A1AR ⫺/⫺ in healthy animals. c, Western blotting confirmed ever, the subsequent induction of proinlower A1AR protein levels in animals with EAE compared with healthy animals (Control). d, PMA treatment of human U937
flammatory and inhibition of antimonocytoid cells showed reduced A1AR and increased MMP-9 mean mRNA levels (⫾ SEM) compared with unstimulated cells (Control).
inflammatory molecules during EAE in
e,BraintissuefromMSpatientsexhibitedreducedmeanA1ARlevels(⫾SEM)comparedwithcontrolpatients,butmeanMMP-12,IL-1␤,
the A1AR null mouse also reflects the inand iNOS mRNA levels (⫾ SEM) were increased in MS patients (magnification, 400⫻). *p ⬍ 0.05; **p ⬍ 0.01.
flammatory profile of MS, which likely
contributes to demyelination and axonal
of A1AR gene is controlled by two separate promoters that reguinjury, both observed herein. Likewise, supernatants from differlate the expression of the A1␣ and A1␤ transcripts, respectively,
entiated A1AR null macrophages were cytotoxic to mouse oligoin different tissues (Ren and Stiles, 1994, 1995). Indeed, in the
dendrocytes, which implies a toxic mechanism causing demyelipresent studies we observed two A1AR immunoreactive bands on
nation in the present model. Although the soluble cytotoxic
Western blotting, which may reflect splice variants, although
factor(s) remains unknown, studies with glutamate receptor anboth were reduced in EAE-affected animals. However, our previtagonists failed to inhibit oligodendrocyte injury (data not
ous studies showed that the A1␤ transcript was preferentially
shown). The present A1AR null mouse model does not exhibit a
reduced in MS brains, which may reflect a lack in the putative
neurobehavioral or neuropathological phenotype (supplemental
transcriptional factor, AGG binding protein, that drives A1AR
Figs. 1, 2, available at www.jneurosci.org) during health (Sun et
expression (Olah and Stiles, 1995). Of interest, glucocorticoids,
al., 2001), indicating the activation or differentiation of microglia
frequently used in the treatment of MS, also enhance A1AR exis required for a disease phenotype in this model. Conversely,
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another A1AR null mouse model showed
an anxiety/aggression phenotype, perhaps
caused by a different knock-out strategy or
background animal strain (Gimenez-Llort
et al., 2002).
The neuroprotective properties of caffeine are attributable to several mechanisms, including its phosphodiesterase inhibition (Dall’lgna et al., 2003), but
antagonism of adenosine receptors is also
a recognized caffeine-related effect (Chou
and Vickroy, 2003). Chronic caffeine
treatment upregulates A1AR expression
through chronic receptor antagonism (Shi
et al., 1993) with improved outcomes after
cerebral ischemia (Bona et al., 1995), possibly caused by the activation of downstream
signaling molecules, including cAMP, protein kinase C, phosphatidylinositol-3 kinase,
and MAP kinases (Linden, 2001). Continuous delivery of caffeine markedly reduced
the severity of EAE, which was accompanied
by an increase in A1AR expression on spinal
cord microglia in the present studies. In vitro
caffeine treatment of human monocytoid
cells also increased A1AR expression and reduced proinflammatory cytokine production (data not shown). The present observations of macrophage-dependent effects
influencing the outcome of EAE is compatible with earlier studies showing that the
monocytoid cells are an essential component
⫹/⫹
of EAE-related disease (Bauer et al., 1995). Figure 6. A1AR expression is increased by caffeine during EAE. a, Chronic caffeine treatment of EAE-induced A1AR
compared with unOf interest, a recent clinical trial of a mixture animals showed that A1AR expression was increased on Iba-1-immunopositive microglia/macrophages
treated animals after EAE induction. b, Mean A1AR mRNA expression (⫾ SEM) was increased in A1AR ⫹/⫹ animals with EAE after
of caffeine and histamine in patients with
chronic caffeine treatment compared with untreated animals with EAE (n ⫽ 4 for each group). c, The onset and severity of EAE was
MS showed significant improvement in pa- significantly reduced and delayed, respectively (mean clinical score ⫾ SEM), in A1AR ⫹/⫹ animals receiving chronic caffeine
tients’ symptoms (Gillson et al., 2002). Other treatment, which may be synergistically accentuated by concomitant treatment with ADAC. d, The sum of scores per day and
A1AR-inducing drugs, such as glucocorti- maximal disease severity per animal were significantly diminished in caffeine-treated animals, again, markedly enhanced by
coids, are a standard treatment for acute MS concomitant treatment with ADAC. *p ⬍ 0.05; ***p ⬍ 0.001.
relapses, but their side effects preclude longterm use. Although the A1AR-specific agotions raise the possibility of using A1AR modulators and agonists
nist ADAC nonsignificantly delayed the onset of EAE (data not
in the treatment of neuroinflammatory diseases.
shown), a combination of caffeine with ADAC synergistically diminReferences
ished EAE severity, underscoring the impact of increasing A1AR
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