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Macrophage Antigen Complex-1 Mediates Reactive
Microgliosis and Progressive Dopaminergic Neurodegeneration
in the MPTP Model of Parkinson’s Disease1

Xiaoming Hu,* Dan Zhang,* Hao Pang,* W. Michael Caudle,† Yachen Li,* Huiming Gao,*
Yuxin Liu,* Li Qian,* Belinda Wilson,* Donato A. Di Monte,‡ Syed F. Ali,§ Jing Zhang,†

Michelle L. Block,*¶ and Jau-Shyong Hong2*

Neuronal death is known to trigger reactive microgliosis. However, little is known regarding the manner by which microglia are
activated by injured neurons and how microgliosis participates in neurodegeneration. In this study we delineate the critical role
of macrophage Ag complex-1 (MAC1), a member of the �2 integrin family, in mediating reactive microgliosis and promoting
dopaminergic (DAergic) neurodegeneration in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) model of Parkinson’s
disease. MAC1 deficiency greatly attenuated the DAergic neurodegeneration induced by MPTP or 1-methyl-4-phenyl-pyridium
iodide (MPP�) exposure both in vivo and in vitro, respectively. Reconstituted experiments created by adding microglia from
MAC1�/� or MAC1�/� mice back to MAC1�/� neuron-enriched cultures showed that microglia with functional MAC1 expres-
sion was mandatory for microglia-enhanced neurotoxicity. Both in vivo and in vitro morphological and Western blot studies
demonstrated that MPTP/MPP� produced less microglia activation in MAC1�/� mice than MAC1�/� mice. Further mech-
anistic studies revealed that a MPP�-mediated increase in superoxide production was reduced in MAC1�/� neuron-glia
cultures compared with MAC1�/� cultures. The stunted production of superoxide in MAC1�/� microglia is likely linked to
the lack of translocation of the cytosolic NADPH oxidase (PHOX) subunit (p47phox) to the membrane. In addition, the
production of PGE2 markedly decreased in neuron plus MAC1�/� microglia cocultures vs neuron plus MAC1�/� microglia
cocultures. Taken together, these results demonstrate that MAC1 plays a critical role in MPTP/MPP�-induced reactive
microgliosis and further support the hypothesis that reactive microgliosis is an essential step in the self-perpetuating cycle
leading to progressive DAergic neurodegeneration observed in Parkinson’s disease. The Journal of Immunology, 2008, 181:
7194 –7204.

P arkinson’s disease (PD)3 is a progressively disabling neu-
rodegenerative disorder affecting �1.5 million people in
the United States. It is characterized by the loss of dopa-

minergic (DAergic) neurons in the substantia nigra pars compacta
(SNpc) and the consequent loss of dopamine (DA) in the striatum,
resulting in locomotor impairments including slowness in sponta-
neous movement, resting tremor, and rigidity (1). Unfortunately,

an ideal therapy without long-term debilitating side effects is not
available for PD patients. The development of effective neuropro-
tective therapies needs collective efforts to elucidate the mecha-
nisms underlying the progressive degeneration of DA-containing
neurons in PD.

Microglia are the primary immune effector cells resident within
the CNS (2). The microglial response secondary to direct neuronal
lesions is usually termed reactive microgliosis, a process involving
increased proliferation, recruitment, and activation of microglia
(3). Reactive microgliosis has been observed in PD (4) and a va-
riety of other neurodegenerative diseases (5) or CNS injury (6).
Microglial activation functions in a neuroprotective manner in the
CNS by scavenging excess neurotoxins, removing dying cells and
cellular debris (7), and stimulating repair processes after brain
damage (8, 9). Overactivated microglia, however, exert cytotoxic
effects which, in turn, enhance the neuronal damage by producing
and releasing a plethora of neurotoxic substances that include free
radicals and proinflammatory cytokines (10). Hence, a vicious cy-
cle may develop between neuronal degeneration and reactive mi-
crogliosis and take an active role in the progressive nature of
DAergic neurodegeneration in PD (11).

The importance of reactive microgliosis in the progress of PD
has been best characterized with the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) model. MPTP is converted to the
1-methyl-4-phenyl-2,3-dihydropyridium ion (MPP�) in astro-
cytes and causes selective DAergic neuronal loss in the SNpc,
leading to a severe parkinsonian syndrome (12, 13). Persistent
microglial activation has been detected in the SNpc of humans
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(14) and nonhuman primates (15) years after initial MPTP
exposure. Additionally, administration of MPTP to mice led to
robust gliosis in the SNpc and the striatum (16). This activation of
microglia preceded abundant DAergic neurodegeneration in the
SNpc (17), suggesting that microgliosis may contribute to DAergic
cell loss. Furthermore, blockade of microglial activation with mi-
nocycline prevents nigrostriatal DAergic neurodegeneration in-
duced by MPTP in a mouse model of PD (18). Finally, the pres-
ence of microglia appears to exacerbate MPP�-mediated DAergic
toxicity in neuronal cultures (19). These reports highlight the im-
portance of microglial activation in MPTP-induced DAergic neu-
rodegeneration. However, little is known regarding the manner by
which injured neurons elicit microgliosis and how microgliosis
participates in DAergic neurodegeneration. Therefore, the identi-
fication of a microglial surface receptor that may mediate reactive
microgliosis is of great interest in elucidating the mechanisms of
PD progression and developing therapeutic strategies.

Recent evidence indicated that macrophage Ag complex-1
(MAC1; CR3, CD11b/CD18, �M�2) may be involved in mediating
the activation of microglia in inflammatory demyelinating disease
(20). MAC1 is a member of the leukocyte-specific �2 integrin
family. It is both an adhesion molecule and a pattern recognition
receptor, and has long been recognized to orchestrate the inflam-
matory response by regulating diverse functions involved in ad-
hesion, migration, phagocytosis, and chemotaxis (21). Addition-
ally, MAC1 has been documented to play an important role in
NADPH oxidase (PHOX) activation in response to oxidative in-
sults (22–24). Other evidence suggests that MAC1 occupancy is
capable of triggering the transcription factor NF-�B signaling
pathway and the subsequent production of inflammatory factors
(25, 26).

It has been reported in animal experiments and postmortem hu-
man studies that the increase in MAC1 expression corresponds to
microglial activation in numerous neurodegenerative diseases, in-
cluding PD (16, 27). However, the biological significance of this
increased expression to neurodegeneration remains unclear. Thus,
in the present study we delineate the contribution of MAC1 to
DAergic neurodegeneration in both in vivo and in vitro models of
PD. We also present evidence for the importance of MAC1 in
mediating microgliosis and the microglia-induced oxidative stress
and inflammatory response.

Materials and Methods
Reagents

MPTP and MPP� were purchased from Sigma-Aldrich. LPS (strain O111:
B4) was purchased from Calbiochem. WST-1 was purchased from Dojindo
Laboratories. Cell culture ingredients were obtained from Invitrogen.
[3H]DA (30 Ci/mmol) was purchased from PerkinElmer Life Sciences. The
polyclonal Ab to tyrosine hydroxylase (TH) was donated by Dr. J. Rein-
hard of GlaxoSmithKline. mAb to F4/80 was obtained from Serotec. Poly-
clonal Ab to Iba1 was obtained from Wako Chemicals. Rabbit anti-p47phox

was obtained from Upstate Biotechnology. Rabbit anti-GAPDH was ob-
tained from Abcam. Mouse anti-gp91phox was purchased from BD Trans-
duction Laboratories. Vectastain avidin-biotinylated enzyme complex and
biotinylated horse anti-mouse and goat anti-rabbit secondary Abs were
purchased from Vector Laboratories. FITC-conjugated goat anti-rabbit IgG
was obtained from Jackson ImmunoResearch Laboratories. PGE2 EIA kit
was purchased from Cayman Chemical.

Animals

B6.129S4-Itgamtm1Myd/J (MAC1�/�, on a C57BL/6J background) and
C57BL/6J (MAC1�/�) mice were purchased from The Jackson Labora-
tory. All the animals were housed in a specific pathogen-free facility and
fed a standard laboratory chow ad libitum. Housing, breeding, and exper-
imental use of the animals were performed in strict accordance with the
National Institutes of Health guidelines.

Primary midbrain neuron-glia cultures

Primary midbrain neuron-glia cultures were prepared from the brains of
embryonic day 13 � 0.5 MAC1�/� and MAC1�/� mice as previously
described (19). In brief, the ventral midbrain portion of the embryonic
brains was dissected out under a microscope and kept in cold MEM. Mes-
encephalic tissues were isolated and dissociated with gentle mechanical
trituration. Cells were diluted to 1.5 � 106/ml in maintenance medium
(MEM supplemented with 10% heat-inactivated FBS, 10% heat-inacti-
vated horse serum, 1 g/L glucose, 2 mM L-glutamine, 1 mM sodium pyru-
vate, 100 �M nonessential amino acids, 50 U/ml penicillin, and 50 �g/ml
streptomycin) and seeded in 24-well culture plates precoated with poly-D-
lysine (20 �g/ml). Plates were maintained at 37°C in a humidified atmo-
sphere of 5% CO2 and 95% air. Seven-day-old cultures were used for
treatment. The composition of the cells at the time of treatment was �48%
astrocytes, 12% microglia, and 40% neurons with 1% of the neurons being
TH-positive neurons.

Primary midbrain neuron-enriched cultures

Cytosine �-D-arabinofuranoside (Ara-C) was added to a final concentration
of 6 �M 36 h after seeding the cells to suppress glial proliferation. Cultures
were changed back to maintenance medium 2 days later and were used for
treatment 7 days after initial seeding.

Primary microglia-enriched cultures

Primary microglia-enriched cultures were prepared from the whole brains
of 1-day-old MAC1�/� and MAC1�/� pups as described previously (19).
In brief, brain tissues were triturated after removing the meninges and
blood vessels. Cells were seeded at 5 � 107 in 150-cm3 culture flasks with
DMEM/F12 containing 10% heat-inactivated FBS, 2 mM L-glutamine, 1
mM sodium pyruvate, 100�M nonessential amino acids, 50 U/ml penicil-
lin, and 50 �g/ml streptomycin. After a confluent monolayer of glial cells
had been obtained (12–14 days after initial seeding) microglia were shaken
off, collected, and seeded.

Neuron-microglia cocultures

Enriched microglia (1 � 105/well) from MAC1�/� or MAC1�/� mice
were seeded to 6-day-old neuron-enriched cultures from MAC1�/� mice.
Reconstituted cultures were used for MPP� treatment the following day.
Neurotoxicity was analyzed 7 days after the treatment.

Uptake assay

Uptake of [3H]DA was performed as previously described (28). In brief,
cultures were incubated for 20 min at 37°C with 1 �M [3H]DA in Krebs-
Ringer buffer (16 mM sodium phosphate, 119 mM NaCl, 4.7 mM KCl, 1.8
mM CaCl2, 1.2 mM MgSO4, 1.3 mM EDTA, and 5.6 mM glucose; (pH
7.4)). Nonspecific DA uptake was blocked with mazindol (10 �M). Cells
were collected in 1N NaOH after washing with ice-cold Krebs-Ringer
buffer. Radioactivity was determined by liquid scintillation counting with
a Beckman Tri-Carb 2900TR liquid scintillation counter. Specific [3H]DA
uptake was calculated by subtracting the mazindol counts from the wells
without the uptake inhibitor.

MPTP injection

For 6 consecutive days, 8-wk-old male mice received daily MPTP injec-
tions (15 mg/kg of MPTP � HCl (14.52 mg/kg as a base), s.c.). Mice used
as controls received an equal volume of 0.9% saline. The mice were eu-
thanized 21 days after the last MPTP/saline treatment with an i.p. injection
of 120 mg/kg pentobarbital and then perfused through the left ventricle
with saline followed by 4% paraformaldehyde. Brains were removed and
postfixed in 4% paraformaldehyde overnight at 4°C. Brains were then
placed into 30% sucrose/PBS solution at 4°C until the brains sank to the
bottom of the container. Coronal sections including SNpc were cut on a
horizontal sliding microtome into 35-�m transverse free-floating sections.

Immunostaining

Immunostaining was performed as described previously (29). DAergic
neurons were stained with the Ab to TH (1/5000). Microglia were stained
with the Ab raised against F4/80 (1/20) or Iba1 (1/1000). In brief, brain
sections or 3.7% formaldehyde-fixed cultures were treated with 1% hydro-
gen peroxide followed by sequential incubation with blocking solution
(PBS containing 1% BSA, 0.4% Triton X-100, and 4% appropriate serum),
primary Ab, biotinylated secondary Ab, and Vectastain ABC reagents. Af-
ter washing, the bound complex was visualized by incubating with 3, 3�-
diaminobenzidine and urea-hydrogen peroxide tablets dissolved in water.
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Color development was terminated by removal of the reagents and washing
with PBS. Images of in vitro cultures or brain staining were recorded with
an inverted microscope (Nikon) or Zeiss microscope, respectively, con-
nected to a charge-coupled device camera (DAGE-MTI) operated with the
MetaMorph software (Molecular Devices).

Cell counting

For visual enumeration of the immunostained TH-positive neurons in the
cell cultures, all cells in a well of a 24-well-plate were counted under the
microscope at �100 magnification. For in vivo quantification of TH-pos-
itive neurons, 24 consecutive brain slices (35-�m thickness), which en-
compass the entire SNpc, were collected. The first (rostral) and every
fourth section of the 24 sections of each brain (i.e., eight evenly spaced
sections/brain) from saline or MPTP-injected animals were used for the
cell counting. The number of TH-positive neurons in the SNpc region was
counted in a double-blind manner by applying unbiased stereological anal-
ysis as previously described (30, 31). In brief, the total number of TH-
positive neurons was counted using the optical fractionator method, and the
SNpc was delineated using previously described criteria (32, 33). After
delineation at low magnification, every fourth section was sampled at
higher magnification using the Cast grid system (Olympus).

Analysis of striatal catecholamine content

The levels of DA and its metabolites (3,4-dihydroxyphenylacetic acid
(DOPAC) and homovanillic acid (HVA)) were determined by HPLC and
coupled with electrochemical detection as described (34). In brief, striatal
tissues were sonicated in 0.2 M perchloric acid (20% w/v) containing the
internal standard 3,4-dihydroxybenzylamine (100 ng/ml). After centrifu-
gation, 150 �l of the supernatant was passed through a 0.2-�m Nylon-66
filter, and 25 �l of the filtrate representing 2.5 mg of striatal tissue was
used. The concentrations of DA, DOPAC, and HVA were calculated using
standard curves that were generated by determining, in triplicate, the ratios
between three known amounts of the internal standard.

MPP� measurement

MAC1�/� and MAC1�/� mice were injected with a single dose of 40
mg/kg MPTP s.c. and sacrificed 90 min later. Both (left and right) striata
were dissected on ice, placed into a vial containing 250 �l of 0.4 N per-
chloric acid, and sonicated. After centrifugation, MPP� was measured by
HPLC using a Selectosil 5 SCX column (Phenomenex). The mobile phase
was delivered at a flow rate of 1.0 ml/min and consisted of 90% of a
mixture of 0.1 M acetic acid and 0.15 M triethylamine hydrochloride (ad-
justed to pH 2.3 with formic acid) and 10% acetonitrile.

Superoxide assay

The extracellular superoxide production was determined by measuring the
superoxide dismutase (SOD)-inhibitable reduction of tetrazolium salt,
WST-1, as described before (28) with modifications. Seven-day-old pri-
mary neuron-glia cultures grown in 96-well plates were treated with MPP�

or vehicle in 150 �l of phenol red-free treatment medium. At 4 or 7 days
after treatment, 50 �l of WST-1 (1 mM) in phenol red-free treatment me-
dium, with or without SOD (600 U/ml), was added. The absorbance at 450
nm was read immediately with a Spectra Max Plus microtiter plate spec-
trophotometer (Molecular Devices). For the superoxide assay using micro-
glia-enriched culture, cells were plated at 1 � 105/well in 96-well plates
and incubated for 12 h. The cells were washed twice and left in 100 �l of
HBSS. Fifty �l of HBSS, PMA, MPP�, or LPS was added. Then 50 �l of
WST-1 (1 mM) in HBSS, with or without SOD (600 U/ml), was added.
The absorbance at 450 nm was read immediately.

Confocal microscopy

Enriched microglial cells from mice were seeded in dishes at 5 � 104

cells/well and treated with LPS for 10 min. Cells were fixed with 3.7%
paraformaldehyde in PBS for 10 min. After washing with PBS, cells were
incubated with rabbit polyclonal Ab to p47phox (0.5 �g/ml). Cells were then
washed and incubated with FITC-conjugated goat anti-rabbit Ab. Focal
planes spaced at 0.4-�m intervals were imaged with a Zeiss 510 laser
scanning confocal microscope (63X PlanApo 1.4 numerical aperture ob-
jective) equipped with LSM510 digital imaging software.

Cell extracts

Whole cell lysis from neuron-glia cultures were prepared with lysis buffer
(Cell Signaling Technology). Subcellular fractionation was performed as
described previously (35). For subcellular fractions, microglia were lysed
in hypotonic lysis buffer (1 mM EGTA, 1 mM EDTA, 10 mM �-glycer-

ophosphate, 10 mM NaF, 1 mM sodium orthovanadate, 2 mM MgCl2, 10
mM DTT, 1 mM PMSF, and 10 �g/ml each of leupeptin, aprotinin, and
pepstatin A), incubated on ice for 30 min, and then subjected to Dounce
homogenization (20–25 stokes, tight pestle A). The lysates were loaded
onto a sucrose gradient in lysis buffer (final 0.5 M) and centrifuged at
1600 � g for 15 min. The supernatant above the sucrose gradient was used
as the cytosolic fraction after centrifugation at 150,000 � g for 30 min. The
pellet was solubilized in 1% Nonidet P-40 hypotonic lysis buffer and was
used as the membranous fraction.

Tissue extracts

The midbrain encompassing the SN was removed from saline perfused
mice and homogenized in lysis buffer (PBS containing 1% Nonidet P-40
and a mixture of protease inhibitors). After 30 min on ice, the homogenate
was centrifuged to remove the insoluble fraction.

Western blot analysis

Equal amount of protein (60 �g/lane) was separated by 4–12% Bis-Tris-
polyacrylamide electrophoresis gel and transferred to polyvinylidene di-
fluoride membranes (NOVEX). The membranes were blocked with 5%
nonfat milk and incubated with primary Ab (rabbit anti-p47phox Ab (1/
2000), rabbit anti-GAPDH (1/2000), mouse anti-gp91phox (1/2000), or rab-
bit anti-Iba1 (1/3000) overnight at 4°C. The membranes were then incu-
bated with HRP-linked anti-rabbit or mouse IgG (1/3000) for 1 h at 25°C.
ECL Plus reagents (GE Healthcare) were used as a detection system.

PGE2 production assay

Cultures in 24-well plates were treated with MPP�. Supernatant was col-
lected 4 days later, and PGE2 production in supernatant was determined
with a PGE2 EIA kit according to the manufacturer’s instructions.

Statistical analysis

The data were expressed as mean � SEM. Statistical significance between
two groups was assessed with an ANOVA followed by Student’s t test.
Statistical significance between multiple groups was performed using a
one- or two-way ANOVA. When ANOVA showed a significant difference,
a least significant difference multiple comparisons posthoc test was per-
formed. A value of p � 0.05 was considered statistically significant.

Results
MPP�-induced DAergic neurotoxicity in neuron-glia cultures
was attenuated in the absence of MAC1

To investigate the role of MAC1 in MPTP/MPP�-induced neuro-
toxicity, neuron-glia cultures prepared from MAC1�/� and
MAC1�/� mice were treated with either a vehicle or different con-
centrations of MPP� (0.125, 0.25, or 0.5 �M). MPP� instead of
MPTP was used in all in vitro experiments because MPTP is not
toxic to astrocyte-devoid cultures, such as neuron-enriched and
neuron-microglia cocultures, which were frequently used in the
present study. Moreover, a previous report from our laboratory has
demonstrated that MPTP and MPP� are equally potent to induce
DAergic neuron degeneration in our culture systems (19).

DAergic neurotoxicity was assessed by the number and mor-
phological analysis of DAergic neurons and by the [3H]DA uptake
assay. TH, the rate-limiting enzyme in the synthesis of DA, is used
as a marker of DAergic neurons. DA uptake assay measures the
capacity of DAergic neurons to take up 3H-labeled DA, which is
a functional index of DAergic neurons. Morphological analysis
after immunocytochemistry staining with an anti-TH Ab showed
that TH-positive neurons in the MPP�-treated MAC1�/� cultures
(Fig. 1A) displayed much shorter and less elaborate TH-positive
processes compared with those from MAC1�/� cultures. Concen-
tration-dependent decreases in the number of TH-positive neurons
(Fig. 1B) and [3H]DA uptake capacity (Fig. 1C) were observed in
cultures from both MAC1�/� and MAC1�/� mice. The reduction
observed for both of these measurements was much less in
MAC1�/� compared with MAC1�/� cultures.

7196 MAC1 MEDIATES MICROGLIOSIS AND PROGRESSIVE NEURODEGENERATION
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/181/10/7194/1263180/zim
02208007194.pdf by guest on 20 April 2024



Microglia are essential for MAC1-potentiated neurotoxicity
of MPP�

It is well documented that MPTP/MPP� causes direct damage to
DAergic neurons. Additionally, microglia have been shown to play
an active role in exacerbating MPTP/MPP�-induced DAergic neu-
ronal loss (19). To ensure that the effect of MAC1 on the course of

MPP�-induced neurotoxicity was not a consequence of develop-
mental alterations and dampened sensitivity of DAergic neurons in
MAC1�/� animals, we compared the MPP�-induced neurotoxic-
ity in neuron-enriched cultures from MAC1�/� and MAC1�/�

mice. The number of DAergic cells was reduced to similar levels
in MAC1�/� and MAC1�/� neuron-enriched cultures after MPP�

FIGURE 2. Expression of MAC1 on microglia is im-
portant for MPP�-induced neurotoxicity. A, Mesence-
phalic neuron-enriched cultures from MAC1�/� or
MAC1�/� mice were compared for their susceptibility
to MPP�-induced DAergic neurotoxicity. B, Neuron-en-
riched cultures from MAC1�/� mice with microglia
(MAC1�/� or MAC1�/�) added back were compared
for their susceptibility to MPP�-induced neurotoxicity.
Microglia (1 � 105/well) were added back to neuron-
enriched cultures 24 h before treatment. Cultures were
treated with vehicle or 0.25 �M MPP� for 7 days, and
MPP�-induced neurotoxicity was quantified by count-
ing TH-positive neurons. The data were expressed as the
percentage of corresponding vehicle-treated control cul-
tures and were the mean � SEM from three independent
experiments in triplicate. #, p � 0.05 relative to neuron-
enriched cultures with or without MAC1�/� microglia
added back. C, Representative microscopic images were
shown for TH-positive neurons treated with vehicle or
MPP�. Scale bar: 50 �m.

FIGURE 1. MPP�-induced DAergic neurotoxicity was attenuated in mesencephalic neuron-glia cultures from MAC1�/� mice compared with MAC1�/�

mice. Mouse (MAC1�/� and MAC1�/�) mesencephalic neuron-glia cultures in 24-well plates were treated with vehicle or different concentration of MPP�

(0.125 �M, 0.25 �M and 0.5 �M) for 7 days. A, Representative microscopic images were shown for TH-positive neurons treated with vehicle or different
concentrations of MPP�. Scale bar: 30 �m. B, The effect of MPP� on the number of DAergic neurons was assessed by counting the number of TH-positive cells remaining
in the neuron-glia cultures after vehicle or MPP� treatments. C, MPP�-induced DAergic neurotoxicity was quantified by the [3H]DA uptake assay, which measures the
capacity of DAergic neurons to take up 3H-labeled DA. Results were expressed as a percentage of the vehicle-treated controls and were the mean � SEM from four
independent experiments in duplicate. #, p � 0.05 compared with corresponding vehicle-treated controls. �, p � 0.05 compared with MAC1�/� cultures after same
treatments.
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treatment (Fig. 2A), suggesting that DAergic neurons from
MAC1�/� and MAC1�/� mice respond equally to MPP� expo-
sure in the absence of glia cells. It is noteworthy that greater neu-
ronal loss was detected in MAC1�/� neuron-glia cultures (52%
loss; Fig. 1B) than in MAC1�/� neuron-enriched cultures (30%
loss; Fig. 2A) following the same concentration (0.25 �M) of
MPP� treatment. However, this glia-enhanced MPP� neurotoxic-
ity was not observed in neuron-glia cultures from MAC1�/� mice,
emphasizing the importance of glia in MAC1-potentiated MPP�

neurotoxicity. Further evidence of the importance of microglial
MAC1 expression was demonstrated by the difference between the
number of DAergic neurons detected when microglia from
MAC1�/� or MAC1�/� mice were added to MAC1�/� neuron-
enriched cultures before MPP� treatment (Fig. 2B). The addition
of MAC1�/� microglia resulted in �20% exacerbation of
DAergic neuronal loss, which is similar to the degree of reduction
observed in MAC1�/� neuron-glia cultures vs neuron-enriched
cultures. The addition of MAC1�/� microglia, however, failed to
show more neurotoxicity compared with MAC1�/� neuron-en-
riched cultures. The morphological changes elicited in TH-positive

neurons in MAC1�/� neuron-glia culture, neuron-enriched cul-
tures, and neuron-enriched cultures supplemented with microglia
from MAC1�/� or MAC1�/� mice were shown in Fig. 2C.
Taken together, these data confirm that the function of MAC1 in
the severity of MPP�-mediated DAergic neurotoxicity can be
attributed to its presence on microglia and ability to mediate
microglia-enhanced neurotoxicity, rather than a reduced sensi-
tivity of DAergic neurons to MPP� due to MAC1-deficiency
during development.

MAC1 is necessary for microglial activation elicited by MPP�

To define the role of MAC1 expression in modulating microglial
function, we first compared the morphological phenotype between
MAC1�/� and MAC1�/� microglia in vitro in neuron-glia cul-
tures with or without exposure to MPP�. Activation of microglia
was morphologically observed by F4/80 immunostaining at 1, 4,
and 7 days after vehicle (media) or MPP� challenge. One day after
treatment with 0.25 �M MPP�, relatively few small and lightly
stained microglia were observed in both MAC1�/� cultures and
MAC1�/� cultures (Fig. 3A). Consistent with our previous report

FIGURE 3. Analysis of MPP�-in-
duced reactive microgliosis in vitro.
Mesencephalic neuron-glia cultures
from MAC1�/� and MAC1�/� mice
were treated with vehicle or MPP�

(0.25 �M). A, Cultures were fixed at
1, 4, and 7 days (D) after treatments.
Microglia was visualized by immuno-
staining of the F4/80 Ag, a microglia
marker. The images presented are rep-
resentative of three independent ex-
periments. Scale bar: 50 �m. B,
Western blot analysis of microglial
activation. Cell lysates of cultures
from MAC1�/� and MAC1�/� mice
were prepared 4 days after MPP�

treatment. Immunoblot analysis was
performed to assess Iba1 Ag. GAPDH
was used as loading control (Ctrl).
The ratio of densitometry values of
Iba1 and GAPDH was analyzed and
normalized to each respective control.
The experiment has been performed
three times. Results were presented
as the mean � SEM. �, p � 0.05 rel-
ative to corresponding vehicle-treated
control cultures.
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(19), activation of microglia was prominent after prolonged MPP�

treatment (4 and 7 days) in MAC1�/� cultures. Numerous acti-
vated microglia, characterized by intensified F4/80 staining and
enlarged cell size, were distributed throughout the MAC1�/� cul-
tures 4 days after MPP� exposure. At this time point, there was a
mixture of process-bearing ramified microglia and process-free
amoeboid-like microglia in MAC1�/� cultures. At 7 days post-
treatment, more F4/80-positive cells in MAC1�/� cultures dis-
played features of fully activated microglia with an amoeboid and
condensed morphology. In contrast, the MPP�-induced activation
of microglia was less pronounced in neuron-glia cultures from
MAC1�/� mice at day 4 and day 7 posttreatment, exhibiting re-
duced F4/80 expression and minimal morphological changes. With
vehicle treatment, there was no obvious morphological difference
between MAC1�/� and MAC1�/� microglia. Western blot anal-

ysis using a different microglia marker (Iba1) was then performed
to provide a quantitative estimation of microglial activation. Iba1
expression increased significantly 4 days after MPP� treatment in
MAC1�/� cultures but not in MAC1�/� cultures (Fig. 3B). These
results suggest that MAC1�/� microglia are less reactive com-
pared with MAC1�/� microglia in the presence of MPP�-induced
neuronal damage.

MAC1 is critical for the activation of PHOX and subsequent
oxidant production after MPP� treatment

To better characterize MAC1-mediated microglial activation and
to further investigate the mechanisms underlying microglial
MAC1-enhanced MPTP/MPP� neurotoxicity, we examined sev-
eral factors released by microglia in cultures. Among the factors

FIGURE 4. MAC1 mediates the
activation of PHOX and production of
superoxide. A, Mesencephalic neu-
ron-glia cultures from MAC1�/� and
MAC1�/� mice were treated with ve-
hicle or MPP� (0.25 �M) for 4 or 7
days. B, Microglia-enriched cultures
from MAC1�/� and MAC1�/� mice
were treated with vehicle, PMA (25
nM), LPS (10 ng/ml), or MPP� (0.25
�M). Extracellular superoxide gener-
ation was measured by the SOD-in-
hibitable reduction of tetrazolium salt,
WST-1. Data were mean � SEM
from three independent experiments
in triplicates. #, p � 0.05 relative to
corresponding vehicle-treated control
cultures. �, p � 0.05 relative to
MAC1�/� cultures after same treat-
ments. C, Enriched microglial cells
from MAC1�/� and MAC1�/� mice
were treated with vehicle or LPS for
10 min. Cells were incubated with a
rabbit polyclonal Ab against p47phox

and then with a FITC-conjugated goat
anti-rabbit Ab. Focal planes spaced at
0.4 �m intervals were imaged. The
signal of p47phox (FITC-p47phox;
green) and the merged view of cell
morphology and p47phox (DIC plus
FITC-p47phox) were shown. Scale bar:
20 �m. D, Western blot assays for
p47phox levels in membrane and cyto-
solic fractions of microglia from
MAC1�/� and MAC1�/� mice 10
min after vehicle or LPS treatment.
Densitometry analysis was performed
with values of p47phox normalized to
each respective loading control
(GAPDH for cytosolic fraction, gp91
for membrane fraction) and further
normalized to MAC1�/� controls.
Experiments were performed at least
three times.
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we measured, the production of superoxide was the most promi-
nently attenuated one in MAC1�/� cultures. The generation of
extracellular superoxide was measured as SOD-inhibitable reduc-
tion of WST-1 in primary neuron-glia cultures following MPP�

(0.25 �M) treatment. In MAC1�/� cultures, both 4 and 7 days of
exposure of MPP� significantly stimulated the release of extracel-
lular superoxide (Fig. 4A) compared with vehicle controls. In con-
trast, the production of superoxide after MPP� treatment was sim-
ilar to control levels in MAC1�/� cultures, indicating the
importance of MAC1 in the production of superoxide after pro-
longed MPP� treatment.

Because extracellular superoxide is an important factor mediat-
ing MAC1-enhanced MPP� neurotoxicity and PHOX is the key
enzyme in extracellular superoxide generation in microglia, we
further investigated whether PHOX activation was dependent upon
MAC1 expression. First, to ensure the normal function of PHOX
itself in MAC1�/� mice, microglia-enriched cultures from
MAC1�/� and MAC1�/� mice were treated with vehicle, PMA, a
potent protein kinase C agonist that can directly induce the pro-
duction of superoxide catalyzed by PHOX, or LPS, an agent that
triggers superoxide production via interacting with MAC1 (36;
Fig. 4B). Although LPS induced significantly less production of
superoxide in MAC1�/� microglia compared with that of
MAC1�/� microglia, MAC1�/� and MAC1�/� microglia dem-
onstrated the same capacity to produce superoxide after PMA, in-
dicating an intact capability for PHOX-mediated superoxide pro-
duction in these two genotypes. This suggests that the reduced
production of superoxide observed in MAC1�/� neuron-glia cul-
tures after MPP� exposure cannot be attributed to the malfunction
of PHOX. It is noteworthy that no superoxide production was ob-
served when MAC1�/� or MAC1�/� microglia were challenged
by MPP�, which confirms our previous report that MPP� cannot
directly activate microglia in the absence of neuronal damage (19).

It is known that the activation of PHOX requires the transloca-
tion of cytoplasmic regulators (p47phox, p67phox, p40phox, and Rac)
and their subsequent interaction with the membrane-spanning fla-
vocytochrome b558 to commence activation of superoxide pro-
duction (37). To determine whether MAC1 regulates the translo-
cation of cytosolic components of PHOX, the membrane
translocation of p47phox was monitored by measurement of cyto-
solic and membrane levels of p47phox following activation of
MAC1 by LPS. Microglia were labeled using anti-p47phox Ab with
FITC-conjugated secondary Ab. Using confocal microscopy, we
observed a distinct morphological change in MAC1�/� microglia
10 min after LPS exposure, transforming from a small regular
shape (Fig. 4C, I and II) into an irregularly enlarged shape (Fig.
4C, III and IV). Meanwhile, LPS increased the translocation of
p47phox from the cytosol (Fig. 4C, I and II) to the membrane (Fig.
4C, III and IV). The morphological change of microglia and trans-
location of p47phox were absent in MAC1�/� microglia after LPS
treatment (Fig. 4C, VII and VIII). Likewise, Western blot analyses
showed a decrease in p47phox levels in the cytosolic fraction of
MAC1�/� microglia 10 min after LPS exposure (Fig. 4D). At
the same time, membrane p47phox expression levels increased. The
membrane translocation of p47phox was much less prominent in the
MAC1�/� microglial fractions, consistent with the involvement of
MAC1 activation in p47phox membrane translocation.

MPP�- induced PGE2 production from microglia was reduced
in MAC1-deficient mice

To further define the reactivity of MAC1�/� and MAC1�/� mi-
croglia to MPP�-induced neuronal death, we measured the pro-
duction of inflammatory factors including PGE2, NO, TNF-�, and
IL-1�. Because PGE2 is produced by multiple types of CNS cells,

a neuron-microglia coculture system was used to define the PGE2

production from microglia induced by neuronal damage.
MAC1�/� neuron-enriched culture, coculture of MAC1�/� neu-
ron/MAC1�/� microglia, and coculture of MAC1�/� neuron/
MAC1�/� microglia were treated with 0.25 �M MPP�. The levels
of released PGE2 in supernatants were measured 4 days after treat-
ment to determine whether MAC1 expression is important for mi-
croglial PGE2 production in the presence of MPP�-induced neu-
ronal damage. After MPP� treatment PGE2 production
significantly increased in the cultures with microglia (MAC1�/�

or MAC1�/�), whereas it did not change in MAC1�/� neuron-
enriched cultures (Fig. 5). Significantly reduced PGE2 production
was observed in MAC1�/� neuron and MAC1�/� microglia co-
cultures (37pg/ml) compared with that from cocultures of
MAC1�/� neuron and MAC1�/� microglia (55pg/ml), suggesting
the involvement of MAC1 in the microglial production of PGE2.

NO, TNF-�, and IL-1� released by activated microglia were
also measured in both MAC1�/� and MAC1�/� cultures treated
with MPP�. Their production was either below the detection limit
after MPP� treatment or did not change significantly in MAC1
null mice vs wild type mice (data not shown).

MPTP-elicited DAergic neurotoxicity was attenuated in
MAC1�/� mice in vivo

To recapitulate and substantiate the in vitro findings, MPTP (15
mg/kg) was injected s.c. to MAC1�/� and MAC1�/� mice for 6
consecutive days. We assessed the survival of DAergic neurons in
the SNpc 21 days after the last injection through quantification of
TH-positive neurons. MAC1�/� SNpc sections displayed de-
creased numbers of TH-positive neurons after MPTP treatment
(Fig. 6A) compared with saline-injected controls (Fig. 6B). In con-
trast, MAC1�/� mice showed an attenuated loss of TH-positive
neurons (Fig. 6, C and D). Quantitation of TH-positive neuron
numbers by stereological assessment (Fig. 6E) confirmed the his-
tological observations. There was a 47% survival of TH-positive
neurons in MAC1�/� mice and 87% survival in the knockout mice
after MPTP challenge, compared with the corresponding saline-
injected controls, indicating that the loss of MAC1 confers resis-
tance of SNpc DAergic neurons to MPTP-induced toxicity. No
statistical difference was detected between saline-treated
MAC1�/� and MAC1�/� mice in the number of TH-positive neu-
rons in the SNpc.

FIGURE 5. Involvement of MAC1 in MPP�-induced PGE2 production.
Neuron-enriched cultures from MAC1�/� mice with or without microglia
(MAC1�/� or MAC1�/�) added back were compared for their ability to
release PGE2 into the culture medium. Microglia (1 � 105/well) were
added back to MAC1�/� neuron-enriched cultures 24 h before treatment.
Neuron-microglia cocultures were treated with vehicle or 0.25 �M MPP�.
Culture media were collected 4 days after treatment. Data were mean �
SEM from three independent experiments in triplicates. #, p � 0.05 relative
to corresponding vehicle treated control cultures. �, p � 0.05 relative to
cocultures of neuron and MAC1�/� microglia after same treatment.
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DAergic neurons in SNpc send their axons into the striatum
where they release DA at synapses on striatal neurons. Thus, we
examined the striatal levels of DA and its metabolites (DOPAC
and HVA) by HPLC at 21 days and 4 mo after MPTP injection. As
shown in Table I, the levels of DA and its metabolites decreased
significantly in MAC1�/� mice as compared with saline-injected
controls at 21 days after MPTP injection. Interestingly, although a
similar degree of striatal DA depletion (68%) was displayed in
MAC1�/� mice at this time point, significantly higher levels of
DOPAC and HVA were observed in MAC1�/� mice compared
with MAC1�/� mice. The striatal DA level in MAC1�/� mice
was restored to the control level 4 mo after MPTP administration,
whereas significant reduction of DA and its metabolites still per-
sisted in MAC1�/� mice. Brain levels of MPP� measured by
HPLC showed no significant difference between MAC1�/� and
MAC1�/� mice (Fig. 6F) 90 min following MPTP, indicating that

the protection afforded by MAC1 deficiency was not due to an
alteration in MPTP toxicokinetics.

MAC1 is necessary for reactive microgliosis elicited by MPTP
in vivo

The morphological changes that accompany microglial activation
after MPTP injection were examined in the SNpc. Microglia were
stained with Iba1. Although resident microglia from both wild-
type (Fig. 7A) and MAC1 null mice (Fig. 7B) express a basal level
of Iba1, they appear small and bear thin processes (Fig. 7A, inset).
Microglial activation, as demonstrated by a dramatic increase in
Iba1 staining, was highly visible in the SNpc of the MAC1�/�

mice at 7 days post-MPTP treatment (Fig. 7C). Numerous micro-
glia assumed a highly activated amoeboid state with an enlarged
cell body and thicker cellular processes (Fig. 7C, inset) compared

FIGURE 6. MPTP produced less DAergic neurotoxic-
ity in MAC1�/� mice than MAC1�/� mice. MAC1�/�

and MAC1�/� mice were injected s.c. with MPTP (15
mg/kg/day) or saline for 6 consecutive days. MPTP-me-
diated damage of DAergic neurons in SNpc was evalu-
ated 21 days after the last injection by immunostaining
with an Ab against TH. A–D, Immunostaining of TH-
positive neurons in saline-treated (MAC1�/� (A);
MAC1�/� (C)) and MPTP-treated (MAC1�/� (B);
MAC1�/� (D)) mice. Scale bar: 50 �m. E, Quantification
of SNpc TH-positive neurons in the mice in A–D. Results
were presented as the mean � SEM. Five to nine animals
were used in each group. #, p � 0.05 compared with
corresponding saline-treated controls. �, p � 0.05 com-
pared with MAC1�/� mice after same treatment. F,
HPLC determination of striatal MPP� levels in
MAC1�/� and MAC1�/� mice 90 min after s.c. MPTP
injection. Results were presented as the mean � SEM.
Three animals were used in each group.

Table I. Striatal levels (ng/100mg wet sample) of DA and its metabolites at 21 days and 4 mo after the last MPTP injectiona

21 days 4 mo

DA DOPAC HVA Turnoverb DA DOPAC HVA Turnoverb

Salinec 963.10 � 16.85 97.312 � 15.14 100.53 � 16.22 0.21 � 0.03 1032.04 � 32.28 97.22 � 8.04 112.97 � 11.59 0.20 � 0.01
MPTP
MAC1�/� 304.07 � 8.16d 30.70 � 2.67e 53.2 � 1.45e 0.28 � 0.01 518.23 � 86.55e 72.39 � 2.88d 71.82 � 10.13e 0.29 � 0.04
MAC1�/� 310.23 � 17.54d 139.77 � 21.86 84.26 � 4.23 0.72 � 0.04f 1007.24 � 63.09 83.74 � 6.13 100.81 � 9.07 0.18 � 0.01

a MAC1�/� or MAC1�/� mice were injected with vehicle (saline) or MPTP as described in Materials and Methods. Mice were sacrificed and striatal tissues were removed
21 days or 4 mo after the last MPTP injection. The levels of DA and its metabolites, DOPAC and HVA, were determined with HPLC and expressed as means � SEM. Three
to six animals were used in each group.

b Turnover ratio 	 (DOPAC � HVA)/DA. This ratio is often used to reflect the activity of DAergic neurons.
c As DA, DOPAC, and HVA values were not different between saline-injected MAC1�/� or MAC1�/� mice, data from both groups were combined.
d p � 0.05, different from saline-injected control mice.
e p � 0.05, different from saline-injected control mice and MPTP-injected MAC1�/� mice.
f p � 0.05, different from saline-injected control mice and MPTP-injected MAC1�/� mice.
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with those in saline-injected control animals. At 21 days post-
MPTP treatment, the activation of microglia subsided but was still
observed (Fig. 7E) in MAC1�/� mice. In contrast, microglial ac-
tivation in the MAC1�/� mice following MPTP (Fig. 7, D and F)
was not significantly changed from the controls. Western blot anal-
ysis of whole tissue extracts from midbrain 7 days after MPTP
treatment demonstrated a marked increase in Iba1 expression in
the MAC1�/� mice (Fig. 7G) but not in MAC1�/� mice, which
corroborates well with immunohistochemistry data.

Discussion
In this study the critical role of MAC1 in reactive microgliosis and
DAergic neurodegeneration was demonstrated by the findings that
MAC1 deficiency greatly attenuated the microglial activation and
DAergic neurodegeneration induced by MPTP or MPP� exposure
both in vivo and in vitro, respectively. Mechanistic studies revealed
that significantly reduced release of superoxide and PGE2 may un-
derlie the attenuated neurotoxicity in MAC1-deficient neuron-glia
cultures. Furthermore, the failure of superoxide production and
p47phox membrane translocation in MAC1�/� microglia strongly sug-
gests a close coupling between MAC1 and PHOX activation.

The elevated expression of MAC1, a �2 integrin family member
that is expressed exclusively on microglia in the CNS, has been

reported in the postmortem brains of patients with Alzheimer’s
disease (27) and in the MPTP model of PD (16), suggesting a
possible role for this receptor in neurodegeneration. In the current
study we revealed that MAC1 deficiency mitigated the loss of
DAergic neurons, both in vitro (Fig. 1) and in vivo (Fig. 6), in-
duced by MPP�/MPTP exposure. These results prove that MAC1 is
critical in the MPTP neurotoxic process. MAC1 deficiency did not
change the sensitivity of neurons per se because MPP� exerted the
same degree of toxicity in neuron-enriched cultures from MAC1�/�

and MAC1�/� mice (Fig. 2A). In contrast, the presence of microglia
with functional MAC1 expression was essential for the differential
sensitivity to MPP� neurotoxicity in MAC1�/� and MAC1�/� neu-
ron-glia cultures (Fig. 2, B and C). Lack of MAC1 expression was
also not associated with alteration in the formation of MPP� (Fig.
6F). Therefore, the resistance of MAC1-deficient mice to MPTP/
MPP� results from the absence of MAC1 on microglia, and not from
either an alteration in the response of DAergic neurons to the toxin or
an impaired MPTP metabolism. This conclusion was further sup-
ported by the lack of a robust, persistent reactive microgliosis in mes-
encephalic cultures (Fig. 3) or SNpc (Fig. 7) from MAC1�/� mice
following MPP� or MPTP, respectively. Together with previous re-
ports showing the indispensable role of neuronal damage for micro-
glial activation following MPTP (19, 38), these data indicate a com-
promised neuron-microglial cross-talk in MAC1�/� mice. Thus, this
study highlights the critical role of MAC1 in the activation of micro-
glia induced by neuronal damage and subsequent microglia-enhanced
neurotoxicity.

The importance of MAC1 in microglial activation is not likely
restricted to the MPTP model of PD. For example, �-amyloid has
been observed to mediate release of NO from cultured microglia
via its binding to MAC1 (39), suggesting a possible association
between MAC1 and Alzheimer’s disease. Recent evidence also
indicates that MAC1 mediates the differentiation of microglia to
phagocytes in inflammatory demyelinating disease via the interac-
tion with fibrinogen, which is deposited perivascularly in multiple
sclerosis plaques (20).

An interesting unresolved question is that of the exact mecha-
nism by which MAC1 is activated in the presence of damaged
neurons. Soluble factors released from injured neurons might be
ligands for MAC1. For instance, �-synuclein, a presynaptic protein
involved in PD, activates microglia via interaction with MAC1
(40). Injured neurons also release proteases, such as matrix met-
alloproteinase-3 (41), causing extracellular matrix (ECM) degra-
dation. The degraded ECM molecules may activate MAC1. Addi-
tionally, MAC1 might also be activated via direct cell-cell contact
with damaged neurons. Significantly increased contacts between
microglial processes and neurons after the neuronal injury has
been quantitatively demonstrated (42). Indeed, MAC1 is known to
be the most promiscuous integrin that interacts actively with di-
verse endogenous ligands (43) such as ECM proteins, the coun-
terreceptor intracellular adhesion molecule-1 (ICAM, CD54; Ref.
44) and complement iC3b (45). In this regard, all the above men-
tioned pathways may be involved and may work together to trigger
microglial activation via interactions with MAC1. In what appears
to be consistent with this assumption, a previous report demon-
strated that both direct contact and neuron-released factors con-
tribute to the activation of microglia after MPP� treatment (46).

Activated microglia exert cytotoxic effects by releasing exces-
sive amounts of inflammatory mediators, such as free radicals,
proinflammatory factors, and arachidonic acid derivatives (10).
Consistent with our previous report (19), we demonstrated here
that superoxide is a prominent microglia-released factor following
MPTP/MPP� exposure. Although MPP� cannot stimulate the pro-
duction of superoxide directly from enriched microglia (Fig. 4B),

FIGURE 7. Analysis of MPTP-induced reactive microgliosis in vivo.
MAC1�/� and MAC1�/� mice were sacrificed 7 days and 21 days fol-
lowing saline or MPTP s.c. injection. A–F, Brain sections were immuno-
stained with an Iba1 Ab specific for microglia. Magnified images of resting
(arrow in A) and activated microglia (arrow in C) were shown in the insets.
The images were representative of three to four animals per group. Scale
bar: 50 �m (inset: 25 �m). G, Western blot results with detection of Iba1
in midbrain tissue extracts from MAC1�/� and MAC1�/� mice. GAPDH
was used as loading control. The ratio of densitometry values of Iba1 and
GAPDH was analyzed and normalized to each respective control. Results
were presented as the mean � SEM. #, p � 0.05 relative to corresponding
vehicle-treated control.
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it induces a significantly increased production of superoxide in neu-
ron-glia mixed cultures (Fig. 4A), where microglia were activated
secondary to MPP�-induced neuronal damage (19). The present
study advances our understanding of the mechanism of superoxide
production following MPP�-induced neuronal injury. We observed
substantially attenuated superoxide production in neuron-glia cultures
isolated from MAC1�/� mice as compared with that from respective
MAC1�/� mice (Fig. 4A), suggesting that MAC1 is a key receptor for
damaged neuron-derived signals to activate microglia and to induce
extracellular superoxide production. In fact, it has been shown that
MAC1 engagement is important in mediating the peripheral polymor-
phonuclear cells burst of superoxide anion (47–49). Recent reports
from our group indicate that MAC1 is a potential receptor mediating
microglial activation and the production of extracellular superoxide
after LPS (36) and �-synuclein (40) insults. In conjugation with our
observations here, MAC1 seems to be an indispensable receptor for
the production of superoxide in microglia in response to multiple ex-
ternal stimulants.

We further demonstrated that MAC1 affects the production of
superoxide by regulating the activity of PHOX. The role of mi-
croglial MAC1 in PHOX activation is supported by our results
demonstrating translocation of p47phox from cytosol to cell mem-
brane in MAC1�/� cultures but not in MAC1�/� cultures after
treatment with a known ligand of MAC1 (Fig. 4, C and D). This
conclusion is consistent with earlier reports of MAC1-mediated
PHOX activation in neutrophils (21, 49) and eosinophils (22). Ex-
isting evidence shows that functional PHOX is expressed not only
by microglia but also by astroglia (50), another major type of glial
cell in the CNS. It suggests the possibility that astroglia might also
be the source of superoxide production after MPP� treatment.
However, our previous results (19) indicate that microglia, but not
astroglia, dictated an enhanced sensitivity of DAergic neurons to
MPP� neurotoxicity. Therefore, it seems that the production of
superoxide from astroglia after MPP� exposure is minimal and
may not be sufficient to elicit neurotoxicity.

PGE2 production and COX-2 expression in microglia has been
previously proposed to be important for MPTP/MPP�-induced
DAergic neurotoxicity (51). COX-2 deficiency or specific inhibi-
tion attenuated MPTP/MPP�-induced degeneration of TH-positive
cells (52, 53). In this study, we demonstrated that the production of
PGE2 increased significantly after MPP� treatment in neuron-mi-
croglia cocultures but not in neuron-enriched cultures (Fig. 5). We
further found that microglial deficiency of MAC1 significantly re-
duced, but did not abolish, the production of PGE2 in neuron-
microglia cocultures. These results are consistent with the view
that MAC1 functions in concert with other receptors or molecules
to induce the production of PGE2 in microglia. Interestingly, for
other inflammatory cytokines (TNF-� and IL-1�) we tested by real
time PCR or ELISA (data not shown), there is no significant dif-
ference between MAC1�/� and MAC1�/� cultures. In what ap-
pears to be consistent with our findings here, Perera et al. reported
(54) that MAC1 plays a significant role in the optimal production
of some genes (such as COX-2), whereas it is not necessary for the
expression of other genes (such as TNF-�) induced by Taxol or
LPS in microphages.

It is important to note that in our in vivo experiments, the spar-
ing of the SNpc DAergic neurons observed 21 days after MPTP
injection (Fig. 6) in MAC1�/� mice was not accompanied by a
similar protection of striatal DA levels (Table I). The preservation
of striatal DA levels was only observed at a much later time point
(4 mo, Table I) in MAC1�/� mice. We speculate that the above-
mentioned disparity is due to the fact that different mechanisms are
involved in causing the loss of SNpc DAergic neurons and the
decrease in striatal DA levels. Initially, MPTP directly induces a

rapid and drastic depletion of DA in striatal DAergic fibers (55,
56), resulting in a similar striatal DA depletion in MAC1�/� and
MAC1�/� mice. In contrast, MPTP-induced degeneration of SNpc
DAergic neuronal cell bodies involved the participation of micro-
glia, where MAC1 plays a critical role leading to the microglial
activation. Although the degree of striatal DA loss in MAC1�/�

mice was the same as that in MAC1�/� mice 21 days following
MPTP, the increased turnover of DA, as characterized by in-
creased (DOPAC�HVA)/DA ratio, was observed (Table I) in
MAC1�/� mice. Among various possibilities, this result may re-
flect a better preserved DAergic neuronal function with compen-
satory increased DA synthesis and release (56) in MAC1�/� mice,
which in turn led to a speedier restoration of striatal DA levels than
the wild-type mice as observed at 4 mo after MPTP injection
(Table I). Similarly, the unparalleled recovery of striatal DA levels
with the preservation of the SNpc DAergic neurons has also been
observed after the administration of several neuroprotective drugs
or genetic manipulations (16, 55).

Although the existence of persistent reactive microgliosis has
been recognized in many neurodegenerative diseases including PD
(57), Alzheimer’s disease (58), multiple sclerosis (59), and Hun-
tington’s disease (60), lack of understanding of the specific mech-
anisms initiating activation of microglia has hampered develop-
ment of new therapeutic approaches targeting microgliosis. This
study demonstrates that MAC1 contributes to the MPTP/MPP�-
induced reactive microgliosis and progressive DAergic neurode-
generation. In this paradigm, PHOX-generated superoxide and
PGE2 are two important cytotoxic factors regulated by MAC1. Our
study provides insights into the mechanism by which damaged
neurons activate microglia and thus set in motion a self-perpetu-
ating cycle of neuronal death and microglial activation. In this
regard, strategies aimed at inhibiting MAC1 may provide a novel
microglia-suppressive therapy for the treatment of PD and other
neurodegenerative diseases.
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