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Growing evidence implicates microglia in the loss of dopaminergic neurons in Parkinson’s disease (PD). However, factors mediating
microglial activation in PD are poorly understood. Proinflammatory cytokines, such as interferon-� (IFN-�), orchestrate the actions of
microglia. We report here that PD patients express significantly elevated levels of IFN-� in their blood plasma. After this initial finding,
we found that IFN-�-deficient mice displayed attenuated 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced substantia
nigra pars compacta dopaminergic cell loss along with reduced loss of striatal tyrosine hydroxylase and dopamine transporter fiber
density. MPTP-induced depletion of striatal dopamine and its metabolite DOPAC (3,4-dihydroxyphenylacetic acid), as well as �FosB, a
marker of postsynaptic dysfunction, were also attenuated in these knock-out mice. Consistent with the role for IFN-� in microglial
activation, MPTP-induced morphological activation of microglia was abrogated compared with wild-type mice. To examine more mech-
anistically the role of IFN-� in microglial activation, we evaluated the interactions between microglia and dopaminergic neurons in an in
vitro mixed microglia/midbrain neuron rotenone-induced death paradigm. In this in vitro paradigm, dopaminergic neurons are selec-
tively damaged by rotenone. Exogenous IFN-� ligand alone and without rotenone resulted in dopaminergic cell loss, but only in the
presence of microglia. The addition of an IFN-� neutralizing antibody attenuated neuronal loss as a result of rotenone treatment. The
presence of only wild-type microglia and not those deficient in IFN-� receptor elicited significant dopaminergic cell loss when exposed to
rotenone. Neurons deficient in IFN-� receptor, however, did not display increased resistance to death. Finally, levels of IFN-� message
increased in microglia in response to rotenone. Together, these data suggest that IFN-� participates in death of dopaminergic neurons by
regulating microglial activity.
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Introduction
Parkinson’s disease (PD) is a neurodegenerative condition char-
acterized by progressive motor deficits including tremor, brady-
kinesia, rigidity, and postural instabilities (Przedborski et al.,
2001). Many of the cardinal symptoms of PD are attributed to
depletion of dopamine (DA) in the brain resulting from the loss
of dopaminergic neurons of the substantia nigra pars compacta

(SNc) (Smeyne and Jackson-Lewis, 2005). Current therapies,
such as L-DOPA (L-3,4-dihydroxyphenylalanine), are mainly di-
rected toward replacing DA levels in the brain and, as such, pro-
vide only symptomatic relief. These drugs do not modify the
progressive neurodegenerative cell loss process associated with
PD that, in many cases, results in debilitating side effects (Kostic
et al., 1991). Attenuation of the underlying degeneration in PD
may provide opportunities for more effective therapeutic inter-
vention. However, the mechanism(s) controlling dopaminergic
loss is not completely clear.

Administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP) produces a syndrome in mice and primates
resembling that of clinical PD (Langston et al., 2000; Fukuda,
2001). Similar to the histopathological features of PD, MPTP
treatment provokes a selective loss of dopaminergic neurons in
the SNc coupled with a profound reduction in striatal DA with
little alteration in other monoamine neurotransmitter systems
(Smeyne and Jackson-Lewis, 2005). This model is frequently used
to examine dopaminergic cell loss in an in vivo setting.

A common characteristic of PD and the MPTP model of de-
generation is increased microglial activation (Czlonkowska et al.,
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1996; Gao et al., 2002b; Barcia et al., 2004). Several lines of evi-
dence support the importance of this activation in the deteriora-
tion of dopaminergic neurons. The use of the pharmacological
anti-inflammatory agent minocycline attenuates activation of
microglia as well as MPTP-induced dopaminergic cell loss (Du et
al., 2001; Wu et al., 2002). Direct administration of lipopolysac-
charide (LPS) induces microgliosis and has been correlated with
the loss of dopaminergic neurons in vivo (Arai et al., 2004; De
Pablos et al., 2005). Activation of this innate immunity has also
been implicated in neurodegeneration with the specific triggering
of Toll-like receptor-4-dependent pathways (Lehnardt et al.,
2003). Furthermore, low concentrations of rotenone require mi-
croglia to induce death of dopaminergic neurons (Gao et al.,
2002a). One potential mechanism underlying the pro-death ef-
fects of microglia on dopaminergic neurons involves increased
oxidative insult. For example, microglia are known to activate
proteins that increase oxidative load, including NADPH oxidase
and inducible nitric oxide synthase (iNOS) (Almer et al., 1999;
Liberatore et al., 1999; Wu et al., 2003). Indeed, mice deficient in
both of these signals display attenuated MPTP-induced loss of
dopaminergic neurons. Although this evidence implicates micro-
glial activation, the functional relevance of microgliosis is still
controversial. Specifically, it is unclear, particularly in vivo,
whether microglial activation is causative or correlative to dopa-
minergic neuron loss. In addition, other types of glial activation
(i.e., astrocytes) might also be important in dopaminergic cell
death (Suzumura et al., 2006). Accordingly, questions of (1)
whether microglia may only be a secondary effect to initial dopa-
minergic degeneration and (2) how important microglial activa-
tion may be to dopaminergic degeneration in vivo remain. For
example, agents such as minocycline may protect by means other
than microglial activation (Wu et al., 2002; Yang et al., 2003).

Inflammatory mediators are central to microglial activation
(McGeer and McGeer, 2002). However, the required nature of
the inflammatory response, as it relates to microglia and dopa-
minergic death, is not completely clear. Various cytokines includ-
ing interleukin (IL)-1�, IL-2, IL-4, IL-6, transforming growth
factor-�, and tumor necrosis factor-� (TNF-�) are increased in
the brains of PD patients (Nagatsu et al., 2000). Likewise, cDNA
microarray revealed that MPTP-treated mice displayed alter-
ations in genes for numerous proinflammatory cytokines (IL-1,
IL-6, and TNF-�) as well as the anti-inflammatory cytokine IL-10
(Mandel et al., 2000). However, the function of these cytokines in
dopaminergic neuronal loss is less clear.

There is recent evidence that another critical inflammatory
cytokine, interferon-� (IFN-�), may be important in PD. IFN-�
is believed to play an important role in early immunological re-
sponses to viral and tumor insults, as well as slow developing
adaptive responses to infections (Mamane et al., 1999). In the
brain, IFN-� is produced by microglia (De Simone et al., 1998)
and can be a strong activator of microglia in vitro (Badie et al.,
2000). IFN-�, through the Janus kinase/signal transducers and
activators of transcription-1 (Jak/STAT1) pathway, mediates the
induction of iNOS (Delgado, 2003). Recently, Ciesielska et al.
(2003) have shown IFN-� transcripts increase after MPTP treat-
ment in mice. Evidence for a relationship between IFN-� and PD
is suggested by the fact that allelic differences between early- and
late-onset PD patients were reported for the IFN-� gene (Mizuta
et al., 2001). However, to date, there is no clear evidence to indi-
cate that IFN-� is central to dopaminergic cell loss. Conse-
quently, we examined whether IFN-� may be required in the loss
of dopaminergic neurons in both in vivo and in vitro models of
PD. We present evidence for the importance of IFN-� in the

death of dopaminergic neurons induced by MPTP (in vivo) and
rotenone (in vitro). We also provide evidence that IFN-� can act
through microglia to promote dopaminergic loss and suggest
that this may be critical in the pathogenesis of PD.

Materials and Methods
Patient IFN-� plasma analysis. Human plasma was examined using a
multiplex bead-based immunoassaying system as described previously
(Hulse et al., 2004). The patients’ sera were diluted fourfold in PBS con-
taining 1% BSA and 0.05% NaN3. Fifty microliters of each sample were
incubated for 2 h at room temperature with the antibody-coupled beads
in a filter-bottomed 96-well plate (Nunc, Naperville, IL; VWR Interna-
tional, West Chester, PA). The biotinylated anti-cytokine antibody con-
jugate (1:500) was added to the well and incubated for 1 h at room
temperature. Bound antibodies were revealed with a streptavidin–phy-
coerythrin conjugate. After washing and resuspension in 2% paraformal-
dehyde in PBS, the beads were analyzed on a luminex-100 system (Lu-
minex, Austin, TX) equipped with Luminex Data Collector software,
version 1.7, using the median fluorescence intensity as the read out.
Standard curves were established using recombinant IFN-�, and sample
IFN-� concentrations were derived from the linear portion of the curve.
Patient diagnosis was assessed by David Grimes after clinical history and
examination. Blood samples from 13 PD patients and 7 disease control
patients were analyzed in this study (supplemental Table 1, available at
www.jneurosci.org as supplemental material). The Ottawa Hospital Re-
search Ethics Board sanctioned approval for this study. Samples were
drawn and immediately centrifuged with serum drawn off and frozen.
Patient confidentiality was maintained using number coding, and sam-
ples were blinded to condition. The mean age of the PD patients was 66
years (range, 44 –77 years), the duration of the disease was 7.5 � 1.3
years, and all patients had been medicated as specified (supplemental
Table 1, available at www.jneurosci.org as supplemental material). The
mean age of the disease control patients was 66 years (range, 61–76
years).

Experimental animals. Male IFN-� �/� knock-out (KO), IFN-� re-
ceptor �/� KO, and �/� wild-type (WT) mice (all on a C57BK/6J
background; 12 generations of KO mice) were obtained from The Jack-
son Laboratory (Bar Harbor, ME). The animals were maintained on a
12 h light/dark cycle with lights on at 6:00 A.M., the room temperature
was maintained at 21°C, and the mice were permitted an ad libitum diet
of Ralston Purina (St. Louis, MO) mouse chow. For the in vivo experi-
ments, two separate groups of animals were analyzed. In the first, IFN-�
KO and WT mice were treated with both MPTP and saline. To corrobo-
rate data from these findings, the IFN-� KO and WT mice were interbred
for two generations to produce littermate controls, which were then used
in a second set of experiments. All experimental procedures were ap-
proved by the University of Ottawa Committee for Animal Care and met
the guidelines set out by the Canadian Council on Animal Care.

MPTP administration. N-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP-HCl; 25 mg/kg, i.p., measured as free base; Sigma, St. Louis,
MO) was administered to mice (8 –10 weeks old) intraperitoneally once
per day for 5 consecutive days (Crocker et al., 2003). Mice used as con-
trols received an equivalent volume of saline (0.9%). Mice were killed 14
d after initial MPTP/saline treatment.

Immunohistochemistry. After overnight postfixation in 4% parafor-
maldehyde, brains were cryoprotected in 10% sucrose before cryosec-
tioning into 14 or 40 �m (used for stereology) free-floating sections,
obtained as described previously (Smith et al., 2003). Immunostaining
was performed as described previously using mouse anti-tyrosine hy-
droxylase (TH; 1:10,000; ImmunoStar, Hudson, WI), rat anti-DA trans-
porter (DAT; 1:2000; Millipore, Bedford, MA), rat anti-CD11b (1:200;
Serotec, Oxford, UK), or rabbit anti-�FosB (1:1000; Santa Cruz Biotech-
nology, Santa Cruz, CA). Primary antibodies were visualized using dia-
minobenzidine, as described previously (Crocker et al., 2003).

Assessment of neuronal survival. Dopaminergic neurons in the SNc of
treated mice were assessed for survival using the dopaminergic cell
marker TH. Assessment of survival was performed using two different
counting methodologies. In the first set of animals, dopaminergic neu-
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rons in the SNc of WT and IFN-� KO mice were determined by serial
section analysis of the total number of TH-positive (TH�) neurons as
described previously (Crocker et al., 2003; Smith et al., 2003) at 14 d after
initial MPTP treatment. Briefly, midbrain tissue sections were stained for
TH. At least two sections were obtained from each animal representing
each of five levels from �2.92 to �3.52 relative to bregma. Sections from
each level and animal were averaged for the number of TH� neurons. A
total of six to eight animals per group were analyzed. Estimates of total
TH�-stained neurons in the SNc were calculated using Abercrombie’s
correction for the previously stated bregma levels, centering on the cen-
tral region of the SNc, the medial terminal nucleus (MTN) (Hayley et al.,
2004). Adjacent tissue was also stained using anatomical stain, cresyl
violet, to validate survival as assessed by TH analysis. These results were
subsequently corroborated, by examining a second group of animals
interbred to produce littermate controls, as described above. The SNc
region of this second group of animals was analyzed by unbiased stereo-
logical estimates. The total number of TH� neurons in the SNc was
obtained by applying optical fractionation (Gundersen et al., 1988) using
Stereo Investigator (version 6; MicroBrightField, Williston, VT), as de-
scribed previously (Rymar et al., 2004). In brief, 40 �m brain sections
were examined within the rostal and caudal limits of the SNc (bregma
�2.54 to �3.88) (Paxinos and Franklin, 2001). For each brain, six coro-
nal sections were examined. After immunohistochemistry, mounting,
defatting, and coverslipping, the mean section thickness, as measured
with a z-axis microcator, was 16 �m. Sections were analyzed using a
100� lens. Total number of TH� neurons was determined using the
optical fractionator.

Quantification of striatal immunohistochemistry. Quantification of stri-
atal dopaminergic density fiber staining and striatal �FosB-positive nu-
clei were analyzed using Eclipse densitometry analysis (Crocker et al.,
2003). In all cases of immunohistochemical quantification, analyses were
performed by an individual unaware of the experimental treatments.
Each tissue quantified was compared relative to its own nonstained
background.

N-methyl-4-phenylpyridinium ion measurements. Striatal concentra-
tions of N-methyl-4-phenylpyridinium ion (MPP �) were measured 90
min after a single dose of MPTP using HPLC measurements, as described
previously (Crocker et al., 2003).

Neurochemical analyses. After decapitation, brains were sectioned into
a series of coronal slices using a dissecting block with adjacent slots
spaced 2 mm apart. The SNc and striatum were obtained by micropunch
using a 1-mm-diameter biopsy needle. Brain punches were taken accord-
ing to the mouse brain atlas of Paxinos and Franklin (Paxinos and Frank-
lin, 2001; Smith et al., 2003). HPLC analysis was performed 14 d after
initial MPTP treatment. Levels of DA and its metabolite 3,4-
dihydroxyphenylacetic acid (DOPAC) were determined by HPLC using
methods described previously (Seegal et al., 1986; Smith et al., 2003).

Primary neuron-enriched mesencephalic cultures. The entire midbrain,
without meninges and blood vessels, was collected from the brains of
embryonic day 13.5 (E13.5) mice, as described previously (Liu et al.,
2000). The midbrain tissue was removed and subjected to trypsin (T-
4549; 1 mg/ml; Sigma) for 25 min at 37°C. After dissociation, the cells
were treated with trypsin inhibitor (0.92 mg/ml dissolved in 1 mM HCl;
catalog #10137100; Roche, Indianapolis, IN) and DNase (1 mg/ml; cat-
alog #1284-932; Roche) and were counted using a hemacytometer
(Bright-Line; Hausser Scientific, Horsham, PA). Midbrain cells were
seeded (5 � 10 5 per well) in 24-well culture plates precoated for 1 h with
poly-D-lysine (20 �g/ml). Cultures were maintained in 0.5 ml per well of
Neurobasal medium supplemented with 2% B27, 1% N2, 416 �M

L-glutamine, 41.6 U/ml penicillin, and 41.6 �g/ml streptomycin and kept
in a 37°C incubator-humidified atmosphere of 5% CO2 and 95% air.

Microglia harvest. Postnatal day 2–3 mice were used for mixed glia
cultures. Brains were dissociated using a tissue grinder kit and plated in
minimum essential medium supplemented with 5% heat-inactivated fe-
tal bovine plasma, 5% heat-inactivated horse plasma, and 0.05 mg/ml
gentamycin. Two days later, the medium was replenished, and the cul-
ture reached confluency �8 d later. Confluent mixed-glia cultures were
shaken for 5 h at 180 rpm at 37°C to separate microglia from astrocytes.

This produces a yield of �94% enriched microglia and is comparable
with similar harvesting protocols (Gao et al., 2003a).

Coculturing. Harvested microglia were added (5 � 10 4 per well) to
7-d-old neuron-enriched mesencephalic cultures. The following day, ro-
tenone was added (20 –25 nM), and 7 d later the cultures were fixed and
stained for TH (1:2500) and Hoescht (0.24 �g/ml; Sigma). TH immuno-
reactivity was quantified by counting the total number of all live cells
(assessed by Hoescht staining) that stained positive for TH. All live cells
typically appear intact with uncondensed nuclei, whereas dead cells dis-
played fragmented with a condensed morphology. Rotenone treatment
has been shown previously to diminish the total number of TH� live
cells in this culture model (Gao et al., 2002a). The results were performed
in triplicate and show the average total number of live TH-
immunoreactive cells per well. This was compared with untreated con-
trol wells that were plated identically and obtained from the same neu-
ronal culture preparation as the experimental wells. For neutralizing
antibody studies, IFN-�-neutralizing IgG (rIFN-�-purified goat IgG; R &
D Systems, Minneapolis, MN) or control nonspecific IgG (normal goat
IgG; R & D Systems) was added (15 �g/ml) 30 min before rotenone
application. In our ligand application studies, IFN-� ligand (recombi-
nant mouse IFN-y; R & D Systems) was added 24 h after coculturing, and
the cultures were fixed 7 d later. IFN-� receptor KO neurons and micro-
glia were cultured in the same way as WT cells.

Detection of IFN-� mRNA using reverse transcription-PCR. One day
after plating, WT microglia-enriched cultures were treated with rotenone
(20 nM) for 0, 1, or 3 d. RNA was extracted using Trizol (Invitrogen, San
Diego, CA). After RNA purification and determination of RNA concen-
tration, reverse transcription (RT)-PCR analysis for IFN-� mRNA was
conducted using the following primers: forward, ACT GGC AAA AGG
ATG GTG AC; reverse, GAC CTG TGG GTT GTT GAC CT. As an
internal control, S12 RNA was amplified using the following primers:
forward, GGA AGG CAT AGC TGC TGG; reverse, CCT CGA TGA CAT
CCT TGG. Cycle conditions were as follows: 94°C (30 s), 59°C (30 s), and
72°C (1 min). Positive control samples were extracted from CD4�
T-cells after being stimulated in the presence of TH1 (T helper cell 1) cyto-
kines for 6 d. After amplification, the PCR products were run on a 2.25%
agarose electrophoretic gel in 1� Tris–acetate–EDTA buffer for 30 min and
visualized by ethidium bromide staining. Densitometry analysis revealed an
increase in IFN-� mRNA after exposure with rotenone for 1 and 3 d.

Statistical analysis. All data analyses were performed by using one-way
ANOVA, followed by the Newman–Keuls post hoc test (unless otherwise
stated).

Results
Elevated levels of plasma IFN-� in PD patients
We initially examined the levels of several cytokines [IL-2, IL-4,
IL-5, IL-6, IL-10, IL-12, granulocyte-macrophage colony-
stimulating factor (GM-CSF), IFN-�, and TNF-�] by multiplex
bead-based immunoassaying analyses in blood plasma from 13
PD patients compared with 7 normal control individuals. As
shown in the Figure 1 dot plot, immunoassay analysis revealed a
significant elevation of IFN-� in blood plasma from PD patients
over that in control subjects (33.0 � 4.1% increase; p � 0.01), as
was revealed previously by Gribova et al. (2003). Other cytokines,
including GM-CSF, TNF-�, IL-2, IL-4, and IL-5, were not detect-
able, whereas no significant differences in IL-6 and IL-10 were
detected (supplemental Table 2, available at www.jneurosci.org
as supplemental material). Accordingly, combined with results
by Ciesielska et al. (2003), displaying elevated IFN-� transcripts
in the SNc of mice treated with MPTP, we hypothesized that
IFN-� may be central to dopaminergic loss occurring in PD and
MPTP-induced neurotoxicity. Accordingly, we proceeded to ex-
amine whether IFN-� may be important in an in vivo animal
model of dopaminergic loss.
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IFN-�-deficient mice exhibit attenuated MPTP-induced
degeneration of dopaminergic cell bodies in the SNc
We first assessed dopaminergic neuron survival after saline or
MPTP treatment of separate groups of WT and IFN-� KO mice
on a C57BK/6J background (Fig. 2A–C). No statistical difference
in the number of TH� neurons in the SNc could be detected
between saline-treated WT and IFN-� KO mice (Fig. 2B). Simi-
larly, no statistical difference in striatal TH or DAT fiber density
was detected by immunohistochemistry (Fig. 2D–G). DAT is
critical for the reuptake of DA and MPP�, the active MPTP me-
tabolite in dopaminergic neurons (Meissner et al., 2003). Finally,
no differences in levels of striatal DA or its metabolite DOPAC
were detected in these mutant mice under basal conditions (Fig.
3C,D). After MPTP administration, there was a significant reduc-
tion (42%; p � 0.01) in TH� SNc neurons in WT mice (Fig. 2E).
Interestingly, IFN-�-deficient mice displayed significantly more
TH� cells than WT mice treated with MPTP ( p � 0.05).

To further substantiate these findings, we repeated the exper-
iment using WT and IFN-� KO mice interbred to produce litter-
mate controls. These animals were analyzed by stereological as-
sessment for surviving TH� neurons over the entire nigral
region. Identical results were obtained in comparison to the ini-
tial dopaminergic cell survival experiment (Fig. 2A–C). MPTP-
treated IFN-� KO mice exhibited a significant dopaminergic cell-
body survival ( p � 0.001) compared with WT littermate control
animals also treated with MPTP (Fig. 2H, I).

To corroborate TH analysis of dopaminergic neuron survival,
the number of neurons at the level of the MTN (bregma �3.16)
within the SNc of all groups was determined using cresyl violet
staining (Fig. 2C). Analysis was consistent with that of TH sur-
vival, showing no difference between saline-treated groups, a sig-
nificant loss of TH� neurons in WT MPTP-treated mice ( p �
0.001), and a significant reduction in cells lost in IFN-�-deficient
MPTP-treated animals compared with WT mice ( p � 0.001).

MPTP derives its toxic effects once it crosses the blood– brain
barrier (BBB) and is converted to MPP�, the active dopaminer-
gic neural toxin, by monoamine oxidase-B. The protective effects
observed in IFN-�-deficient animals may be attributed to altered
MPTP metabolism and therefore reduced MPP�. To examine this
possibility, striatal tissue was evaluated from mice 90 min after a
single injection of MPTP, and levels of MPP� were determined us-
ing HPLC. It was observed that MPP� levels did not significantly
differ between WT and IFN-�-deficient animals (data not shown),
suggesting that the protection afforded by IFN-� deficiency was not
because of impaired MPTP metabolism.

IFN-�-deficient mice exhibit attenuated MPTP-induced
degeneration of the DA axon terminal nigrostriatal
dopaminergic pathway
Previous results indicated that MPTP-induced loss of dopami-
nergic cell bodies in the SNc is attenuated by IFN-� deficiency. To
determine whether the striatal projections of the SNc neurons
were also protected in IFN-�-deficient mice, striatal dopaminer-
gic terminal fiber density was assessed initially in non-littermate
animals. This analysis is important because this is the region
where dopaminergic neurons express their activity through DA
release. Densitometry analysis of TH striatal fiber staining
showed a significant reduction (68%; p � 0.001) in WT MPTP-
treated animals compared with saline controls (Fig. 2D,E). Sim-
ilar to that observed in the SNc, there was no statistical difference
in the TH striatal density of saline-treated WT or IFN-�-deficient
mice. IFN-� KO animals exhibited an attenuation of MPTP-
induced reduction in striatal TH density compared with MPTP-
treated WT animals (32 vs 68%). This suggests striatal terminal
fibers were protected by IFN-� deficiency similar to the dopami-
nergic cell bodies. Results using littermate control animals paral-
leled these findings, with IFN-� KO mice displaying attenuation
in TH-fiber density ( p � 0.01) (Fig. 2 J,K).

Additional corroboration of these findings included examin-
ing density levels of striatal DAT. Densitometric analysis of DAT
staining of striatal fibers showed a significant reduction (38%;
p � 0.001) in WT MPTP-treated animals compared with saline
controls (Fig. 2F,G). IFN-� KO animals exhibited an attenuation
of MPTP-induced reduction in striatal DAT density compared
with WT treated mice ( p � 0.01).

Postsynaptic functional effects of IFN-� deficiency
Treatment with MPTP has been demonstrated previously to in-
duce expression of the transcription factor �FosB within the stri-
atum, which is thought to reflect postsynaptic changes (Smith et
al., 2003). �FosB is suggested to mediate the supersensitivity of
striatal DA receptors after denervation (Dragunow et al., 1995).
Consistent with these reports, WT MPTP-treated mice displayed
a significant increase in the number of �FosB-positive cells (Fig.
3A,B) compared with saline controls. Importantly, MPTP-
treated IFN-�-deficient mice showed a significantly reduced in-
crease in FosB staining.

Effect of IFN-� deficiency on amine levels
Finally, we examined how DA levels are affected in IFN-�-
deficient mice after MPTP treatment. Previous analyses report
diminished DA and its metabolite, DOPAC, in the striatum 14 d
after MPTP treatment (Crocker et al., 2003). The effects of IFN-�
deficiency parallel the dopaminergic cell survival results observed
previously (Fig. 3C,D). In both the striatum and the SNc, MPTP
significantly reduced the levels of DA and DOPAC in WT mice.
However, there was a significant decrease in the loss of DA in the
MPTP-treated IFN-� KO mice.

IFN-�-deficient mice display attenuated microglial activation
in the SNc in response to MPTP
In WT mice, MPTP has been shown to initiate microgliosis, the
morphological and pathological activation of microglia, within
the SNc where the highest concentration of microglia resides
(Czlonkowska et al., 1996, 2002). Because IFN-� has also been
reported to activate microglia, we examined whether microgliosis
was altered in IFN-�-deficient mice treated with MPTP com-
pared with WT animals. Microglia were stained for CD11b, the
�-subunit of the �M�2 integrin (CD11b/CD18, complement 3bi
receptor) that plays an important role in leukocyte adhesion and

Figure 1. PD patients display elevated IFN-� plasma levels relative to non-PD patients.
Blood plasma from 13 PD and 7 control patients was analyzed by a multiplex bead assay system
for several cytokines. Results for IFN-� concentrations are provided here in dot plot represen-
tation (two-tailed t test, **p � 0.01).
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whose expression in the brain is confined to microglial cells
(Zeng et al., 2005). Activated microglia appear more compact and
rounded with cellular thickening and complexing (Fig. 4A, WT/
MPTP, arrow) (Soltys et al., 2001). Although normal resident
microglia express basal levels of CD11b, they appear smaller and
have a ramified shape with thin processes (Fig. 4A, WT/Sal, ar-
row). Quantification of microgliosis yielded a significant differ-
ence ( p � 0.01) with twice the number of activated microglia in
MPTP WT mice than in saline-treated mice (Fig. 4B). Basal ac-
tivity of microglia in IFN-� KO mice treated with saline displayed
no difference in microgliosis compared with WT saline-treated

mice (Fig. 4B). The increase in microgliosis exhibited with MPTP
treatment, as seen in WT mice, was not observed in IFN-�-
deficient mice. There was no significant difference in active mi-
croglia between IFN-�-deficient saline- versus MPTP-treated
mice. However, there was a significant difference between WT
and IFN-� KO mice treated with MPTP ( p � 0.01) (Fig. 4B).

Role of IFN-� in dopaminergic cell loss in an in vitro
microglia/neuron coculture system
Our in vivo results indicate that IFN-� is important in MPTP-
induced dopaminergic cell death. The protection associated with

Figure 2. IFN-�-deficient mice display protection of dopaminergic cell bodies and striatal terminals of MPTP-induced degeneration of SNc dopaminergic neurons. A, Representative photomi-
crographs illustrating TH immunoreactivity in the ventral midbrain SNc of the indicated non-littermate treatment groups, as indicated in Materials and Methods. B, Quantification of TH� neurons
using Abercrombie correction, as described in Materials and Methods. C, Quantification of cresyl violet-stained cells of the SNc (MTN level). D, Representative photomicrographs of striatal sections
stained with TH from the animal groups as described in A. Magnified images are included in the insets of D–J. E, Quantification of optical density of TH striatal fibers. F, Representative
photomicrographs illustrating DAT immunoreactivity in the striatum of indicated treatment groups as in A. G, Quantification of optical density of striatal DAT-stained fiber density. H, Representative
photomicrographs illustrating TH immunoreactivity in the SNc of the indicated littermate treatment animal groups. Staining is more intense here than in A because of increased section thickness
required for stereological analyses. I, Quantification of TH� neurons, in littermate animals by stereology, as described in Materials and Methods. J, Representative photomicrographs of striatal TH
fiber density of indicated littermate treatment groups. K, Quantification of OD of striatal TH-stained fiber density of indicated littermates. Error bars represent mean � SEM. ANOVA, *p � 0.05,
**p � 0.01, ***p � 0.001; n 	 6 – 8 animals per group. OD, Optical density; Sal, saline.
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IFN-� deficiency is accompanied with reduced microglial activa-
tion. However, the mechanism by which IFN-� deficiency may be
protective and whether it involves microglial activation is diffi-
cult to assess in an in vivo setting. This is particularly true in this
present situation in which reduced microglial activation could be
a secondary effect of reduced neuronal loss. Accordingly, we used
an in vitro model of dopaminergic cell loss in which effects of
microglia on dopaminergic neurons can be studied more di-
rectly. Therefore, to address whether IFN-� may promote dopa-
minergic loss through activation of microglia and to more closely
study the interaction between these two populations of cells, we
used a microglia/midbrain neuron coculture system, similar to

that reported previously (Gao et al.,
2002a). In this system, midbrain cultures
enriched for neurons, obtained from
E13.5 embryos, are cultured in defined
Neurobasal medium. In these cultures,
dopaminergic neurons constitute �1% of
all the neurons in culture. All neurons, in-
cluding TH� cells, in these cultures are
resistant to 20 –25 nM rotenone, another
complex I inhibitor similar to MPP� (Ko-
take and Ohta, 2003). No dopaminergic
cell death is observed even after 7 d of ro-
tenone treatment in the absence of micro-
glia (Fig. 5A). The addition of microglia to
these cultures alone, in the absence of ro-
tenone, does not significantly affect sur-
vival of total neurons or the more sensitive
dopaminergic neurons. However, with the
addition of 20 –25 nM rotenone, a signifi-
cant loss of TH� neurons is observed only
in the presence of microglia (Fig. 5A).
These findings indicate that death of TH�
neurons in this system, at a defined rote-
none concentration, is dependent on mi-
croglia. It is important to note that this
effect is concentration specific; at higher
concentrations, rotenone will begin to kill
nondopaminergic cell types as well, even
in the absence of microglia (data not
shown).

Using this system, we first asked
whether inhibition of IFN-� would affect
rotenone-induced dopaminergic death as
was observed in vivo. As shown in Figure
5A, a neutralizing antibody to IFN-� but
not control IgG significantly improved
dopaminergic survival. This indicates that
IFN-� can modulate the rotenone-
induced dopaminergic cell death, which
occurs only in the presence of microglia.
To further support the importance of
IFN-� in microglia-induced sensitivity of
dopaminergic neurons, we exposed mid-
brain neurons with and without cocul-
tured microglia to varying concentrations
of exogenous IFN-� ligand. As shown in
Figure 5B, 0.6 and 1 ng/ml concentrations
of exogenous IFN-� caused significant
loss of dopaminergic neurons. This, how-
ever, only occurred in the presence of mi-
croglia and not in their absence. This indi-

cates that IFN-� is an important mediator of dopaminergic
neuron loss, but only in the presence of microglia.

To determine more clearly whether IFN-� may act on micro-
glia to control rotenone-induced dopaminergic cell loss in this
system, we cultured microglia from IFN-� receptor KO or WT
control mice. These WT or IFN-� receptor-deficient microglia
were then cocultured with normal neurons with or without rote-
none treatment. Death of dopaminergic neurons only occurred
in the presence of WT microglia with rotenone treatment (Fig.
5C,D). Cultures treated with rotenone but containing IFN-�
receptor-deficient microglia displayed no death. Conversely, we
also examined whether midbrain neurons cultured from IFN-�

Figure 3. IFN-� KO mice display reduced striatal �FosB, a marker for postsynaptic changes in the denervated striatum, as well
as attenuated DA and DOPAC. A, Representative photomicrographs showing �FosB staining in the striatum of mice treated as
indicated. Sal, Saline. B, Quantification of�FosB-positive cells/nuclei. Str, striatum. C, D, Levels of DA (C) and its metabolite DOPAC
(D) in the striatum were analyzed using HPLC on 14-d-old tissue after saline/MPTP injection. Error bars represent mean � SEM.
ANOVA, *p � 0.05, **p � 0.01, ***p � 0.001; n 	 6 animals per group.

Figure 4. Analysis of active microglia using anti-CD11b. A, Representative photomicrographs illustrating CD11b immunoreac-
tivity in the SNc (MTN) of WT and KO animals treated with either saline (Sal) or MPTP. Arrows indicate resting CD11b-positive
microglia (WT/Sal) and activated microglia (WT/MPTP). B, Quantification of morphologically active microglia. Magnified images
of each are provided in the insets of A (WT/Sal and WT/MPTP). Error bars represent mean � SEM (ANOVA, **p � 0.01; n 	 6
animals per group).
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receptor-deficient animals were resistant
to rotenone in the presence of WT micro-
glia. There was no difference in death of
IFN-� receptor-deficient neurons com-
pared with WT neurons exposed to rote-
none in the presence of WT microglia
(data not shown). Finally, if rotenone-
mediated death of dopaminergic neurons
occurs through IFN-�, we would predict
that IFN-� should be present in microglia.
Accordingly, we isolated microglia, ex-
posed them to rotenone, and determined
the IFN-� message at certain times after
treatment by RT-PCR. As shown in Figure
5E, there was a basal level of IFN-� mes-
sage present in untreated microglia that
increased on exposure to rotenone. To-
gether, these results indicate that IFN-�
plays a crucial role in modulating micro-
glial responses in vitro. In addition, it sug-
gests that IFN-� may promote MPTP-
induced dopaminergic loss in vivo, at least
partially through activation of microglia.

Discussion
Previous work has suggested the impor-
tance of the inflammatory response and
microglial activation in dopaminergic loss
in animal models of PD as well as in PD
patients (McGeer et al., 1988; Banati et al.,
1998; Wu et al., 2002; Barcia et al., 2004).
However, the required nature of the in-
flammatory mediators or their mecha-
nisms of action in PD is not fully under-
stood. Our findings are of significance
because they directly demonstrate that a
central inflammatory mediator, IFN-�,
plays a critical role in dopaminergic loss,
both in vitro and in vivo. We found that (1)
levels of IFN-� are elevated in the serum
of PD patients, (2) IFN-� deficiency atten-
uates the degeneration of the nigrostriatal
system and significantly reduces micro-
gliosis in a model of in vivo dopaminergic
loss, and (3) IFN-� is involved in
microglial-mediating dopaminergic
neurodegeneration.

Our analysis of human blood serum for
possible elevated cytokines yielded results
with only levels of IFN-� displaying a sig-
nificant increase from those of control pa-
tients. It must be noted that cytokine de-
tection in this assay may be hampered
because of a lack in cytokine stability (Noguchi et al., 1996). In
addition, it should also be stressed that cytokine blood levels do
not necessarily reflect actions in the CNS. However, systemic
IFN-�-producing inflammatory cells have been reported to infil-
trate the brain (Perry, 2004). In addition, Banks (2005) has re-
cently suggested that cytokines circulating in the blood may cross
into the CNS through direct cytokine transport across the BBB.
Therefore, we also examined the role of IFN-� in dopaminergic
neuronal loss.

Our results, in an in vivo mouse model of dopaminergic neu-

rodegeneration, reveal that mice deficient in IFN-� show reduced
loss of dopaminergic cell bodies and striatal terminals compared
with WT animals treated with MPTP. Germline loss of IFN-� did
not appear to grossly perturb the dopaminergic system, including
possible postsynaptic signaling changes (FosB), as assessed in
saline-treated animals. In addition, DA and DOPAC levels, as
well as markers of postsynaptic function (FosB), are significantly
attenuated in IFN-�-deficient animals treated with MPTP. Inter-
estingly, microglial activation is also reduced in these deficient
mice.

Figure 5. IFN-� requirement in a coculture model of dopaminergic cell loss induced by rotenone in vitro. A, Neutralizing IFN-�
antibody protects dopaminergic neurons from rotenone-induced death in the presence of microglia. Seven-day-old WT neuron-
enriched midbrain cultures were cocultured with and without WT microglia in the presence or absence of rotenone and with
control or IFN-� neutralizing antibody, as described in Materials and Methods and as shown. The number of live TH� neurons was
assessed as described in Materials and Methods. *p � 0.05, ***p � 0.001 relative to coculture with control IgG (two-tailed t test).
B, Seven-day-old neuron-enriched midbrain cultures supplemented with or without microglia were subjected to IFN-� ligand
(nanograms per milliliter) applications. The cultures were fixed 7 d later and stained with TH and Hoechst. ***p�0.001 compared
with control, **p � 0.01 (two-tailed t test; n 	 3). C, Dopaminergic neurons treated with rotenone are resistant to death in the
presence of microglia lacking IFN-� receptor. Dopaminergic neurons used were similar to those in A, except WT neurons were
cultured in the presence of either WT or IFN-� receptor (IFN- R)-deficient microglia. ‡p � 0.05 relative to IFN-� receptor KO
(two-tailed t test; n 	 3). D, Representative immunofluorescence of cocultures quantified in C, stained with TH antibody are as
follows: a, WT mesencephalic neurons; b, WT mesencephalic neurons treated with rotenone; c, WT mesencephalic neurons and
microglia treated with rotenone; d, WT mesencephalic neurons and IFN-� receptor KO microglia treated with rotenone. E, WT
microglia-enriched cultures were treated with rotenone for 0, 1, and 3 d. One week after plating, microglia were collected, RNA
was extracted, and RT-PCR was performed for IFN-� and S12 control. Densitometric analysis was performed with values normal-
ized to each respective S12 signal and further normalized to 0 d value.�, IFN-�-positive RNA control sample obtained from CD4�
T-cells. Error bars represent mean � SEM.
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Consistent with our in vivo findings, we observed that IFN-� is
required for the death of dopaminergic neurons cultured in the
presence of microglia with rotenone. Importantly, reduced cell
loss was only observed when microglia deficient in IFN-� recep-
tor, but not WT microglia, were added to the dopaminergic neu-
rons. In contrast, deficiency of IFN-� receptors in dopaminergic
neurons did not result in protection in our coculture death par-
adigm. IFN-� was also detected in cultured microglia that in-
creased on rotenone exposure. Together, the data not only pro-
vide evidence for direct relevance of the microglial response in
dopaminergic cell loss induced by mitochondrial toxins but also
define IFN-� as a critical inflammatory mediator in this process.

Our results are consistent with the view that IFN-� is a pri-
mary mediator of microglial activation (Moss and Bates, 2001;
Platten et al., 2001; Abbas et al., 2002; Delgado, 2003). There are
a number of possible effects of IFN-� on microglia that may
contribute to dopaminergic loss, both in vivo and in vitro. First,
IFN-�, through binding to its receptor and activation of the Jak/
STAT pathway, can activate iNOS. Alternatively, IFN-� has also
been shown to upregulate the death receptor Fas and its ligand,
FasL (Badie et al., 2000). Accordingly, IFN-� could mediate its
effects on microglia through direct activation of the death recep-
tor on dopaminergic neurons. Indeed, Fas has been shown to be
localized to dopaminergic neurons and is implicated in MPTP-
induced dopaminergic cell death (Hayley et al., 2004).

Our model that IFN-� promotes dopaminergic cell death
through the activation of microglia is consistent with growing
evidence that the inflammatory pathway is central to dopaminer-
gic loss in in vivo and in in vitro models. Indeed, microglial acti-
vation has been noted in PD animal models and postmortem
brains (McGeer et al., 1988; Banati et al., 1998). Direct activation
of microglia through administration of the endotoxin LPS was
found to induce loss of dopaminergic neurons in mice (Arai et al.,
2004), while also stimulating the production of iNOS and subse-
quent reactive oxygen species (ROS) (Li et al., 2005). In fact, the
nigra appears to be exquisitely sensitive to microglia activation
because equivalent LPS injections in alternate brain regions (hip-
pocampus, cortex) did not have the same pattern of degeneration
(Xie et al., 2003). Finally, LPS and MPTP can synergistically in-
crease dopaminergic death (Gao et al., 2003b).

However, most functional evidence implicating microglia as a
direct cause of dopaminergic cell degeneration is controversial.
Minocycline, a tetracycline derivative known to inhibit microglia
activation/inflammation and protect dopaminergic neurons in
an MPTP model of PD, can also inhibit classic death molecules,
such as caspases (Chen et al., 2000; Wei et al., 2005). Moreover,
others have reported that minocycline can exacerbate MPTP-
induced toxicity (Yang et al., 2003). In addition, the role of mi-
croglia may also be dependent on the mode of activation. For
example, activation of microglia in the hippocampus by IL-4-
and IFN-�-expressing T-cells is neuroprotective (Butovsky et al.,
2005). Our evidence presented here is important because it pro-
vides clear evidence for the central death-promoting nature of the
inflammatory response in dopaminergic neuronal loss. Finally, it
is important to note that microglial activation is likely a graded
response, and the degree of activation may depend on the type
and severity of insult.

Although our evidence indicates the important nature of
IFN-� activation of microglia in vitro, the exact mechanism by
which IFN-� promotes dopaminergic death in vivo and whether
this is strictly reliant on microglial activation is unclear. Indeed,
IFN-� receptors are expressed ubiquitously (Blanck, 2002). In
addition, it is important to note that our results do not imply that

inflammatory processes are the exclusive mediators of neuronal
damage. Indeed, although IFN-� deficiency effectively blocks mi-
croglial activation, it does not completely eliminate the reduction
in striatal DA/DOPAC. This is an interesting observation that
suggests that microglial activation, although important, is not the
only mechanisms by which dopaminergic neuron damage oc-
curs. This notion is supported by the fact that MPTP (MPP�

metabolite) can directly target mitochondria in neurons and lead
to increased ROS and damage (Liberatore et al., 1999; Dehmer et
al., 2000; Gonzalez-Polo et al., 2004; Chen et al., 2006).

There are some intriguing links with our present IFN-� stud-
ies to that of human PD. First, microglial activation in PD pa-
tients is well characterized (Ouchi et al., 2005). Second, we and
others have shown that plasma levels of IFN-� are elevated in PD
patients (Nakamura et al., 1992). The exact significance of this is
unknown, particularly because the relationship, if any, between
peripheral events and events in the CNS is unclear. However,
increased plasma IFN-� levels could reflect a systemic increase in
IFN-� production by lymphocytes and infiltrates capable of en-
tering the CNS. In support of this, T-cells are known to circulate
in the brain with lymphocyte infiltration, and release of proin-
flammatory cytokines, such as TNF-� and IFN-�, have been
shown at the site of injury (Raivich et al., 2003). Third, IFN-�
levels have also been shown to be increased in CSF and in the
substantia nigra of PD patients (Widner et al., 2002). Fourth,
IFN-� has been shown to upregulate iNOS, by binding the IFN-�
receptor and by upregulating expression of astrocyte CD23
(Okuno et al., 2005). Interestingly, CD23 is found in glia from the
SNc of PD patients, yet it is not detected in control subjects
(Hunot et al., 1999). Finally, genetic studies have linked a dinu-
cleotide CA repeat polymorphism within the first intron of the
IFN-� gene of patients with late onset of PD (Hakansson et al.,
2005). This polymorphism leads to a higher production of IFN-�.
Together, this evidence suggests the potential importance of
IFN-� in PD pathogenesis and provides a link to our animal
studies presented here.

In conclusion, we have shown that mice deficient in IFN-�
display an attenuation of MPTP-induced dopaminergic cell
death and maintenance of DA functional activity. Our data sug-
gest that one mechanism by which this is observed involves the
activation of microglia, aiding in the damage to dopaminergic
neurons. Accordingly, targeting microgliosis by modulating lev-
els of IFN-� may be a candidate therapeutic strategy for treat-
ment of PD.
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