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Abstract
Parkinson’s disease (PD) is a neurodegenerative disorder characterized by the loss of dopaminergic
neurons in the substantia nigra pars compacta (SNpc). With the exception of a few rare familial forms
of the disease, the precise molecular mechanisms underlying PD are unknown. Inflammation is a
common finding in the PD brain, but due to the limitation of post mortem analysis its relationship to
disease progression cannot be established. However, studies using the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) model of PD have also identified inflammatory responses in the
nigrostriatal pathway that precede neuronal degeneration in the SNpc. To assess the pathological
relevance of these inflammatory responses and to identify candidate genes that might contribute to
neuronal vulnerability, we used quantitative real-time PCR to measure mRNA levels of 11 cytokine
and chemokine encoding genes in the striatum of MPTP-sensitive (C57BL/6J) and MPTP-insensitive
(SWR) mice following administration of MPTP. The mRNA levels of all 11 genes changed following
MPTP treatment, indicating the presence of inflammatory responses in both strains. Furthermore, of
the 11 genes examined only three, Il-6, Mip-1α/Ccl3 and Mip-1β/Ccl4, were differentially regulated
between C57BL/6J and SWR mice. In both mouse strains, the level of Mcp-1/Ccl2 mRNA was the
first to increase following MPTP administration, and might represent a key initiating component of
the inflammatory response. Using Mcp-1/Ccl2 knockout mice backcrossed onto a C57BL/6J
background we found that MPTP-stimulated Mip-1α/Ccl3 and Mip-1β/Ccl4 mRNA expression was
significantly lower in the knockout mice; suggesting that Mcp-1/Ccl2 contributes to MPTP-enhanced
expression of Mip-1α/Ccl3 and Mip-1β/Ccl4. However, stereological analysis of SNpc neuronal loss
in Mcp-1/Ccl2 knockout and wild-type mice showed no differences. These findings suggests that it
is the ability of dopaminergic SNpc neurons to survive an inflammatory insult, rather than genetically
determined differences in the inflammatory response itself, that underlie the molecular basis of MPTP
resistance.
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Parkinson’s disease (PD) is a progressive age-related neurodegenerative disorder characterized
by the loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc) (Trétiakoff,
1919,Hassler, 1938,Greenfield and Bosanquet, 1953). Although PD was described almost two
centuries ago (Parkinson, 1817), the precise mechanisms underlying its pathology remain
enigmatic. Studies of PD patients as well as experimental animal models of PD employing the
neurotoxins 6-hydroxydopamine (6-OHDA) and 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), have suggested an etiological mechanism that involves
inflammatory processes (Kurkowska-Jastrzebska et al., 1999,Barcia et al., 2003,Carvey et al.,
2005).

Cytokines and chemokines are small molecules (8–12 kDa) whose function is to recruit
immunocompetent cells to the site of inflammation and modulate their activity (Bacon and
Harrison, 2000,Murphy et al., 2000,Bajetto et al., 2002,Laing and Secombes, 2004,Adler et
al., 2005). Although these molecules were first identified in the immune system they are also
present in the central nervous system (CNS), where they are secreted from microglia, neurons
and astrocytes (Banisadr et al., 2005c,Cartier et al., 2005,Biber et al., 2006,Minami et al.,
2006). Moreover elevated levels of cytokines such as tumor necrosis factor alpha (Tnf-α),
interleukin 6 (Il-6), interleukin 1 beta and interferon gamma (Ifn-γ) have been observed in the
SNpc of PD patients and rodents treated with 6-OHDA and MPTP (Grunblatt et al.,
2000,Mandel et al., 2000,Nagatsu et al., 2000,Nagatsu and Sawada, 2005,Sriram et al.,
2006b). Therefore, these molecules may be actively involved in disease progression.

Several studies also sought to correlate polymorphisms in the promoters of several cytokine
genes to the risk of developing PD (Nishimura et al., 2000,Schulte et al., 2002,Nishimura et
al., 2003,Huerta et al., 2004,Ross et al., 2004,Hakansson et al., 2005). Furthermore,
retrospective clinical studies in populations subjected to chronic use of non steroidal anti-
inflammatory drugs (NSAIDs) suggest that some of these agents could lower the incidence of
PD (Chen et al., 2003,Schiess, 2003,Chen et al., 2005,Hernan et al., 2006). Animal experiments
with NSAIDs came to similar conclusions (Ferger et al., 1999,Sairam et al., 2003,Maharaj et
al., 2004), and microglia inactivation was also shown to be neuroprotective in the MPTP model
of PD (Wu et al., 2002). Despite accumulating evidence of inflammatory responses in PD and
its animal models, the question of whether inflammation is a negative or positive contributor
to the progression of the disorder, or simply a reaction to neurodegeneration remains
unanswered (Marchetti and Abbracchio, 2005).

To evaluate the potential role of cytokines and chemokines in the pathogenesis of PD, we
studied the temporal profile of their mRNA expression by quantitative real-time PCR in the
striatum in the mouse MPTP model. This region of brain is innervated by the dopaminergic
neurons that are lost in PD and several lines of evidence suggest that the dopaminergic nerve
endings in the striatum are the primary site of pathological changes in PD and animal models
of the disorder (Bradbury et al., 1986,Eberling et al., 1997,Nurmi et al., 2001,Rinne et al.,
2001). One view is that the nerve endings of SNpc dopaminergic neurons in the striatum are
initially damaged or compromised and over time this leads to the retrograde degeneration of
the neurons in the SNpc (Burns et al., 1984,Bradbury et al., 1986,Eberling et al., 1997). This
is particularly evident for MPTP, which selectively accumulates in striatal dopaminergic nerve
endings via uptake through the high affinity dopamine transporter (Chiba et al., 1985,Javitch
et al., 1985,Gainetdinov et al., 1997,Bezard et al., 1999). This has rapid metabolic
consequences and within 24 hours of MPTP treatment the nerve endings already show
morphological changes indicative of degeneration that precede by several days degeneration
in the cell soma in the SNpc (Jackson-Lewis et al., 1995). Therefore, events occurring in the
striatum in the MPTP model in particular are taken to be representative of early stages of any
pathological mechanism involved in the degenerative process.
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Two strains of mice, Swiss Webster (SWR) and C57BL/6J, that differ in their sensitivity toward
MPTP toxicity (German et al., 1996,Hamre et al., 1999), were used to assess if there were
quantitative changes in inflammation-associated gene products related to the pathogenic
changes triggered by MPTP. In C57BL/6J mice, acute systemic administration of MPTP results
in a loss of dopaminergic neurons in the SNpc, whereas in SWR mice only minimal cell loss
is evident (German et al., 1996,Hamre et al., 1999). The reason for this genetically-determined
difference is currently unknown, although astrocytes and microglia have been implicated
(Smeyne et al., 2001,Smeyne et al., 2005). Here, we show that acute administration of MPTP
triggers marked changes in mRNA levels for a number of cytokines and chemokines as well
as their receptors. Of the cytokines examined, none demonstrate changes only in the MPTP-
sensitive C57BL/6J strain. We have focused on Mcp-1/Clc2 as a potential early mediator of
MPTP-induced neurodegeneration and Mip-1α/Ccl3 and Mip-1β/Ccl4 as transcriptional
targets for this cytokine. This has been achieved by assessing striatal inflammation-associated
gene expression and SNpc neuronal degeneration in wild type and Mcp-1/Ccl2 knockout mice.

Experimental Procedures
Animals, experiments and substances

Female C57BL/6J mice, SWR mice and Mcp-1/Ccl2 homozygous knockout mice (B6.129S4-
Ccl2tm1Rol/J) were purchased from Jackson Laboratories (Bar Harbor, Maine). Animals were
housed on a 12:12 light:dark schedule with free access to food and water.

At 3–4 months of age animals were administered a single dose (40 mg/kg i.p.) of MPTP-HCl
(Sigma-Aldrich, St Louis, Missouri) dissolved in sterile saline. In another set of experiments,
the efficacy of MPTP to induce SNpc DA neuron death was evaluated using a well-
characterized protocol (20 mg/kg MPTP given i.p. every two hours for a total of 4 injections)
(Hamre et al., 1999). All studies were approved by the St. Jude Children’s Research Hospital
Animal Care and Use Committee (ACUC) and were conducted in accordance with the National
Institute of Health Guide for the Care and Use of Laboratory Animals (NIH Publication No.
80-23, revised 1996).

Dissection of tissue and extraction of total RNA
Animals were sacrificed by cervical dislocation at specific time points and the striatum was
rapidly dissected on ice and immediately transferred to dry ice to preserve RNA integrity.
Trizol® (Invitrogen, Carlsbad) extraction of total RNA was performed according to
manufacturer instructions. Total RNA was quantified by spectrophotometry (UltraSpec 2100
Pro, Amersham) and its integrity established by formaldehyde agarose gel electrophoresis.
Samples that appeared degraded were discarded.

Real time PCR and preparation of standards
Total RNA was reverse transcribed using a TaqMan® reverse transcription kit (Applied
Biosystems, Foster City, CA) according to manufacturer instructions. Primers and fluorogenic
probes for real-time PCR were designed with Primer Express Software version 1.5 for
Macintosh (Applied Biosystems, Foster City, CA) and prepared by the Hartwell Center for
Bioinformatics and Biotechnology (St Jude Children’s Research Hospital, Memphis TN). The
following primer/probe sets were used (underlined nucleotides in the probe sequence indicate
the exon-exon boundary): Fn14/Tnfrsf12a (NM_013749) forward 5′-GCC GCC GGA GAG
AAA AG-3′, probe 5′-Fam-TTA CTA CCC CCA TAG AGG AGA CTG GTG GAG AG-BHQ
-3′, reverse 5′-GCC ACA CCT GGG CAG C-3′; Gadph (NM_001001303) forward 5′-TGG
ATC TGA CGT GCC GC-3′, probe 5′-Fam-TGG AGA AAC CTG CCA AGT ATG ATG
ACA TCA-BHQ -3′, reverse 5′-TGC CTG CTT CAC CAC CTT C-3′; Tnfα (NM_013693)
forward 5′-TCT ATG GCC CAG ACC CTC AC-3′, probe 5′-Fam-CTC AGA TCA TCT TCT
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CAA AAT TCG AGT GAC AAG C-BHQ-3′, reverse 5′-TTG CTA CGA CGT GGG CTA
CA-3′; Mcp-1/Ccl2 (NM_011333) forward 5′-GAG CAT CCA CGT GTT GGC T-3′, probe
5′-Fam-AGC CAG ATG CAG TTA ACG CCC CAC T-BHQ -3′, reverse 5′-TGG TGA ATG
AGT AGC AGC AGG T-3′; Tweak/Tnfsf12 (NM_011614) forward 5′-CCT CGC CGA GCT
ATT GCA-3′, probe 5′-Fam-CCC ATT ATG AGG TTC ATC CTC GGC CA-BHQ-3′, reverse
5′-TGC TTG TGC TCC ATC CTG TC-3′; Sdf1/Cxcl12 (NM_021704) forward 5′-CCG CGC
TCT GCA TCA GT-3′, probe 5′-Fam-ACG GTA AAC CAG TCA GCC TGA GCT ACC G-
BHQ -3′, reverse 5′-TCG AAG AAC CGG CAG GGG-3′; Mip-1α/Ccl3 (NM_011337) forward
5′-CAT GAC ACT CTG CAA CCA AGT CTT-3′, probe 5′-Fam-CCA TAT GGA GCT GAC
ACC CCG ACT G-BHQ -3′, reverse 5′-TCC GGC TGT AGG AGA AGC A-3′; Mip-1β/
Ccl4 (NM_013652) forward 5′-TGC TCG TGG CTG CCT TCT-3′, probe 5′-Fam-CTC CAG
GGT TCT CAG CAC CAA TGG G-BHQ -3′, reverse 5′-CAG GAA GTG GGA GGG TCA
GA-3′; Il-6 (NM_031168) forward 5′-TGT TCT CTG GGA AAT CGT GGA-3′, probe 5′-Fam-
ATG AGA AAA GAG TTG TGC AAT GGC AAT TCT G-BHQ -3′, reverse 5′-AAG TGC
ATC ATC GTT GTT CAT ACA-3′; Fractalkine/Cx3cl1 (NM_009142) forward 5′-CCG CGT
TCT TCC ATT TGT GT-3′, probe 5′-Fam-CTG CCG GGT CAG CAC CTC GG-BHQ -3′,
reverse 5′-GCA CAT GAT TTC GCA TTT CG-3′; Fractalkine receptor/Cx3cr1
(NM_009987) forward 5′-TGG GTG AGT GAC TGG CAC TTC-3′, probe 5′-Fam-CCT TCC
CAT CTG CTC AGG ACC TCA CC-BHQ -3′, reverse 5′-CAT ACT CAA AAT TCT TTA
GAT CCA GTT CA-3′; Cxcr4 (NM_009911) forward 5′-CAC CAC GGC TGT AGA GCG
A-3′, probe 5′-Fam-TGT TGC CAT GGA ACC GAT CAG TGT GAG TAT ATA-BHQ -3′,
reverse 5′-CTC CAG AAC CCA CTT CTT CAG AGT-3′. The primer/probe set for Sdf1/
Cxcl12 does not discriminate for its three isoforms.

PCR was performed using TaqMan® PCR Core Reagent Kit (Applied Biosystems, Foster City,
CA) according to manufacturer guidelines, using an ABI Prism 7900HT (Applied Biosystems,
Foster City, CA). PCR conditions were: UNG incubation, 50 °C for 2 minutes; AmpliTaq
activation 95 °C for 10 minutes; PCR denaturation step 95 °C for 15 seconds; PCR annealing
step 60 °C for 1 minute; 40 cycles of PCR were performed. PCR results were normalized versus
GAPDH.

Absolute quantification was performed with standard curves obtained cloning the gene of
interest into pcDNA3 plasmid (Invitrogen, Carlsbad, CA) as explained hereafter: a first round
of PCR with primers flanking the region of interest was performed with Platinum® Pfx proof
reading polymerase (Invitrogen, Carlsbad, CA). The PCR product was gel purified with
QIAquick® Gel Extraction Kit (Qiagen, Valencia, CA) and amplified a second time with
Platinum® Pfx using the same primers to which sites for restriction enzymes were attached.
The product was gel purified, cut and ligated with T4 DNA Ligase (Invitrogen, Carlsbad,
California) into pcDNA3. Plasmids were extracted with QIAfilter® Plasmid Maxi Kit (Qiagen,
Valencia, California) according to manufacturer instruction and sequenced by the Hartwell
Center for Bioinformatics and Biotechnology (St Jude Children’s Research Hospital, Memphis
TN) that also provided sequencing primers Sp6 and T7. Only those constructs with proper
insert were used as standards. The following is a list of the primers used (restriction enzymes
used are reported in parentheses, and their recognized sequence is underlined): Gapdh forward
(BamHI)-CGC GGA TCC GCG ATG GTG AAG GTC GGT GTG AA, reverse (EcoRI)-CCG
GAA TTC CGG TTC TTA CTC CTT GGA GGC CA; Fn14/Tnfrsf12a forward (BamHI)-CGC
GGA TCC GCG GCA ATC ATG GCT CCG GGT TG, reverse (EcoRI)-CCG GAA TTC
CGG TGA ATC ACC ACC TCG CCC CA; Tweak/Tnfsf12 forward (Hindi)-CCC AAG CTT
GGG ATG GCC GCC CGT CGG AGC CA, reverse (XhoI)-CCG CTC GAG CGG GAG AGC
AAG GCC CCT CAG TG; Sdf-1/Cxcl12 forward (EcoRI)-CCG GAA TTC CGG ATG GAC
GCC AAG GTC GTC GC, reverse (XhoI)-CCG CTC GAG CGG TAT AAC TGT GCC CAG
AGG CCC CAG; Mip-1α/Ccl3 forward (BamHI)-CGC GGA TCC GCG ATG AAG GTC TCC
ACC ACT GC, reverse (EcoRI)-CCG GAA TTC CGG AGA CTC TCA GGC ATT CAG TT;
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Mip-1β/Ccl4 forward (BamHI)-CGC GGA TCC GCG ATG AAG CTC TGC GTG TCT GC,
reverse (EcoRI)-CCG GAA TTC CGG GCT GGA GCT GCT CAG TTC AA; Il-6 forward
(BamHI)-CGC GGA TCC GCG ATG AAG TTC CTC TCT GCA AG, reverse (EcoRI)-CCG
GAA TTC CGG CTA GGT TTG CCG AGT AGA TC; fractalkine/Cx3cl1 forward (KpnI)-
CGG GGT ACC CCG ATG GCT CCC TCG CCG CTC GC, reverse (XhoI)-CCG CTC GAG
CGG CAC AGG CAG GCA GGC AAG CAG CT; Mcp-1/Ccl2 forward (BamHI)-CGC GGA
TCC GCG TCT CTT CCT CCA CCA CCA TG, reverse (EcoRI)-CCG GAA TTC CGG GCA
TCA CAG TCC GAG TCA CA; Tnf-α forward (BamHI)-CGC GGA TCC GCG ATG AGC
ACA GAA AGC ATG AT, reverse (EcoRI)-CCG GAA TTC CGG CTT CAC AGA GCA
ATG ACT CC. Amplicons for Cx3cr1 and Cxcr4 were cloned directly into pCR®II-TOPO®
vector (Invitrogen, Carlsbad, CA) using their corresponding primers for real time PCR.
Products were gel purified, incubated with Taq polymerase (QIAGEN, Valencia, CA) and
dATP at 72 °C for 10 minutes to add overhanging As and ligated. Plasmids were extracted as
previously described.

Tyrosine hydroxylase staining and cell counting
Animals were given an overdose of 2,2,2-tribromoethanol and when deeply anesthetized, were
transcardially perfused with 0.1 M phosphate-buffered saline (PBS) followed by 4%
paraformaldehyde (PFA). Whole brains were removed and postfixed in fresh 4% PFA
overnight at 4 °C and embedded in Paraplast Plus ® (Surgipath Medical, Richmond, IL). Serial
sagittal sections through the SNpc were cut at 10 μm and collected on poly-ionic glass
microscope slides (Superfrost Plus, Fisher). The slides were processed for DA neuron
visualization using a polyclonal TH antibody (1:250; Pel-Freeze, Rogers, AR) as previously
described (Hamre et al., 1999).

The total number of SNpc neurons was estimated with the optical fractionator method (West
et al., 1991) using the Bioquant Nova Image Analysis System (R&M Biometrics, Nashville,
TN, USA). In C57BL/6J mice and the B6.129S4-Ccl2tm1Rol/J mice, the average rostral–caudal
length of the SNpc was empirically determined to be approximately 1 mm. After randomly
choosing the 1st section, every 5th section was sampled throughout the entire anterior to
posterior extent of the SNpc (German et al., 1996). On average, 40 sections per SNpc were
analyzed. The sampling frame used in the analysis was 5625 square microns and we counted
a minimum of 15 frames in each SNpc per section. The SNpc in each section was outlined at
low power (2.5X) while SNpc neurons were counted using high magnification (40X). Neurons
were counted if they had a TH-positive soma with a clear nucleus; and if they were within the
counting frame or touched the line of inclusion. Neurons that touched the line of exclusion
were not counted. On occasion, SNpc neurons that were Nissl-positive, but TH-negative were
observed. These cells were included in the total cell number count. SNpc dopaminergic neurons
were counted separately on both the right and left sides of the midbrain and added together to
give a final cell number.

Statistical analysis
Statistical analysis was performed with GraphPad Prism® version 4.03 for Windows®
(GraphPad Software Inc., San Diego, CA). Each sample from a single animal was analyzed in
triplicate and results were expressed as the average of 3 to 5 animals. The temporal profile of
each gene was analyzed by one-way ANOVA followed by Bonferroni’s multiple comparisons
test to assess statistical significance versus respective control (time zero). Differences between
strains were analyzed by two-way ANOVA followed by Bonferroni’s post-test.
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Results
MPTP induces rapid changes in Tnf-α and Il-6 mRNA levels

Prior studies have reported increases in Tnf-α and Il-6 using the MPTP model (Kaku et al.,
1999,Mandel et al., 2000,Hebert et al., 2003), and mice deficient in Tnf-α receptors or Il-6
have altered responsiveness to MPTP (Bolin et al., 2002,Sriram et al., 2002,Cardenas and
Bolin, 2003,Ferger et al., 2004,Leng et al., 2005). Therefore, we examined levels of Tnf-α and
Il-6 mRNA in both sensitive and resistant strains of mice. Following administration of MPTP
(1 × 40 mg/kg) the levels of Tnf-α mRNA increased dramatically and then declined back to
basal levels over a 8–24 hour period (Figure 1A). No statistical difference in the magnitude or
time course of these changes were seen between the sensitive (C57BL/6J) and resistant (SWR)
strains. Unlike Tnf-α, Il-6 mRNA displayed quantitative differences between the two strains
(Figure 1B). Although the time courses of changes were roughly the same in the two strains,
absolute mRNA levels of Il-6 mRNA were consistently higher in SWR mice.

Differential expression of chemokine/cytokine ligand and receptor mRNAs in the MPTP
model

To gain a better understanding of the molecular components of the inflammatory response in
MPTP-sensitive and -resistant strains of mice we assessed expression of mRNA for cytokines
and chemokines and their respective receptors by quantitative RT-PCR.

Tweak/Tnfsf12 is a weak inducer of apoptosis belonging to the Tnf-α superfamily that
functions by binding to its receptor Fn14/Tnfrsf12a (Wiley et al., 2001,Brown et al., 2006).
Levels of Tweak/Tnfsf12 mRNA were similar in untreated C57BL/6J and SWR mice and
remained essentially unchanged (C57BL/6J) or declined slightly (SWR) following
administration of 1 × 40 mg/kg MPTP (Figure 2A). In striking contrast, levels of mRNA for
Fn14/Tnfrsf12a increased substantially in both strains beginning around 3 hours after treatment
and declining by 48 hours post treatment (Figure 2B).

Fractalkine/Cx3cl1 and its receptor, Cx3cr1 regulate communication between microglia and
neurons (Harrison et al., 1998,Nishiyori et al., 1998,Meucci et al., 2000,Hatori et al., 2002)
and protect neurons in several model of neurodegeneration (Meucci et al., 2000,Zujovic et al.,
2000,Mizuno et al., 2003,Limatola et al., 2005,Cardona et al., 2006). Basal mRNA levels for
fractalkine/Cx3cl1 were higher in SWR compared to C57BL/6J mice (Figure 2C). After a
single MPTP injection (40 mg/kg), fractalkine/Cx3cl1 mRNA levels declined in both strains
beginning at 10 hr and remained depressed up to 72 hours post treatment (Figure 2C). In marked
contrast Cx3cr1 exhibited reciprocal regulation and between 24 and 72 hours its mRNA levels
were elevated in both strains (Figure 2D).

To establish whether reciprocal regulation was common to all cytokine ligand-receptor pairs
in the MPTP model, we assessed expression of Sdf-1/Cxcl12 and its receptor Cxcr4, that to
the best of our knowledge have never been studied in the MPTP model. These genes play roles
in the development of several brain structures (Lu et al., 2002,Stumm et al., 2003,Vilz et al.,
2005), migration of neuronal precursor cells after ischemia (Robin et al., 2006), axonal
elongation (Arakawa et al., 2003,Pujol et al., 2005) and neurotransmission (Limatola et al.,
2000,Ragozzino et al., 2002,Guyon et al., 2005,Guyon et al., 2006). Unlike the other ligand-
receptor pairs, Sdf-1/Cxcl12 and Cxcr4 were coordinately regulated. Sdf-1/Cxcl12 mRNA
levels decreased in SWR mice from 2 to 12 hr post-treatment (Fig. 2E). Cxcr4 mRNA levels
declined by 2 hours and were maximally reduced between 4 and 6 hours post treatment in both
strains (Figs 2E,F). Subsequently, Cxcr4 mRNA levels recovered in SWR mice but remained
depressed in C57BL/6J mice for up to 48 hours (Figs 2F).
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Strain-dependent regulation of Mip1α/Ccl3 and Mip1β/ccl4 by MPTP
The expression of two other chemokines not previously investigated in the MPTP model was
assessed. Mip-1α/Ccl3 and Mip1β/Ccl4 are two structurally related chemokines that are
encoded by adjacent genes located on mouse chromosome 11 (Wilson et al., 1990). Mip-1α/
Ccl3 and Mip1β/Ccl4 have been implicated in neurodegeneration (Ishizuka et al., 1997,Takami
et al., 1997,Simpson et al., 1998,Xia et al., 1998,Xia and Hyman, 1999,Boven et al.,
2000,Cowell et al., 2002,Kim et al., 2002,Nishi et al., 2005,Perrin et al., 2005) and their levels
are increased in the aged midbrain (Felzien et al., 2001). The mRNA levels for both chemokines
were dramatically increased following MPTP administration (Figure 3A and 3B) and displayed
pronounced strain-dependent differences. In SWR mice, levels of mRNA for Mip-1α/Ccl3 and
Mip1β/Ccl4 were elevated between 4–12 hours and 4–24 hours, respectively. In contrast, in
C57BL/6J mice the mRNA levels for Mip-1α/Ccl3 and Mip1β/Ccl4 were elevated for shorter
periods, 5–24 hours and 8–12 hours, respectively (Figures 3A,B).

Expression of inflammation-associated genes in MPTP-treated Mcp-1 null mice
Mcp-1/Ccl2 is a widely studied chemokine that is expressed in neurons in the striatum and
SNpc (Banisadr et al., 2005a,Banisadr et al., 2005b), and it is implicated in neurodegeneration
(Bruno et al., 2000,Muessel et al., 2000,Muessel et al., 2002,Eugenin et al., 2003,Kalehua et
al., 2004,Perrin et al., 2005). The mRNA expression pattern of Mcp-1/Ccl2 exhibited an initial
peak at 3 hours followed by a second peak between 6–36 hours post MPTP treatment in both
strains of mice (Fig. 3C).

As increased expression of Mcp-1/Ccl2 mRNA is one of the earliest gene expression events
documented in the MPTP model, this chemokine could be a key initiating component of the
response to MPTP. Therefore, we investigated the role of Mcp-1/Ccl2 in the MPTP model by
comparing mRNA levels of inflammation-associated gene products in Mcp-1/Ccl2-null and
wild type mice. To eliminate potential confounding effects from genetic background, both
knockout and wild type mice were backcrossed for 10 generations onto the C57BL/6J
background.

Animals from both strains were injected with MPTP (1 × 40 mg/kg) and mRNA levels for the
respective gene products were assessed at 2, 5, 12, 24 and 72 hours by real time quantitative
PCR. No statistically significant differences between the knockout mice and wild type mice
could be detected for Tnf-α, Il-6 (Fig 4), Cx3cr1, Tweak/Tnfsf12, Sdf-1/Cxcl12, Fn14/
Tnfrsf12a and Cxcr4 (Fig. 5). However, the mRNA responses for Mip-1α/Ccl3 and Mip-1β/
Ccl4 at 5 hours were significantly lower in Mcp-1/Ccl2-null mice compared to wild type
C57BL/6J mice (Fig. 6). Therefore, Mcp-1/Ccl2 may play a positive role in modulating
expression of Mip-1α/Ccl3 and/or Mip-1β/Ccl4 in response to MPTP challenge.

Loss of TH-positive SNpc neurons in MPTP-treated Mcp-1/Ccl2-null mice
To assess the biological significance of Mcp-1/Ccl2 in MPTP toxicity, wild type C57BL/6J
mice and Mcp-1/Ccl2-null mice on a C57BL/6J background were treated with MPTP (4 ×
20mg/kg) and neuronal loss in the SNpc determined 14 days later by stereological
reconstruction (West et al., 1991) of TH-immunostained and Nissl counterstained sections.
This paradigm is well characterized and leads to neuronal loss in C57BL/6J mice (Sonsalla
and Heikkila, 1986,Smeyne et al., 2005). Stereological counting revealed no statistically
significant differences in the number of resident TH-positive neurons in the SNpc of wild type
and Mcp-1/Ccl2-null mice (Figure 7). Furthermore, there was the same extent of neuronal loss
in both strains of mice following MPTP treatment (Figure 7). Thus, loss of Mcp-1/Ccl2 did
not confer resistance to MPTP. It remains to be established whether loss of Mcp-1/Ccl2 on an
SWR background can confer MPTP-sensitivity.
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Discussion
The etiology of PD is thought to involve interplay between environmental agents and genetic
risk factors (Poirier et al., 1991,Tsang and Soong, 2003,Allam et al., 2005). A number of inbred
strains of mice with differential sensitivity to MPTP have been identified and can be used to
identify genetic factors (Hamre et al., 1999,Schwarting et al., 1999,Smeyne et al., 2001,Cook
et al., 2003,Liu et al., 2003a,McLaughlin et al., 2006). As inflammatory responses have been
associated with PD, genetically determined differences in these responses could contribute to
the risk for developing this disease. Here we have measured mRNA levels of various cytokines
and chemokines as surrogate markers of inflammation in the striatum of MPTP-sensitive and
MPTP-resistant strains of mice. This strategy permits us to establish not only whether
inflammatory responses occur in the MPTP model (and if so whether to the same extent in
sensitive and resistant strains of mice) but also whether specific inflammatory mediators might
be the direct or indirect genetic basis for the strain differences.

MPTP modulates the levels of a number of cytokine and chemokine mRNAs in the striatum.
The earliest mRNA changes are coincident with some of the acute effects of MPTP in the
striatum, such as dumping and depletion of dopamine in SNpc nerve terminals (Urakami et al.,
1988) and may be the direct consequences of these events. Many of the mRNA changes also
precede or are coincident with frank morphological manifestations of MPTP-induced damage
to dopaminergic nerve endings in the striatum which have been shown to occur within the first
24 hours (Cochiolo et al., 2000) as well as degeneration of TH-positive neurons in the SNpc
that occurs maximally between days 4 and 7 post-treatment (Jackson-Lewis et al., 1995,Faherty
et al., 2005). Therefore, these mRNA alterations may either contribute to nerve damage and
cell loss and/or be a response to these processes. With a few exceptions, the general temporal
patterns of mRNA changes triggered by MPTP are similar in both MPTP-sensitive and MPTP-
resistant strains of mice. Therefore, despite the fact that SWR mice exhibit minimal loss of
neurons compared to C57BL/6J mice, MPTP apparently elicits inflammatory responses in both
strains. This opens the possibility that inflammation may contribute to the pathogenic process
in both positive and negative fashions.

Tnf-α and Il-6 have been intensively investigated in the MPTP and other neurodegenerative
paradigms (Mandel et al., 2000,Nagatsu et al., 2000,Nagatsu and Sawada, 2005). Here, we
confirm that striatal Tnf-α levels increase in the MPTP model; however, the temporal profiles
and absolute levels for Tnf-α mRNA were statistically indistinguishable in the MPTP-sensitive
C57BL/6J and MPTP-insensitive SWR strains of mice. Genetic ablation of either Tnf-α or both
its receptors, Tnfrsf1 and Tnfrsf2 is reported to confer protection against MPTP toxicity as
measured by attenuation of dopamine depletion in the striatum (Sriram et al., 2002,Ferger et
al., 2004,Sriram et al., 2006a,Sriram et al., 2006b), although neither genetic ablation nor
pharmacological manipulation of Tnf-α prevents neuronal loss in the SNpc (Rousselet et al.,
2002,Ferger et al., 2004,Leng et al., 2005). Therefore, our results are consistent with the view
that although Tnf-α may influence dopaminergic terminals in the striatum, it cannot explain
genetic resistance to MPTP as measured by loss of TH-positive neurons in the SNpc.

Our results for Il-6 mRNA levels also support prior studies showing that MPTP increases
striatal Il-6 levels (Kaku et al., 1999,Hebert et al., 2003). Additionally, we show that MPTP
elicits higher levels of Il-6 mRNA in SWR compared to C57BL/6J mice, suggesting that this
cytokine may contribute to MPTP resistance. Indeed, Il-6 knockout mice are more sensitive to
MPTP toxicity (Bolin et al., 2002), potentially due to reduced MPTP-triggered microgliosis
(Cardenas and Bolin, 2003).

Tweak/Tnfsf12 is a proinflammatory member of the Tnf-α family and induces apoptosis in
several experimental models by interacting with its receptor Fn14/Tnfrsf12a (Wiley et al.,
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2001,Nakayama et al., 2003,Yepes et al., 2005). Upon binding its receptor, Tweak/Tnfsf12
activates the NF-κB signaling pathway and modulates transcription of a number of cytokine
and proinflammatory genes, including Il-6 and Mcp-1/Ccl2 (Kim et al., 2004,Potrovita et al.,
2004) whose expression also change following MPTP treatment. Thus, Tweak/Tnfsf12-Fn14/
Tnfrsf12a interactions could contribute to some of the transcriptional changes observed in the
MPTP paradigm. As Tweak/Tnfsf12 is expressed by microglia and astrocytes and elicits
astrocyte proliferation (Desplat-Jego et al., 2002) it may also contribute to the generation of
reactive astrocytes reported in the MPTP model (Francis et al., 1995,Araki et al., 2001,Chen
et al., 2002). Although MPTP only had a marginal effect on Tweak/Tnfsf12 expression, it
elicited a significant increase in Fn14/Tnfrsf12a mRNA levels. Fn14/Tnfrsf12a is an
immediate-early gene, and its induction has been observed following growth factor stimulation
(Meighan-Mantha et al., 1999) and a number of insults to the nervous system (Tanabe et al.,
2003,Potrovita et al., 2004). Furthermore, both ligand and receptor are markedly upregulated
in a focal cerebral ischemia model (Potrovita et al., 2004) and a soluble decoy version of Fn14/
Tnfrsf12a reduces infarct volume (Yepes et al., 2005), suggesting that it mediates
neurodegenerative phenomena. In this study, there was a trend towards reduced expression of
Tweak/Tnfsf12 mRNA at times when the mRNA for Fn14/Tnfrsf12a increased substantially.
This finding is intriguing in light of a report that Fn14/Tnfrsf12a regulates neurite outgrowth
through a ligand-independent mechanism (Tanabe et al., 2003). It is possible that the greatly
increased expression of Fn14/Tnfrsf12a combined with the concomitant reduction of Tweak/
Tnfsf12 might represent a mechanism geared to mitigate damage to striatal neurons that are
synaptic targets for SNpc dopaminergic nerve endings.

Fractalkine/Cx3cl1 was the only gene studied whose basal level of expression differed
significantly between SWR and C57BL/6J mice. This chemokine is protective in several in
vitro models of neurodegeneration (Boehme et al., 2000,Meucci et al., 2000,Zujovic et al.,
2000,Mizuno et al., 2003,Limatola et al., 2005). Moreover, genetic ablation of either
Fractalkine/Cx3cl1 or its receptor Cx3cr1, protects in vivo from MPTP toxicity (Cardona et
al., 2006). Thus, despite the fact that Fractalkine/Cx3cl1 expression does not differ qualitatively
between the two strains, the higher levels in SWR mice might contribute to their resistance to
MPTP. Fractalkine/Cx3cl1 is expressed in vivo on neurons (Harrison et al., 1998) whereas its
receptor Cx3cr1 is expressed on microglia (Harrison et al., 1998), suggesting cross-talk
between these cell types. Microglia are well-known to participate in neurodegenerative
processes (McGeer and McGeer, 1998a,McGeer and McGeer, 1998b,Orr et al., 2002,Gao et
al., 2003,Liu and Hong, 2003,Liu et al., 2003b) and their pharmacological inactivation protects
from MPTP toxicity (Wu et al., 2002,Liu and Hong, 2003). Therefore, the reciprocal
modulation of this chemokine and its receptor by MPTP may influence microglia/neuron
interactions (Harrison et al., 1998,Nishiyori et al., 1998).

Sdf-1/Cxcl12 and its receptor Cxcr4 are downregulated in both strains of mice and have been
associated with multiple processes in the developing and adult nervous systems. Critically,
both ligand and receptor mediate release of Tnf-α and glutamate from astrocytes (Bezzi et al.,
2001), implying pro-inflammatory actions. Indeed, downregulation of Cxcr4 has been
suggested as the mechanism of action for dexamethasone protection of neurons (Felszeghy et
al., 2004). They also play roles in the development of several brain regions (Bagri et al.,
2002,Tissir et al., 2004,Luo et al., 2005) and regulate synaptic activity in striatal cholinergic
neurons (Banisadr et al., 2002a) and TH positive dopaminergic neurons in the SNpc (Banisadr
et al., 2002a,Guyon et al., 2006). Sdf-1/Cxcl12 and Cxcr4 regulate axonal development and
pathfinding in the developing CNS (Chalasani et al., 2003,Gilmour et al., 2004,Li et al.,
2005,Lieberam et al., 2005,Pujol et al., 2005), therefore, they might play analogous roles in
adult brain by contributing to the sprouting of new fibers from the SNpc that occurs after
mechanical or chemical (6-OHDA and MPTP) damage in the striatum (Mitsumoto et al.,
1998,Liberatore et al., 1999,Finkelstein et al., 2000,Song and Haber, 2000).
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The only two genes that showed marked quantitative differences between sensitive and
resistant strains of mice were Mip-1α/Ccl3 and Mip-1β/Ccl4. To the best of our knowledge
this is the first time that these chemokines have been implicated in the MPTP model. Not only
were both chemokines induced to higher levels in SWR mice but they also showed earlier
expression in the resistant strain than in the MPTP-sensitive strain.

Both Mip-1α/Ccl3 and Mip-1β/Ccl4 are elevated in several neurodegenerative disorders
including multiple sclerosis (MS) (Simpson et al., 1998,Boven et al., 2000), cerebral ischemia
(Takami et al., 1997,Cowell et al., 2002,Kim et al., 2002,Nishi et al., 2005), Alzheimer’s
disease (AD) (Xia et al., 1998,Xia and Hyman, 1999) as well as in experimental models of
demyelination (McMahon et al., 2001), experimental allergic encephalopathy (EAE) (Matejuk
et al., 2002), experimental autoimmune neuritis (Zou et al., 1999) and Wallerian degeneration
(Perrin et al., 2005). Moreover, of particular relevance to PD, their expression is increased in
the midbrain of mice during aging (Felzien et al., 2001). Despite the evidence suggesting that
Mip-1α/Ccl3 and Mip-1β/Ccl4 are involved in neurodegenerative processes, their precise role
is not well established. Experimental models of retrograde degeneration suggest that they are
involved in repair processes. For example, antibodies against Mip-1α/Ccl3 and Mip-1β/Ccl4
reduce macrophage activation and myelin clearance after Wallerian degeneration (Perrin et al.,
2005). Moreover after olfactory bulbectomy, Mip-1α/Ccl3 and Mip-1β/Ccl4 contribute to
regenerative processes in the olfactory epithelium (Getchell et al., 2002,Kwong et al., 2004).
By analogy it is possible that these genes could contribute to repair processes in PD and MPTP.
Mcp-1/Ccl2 showed the earliest response to MPTP.

Mcp-1/Ccl2 is localized to neuronal cell bodies and filaments in the rat SNpc (Banisadr et al.,
2005a) and its unique receptor, Ccr2 is highly expressed on cholinergic neurons in the striatum
and TH positive neurons in the SNpc (Banisadr et al., 2002b,Banisadr et al., 2005b). Mcp-1/
Ccl2 and its receptor have been implicated in several models of neurodegeneration (Bruno et
al., 2000,Muessel et al., 2000,Siebert et al., 2000,Eugenin et al., 2003,Kalehua et al., 2004)
including retrograde degeneration (Ghirnikar et al., 2001,Muessel et al., 2002,Perrin et al.,
2005). In addition, although controversial, polymorphisms in the Mcp-1/Ccl2 promoter have
been linked to sporadic PD (Nishimura et al., 2003,Huerta et al., 2004). We have confirmed
that Mcp-1/Ccl2 is induced in striatum after MPTP administration (Sriram et al., 2006b).
Moreover, we show that genetic ablation of Mcp-1/Ccl2 significantly delays or attenuates the
MPTP-elicited increase of Mip-1α/Ccl3 and Mip1β/Ccl4 mRNA levels; indicating that Mcp-1/
Ccl2 contributes to the early transcriptional responses of these two chemokines to MPTP.
However, Mcp-1/Ccl2 is clearly not the only factor regulating expression of these two genes,
as at later times following MPTP administration mRNA levels of Mip-1α/Ccl3 and Mip1β/
Ccl4 are indistinguishable in wild type and knockout mice (Figure 6). It will be important to
determine whether the more rapid, Mcp-1/Ccl2-dependent changes in Mip-1α/Ccl3 and
Mip1β/Ccl4 mRNA occur in the same cell types as the later, Mcp-1/Ccl2-independent
alterations. Since Mip-1α/Ccl3 and Mip1β/Ccl4 are induced to higher levels and with distinct
kinetics in SWR mice, differences in Mcp-1/Ccl2 signaling in this strain might contribute to
their resistance to MPTP. The absence of Mcp-1/Ccl2 did not significantly protect SNpc TH
+ neurons from MPTP toxicity. A more telling experiment will be to assess whether loss of
Mcp-1/Ccl2 causes the normally resistant SWR strain to become sensitive. Finally, though the
acute model of MPTP (4 X 20 mg/kg) is widely used (Jackson-Lewis et al., 1995,Hamre et al.,
1999,Kaku et al., 1999,Schwarting et al., 1999,Araki et al., 2001,Bolin et al., 2002,Rousselet
et al., 2002,Cook et al., 2003,Ferger et al., 2004,Faherty et al., 2005,Smeyne et al., 2005),
inflammation could potentially have a different role when animals are chronically treated with
this neurotoxicant. Indeed, MPTP dosage and its injection schedule are important determinants
of the mode of neurodegeneration in the SNpc (Sonsalla and Heikkila, 1986,Jackson-Lewis et
al., 1995,Eberhardt and Schulz, 2003,Youdim and Arraf, 2004,Novikova et al., 2006).
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Therefore, it would be interesting in the future to asses the role of inflammation in subchronic/
chronic models of MPTP intoxication.

We have shown here that MPTP modulates the mRNA levels of several cytokine and
chemokine genes in the striatum of both resistant (SWR) and sensitive (C57BL/6J) strains of
mice. Thus inflammatory responses occur in both strains of mice, independent of their
sensitivity to MPTP. Therefore, the genetically determined differential sensitivity to this toxin
in SWR and C57BL/6J mice could be related to the intrinsic ability of SNpc neurons to tolerate
inflammation rather than in strain-dependent differences in the response itself.
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Abbreviations
DA  

dopamine

Tnf-α  
tumor necrosis factor α

Sdf-1/Cxcl12 
stromal derived factor 1/CXC chemokine ligand 12

Mip-1α/Ccl3 
macrophage inflammatory protein 1 alpha/CC chemokine ligand 3

Mip-1β/Ccl4 
macrophage inflammatory protein 1 beta/CC chemokine ligand 4

Tweak/Tnfsf12 
Tnf-like weak inducer of apoptosis/tumor necrosis factor superfamily member
12

Fn14/Tnfrsf12a 
fibroblast growth factor-inducible 14/tumor necrosis factor receptor superfamily
member 12a

TH  
tyrosine hydroxylase

Il-6  
interleukin 6

Cx3cl1  
fractalkine

Cx3cr1  
fractalkine receptor
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PD  
Parkinson’s disease

MPTP  
1-methyl-4-phenyl-1,2,3,6-tetrahydropyrimidine

Mcp-1/Ccl2  
monocyte chemoattractant protein 1/CC chemokine ligand 2

PCR  
polymerase chain reaction

SNpc  
substantia nigra pars compacta

6OHDA  
6 hydroxydopamine
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Figure 1. Temporal profile of Tnf-α and Il-6 mRNA levels in MPTP-treated SWR and C57BL/6J
mice
MPTP sensitive (C57BL/6J) and resistant (SWR) mice were injected at time zero with a single
dose of MPTP (40 mg/kg) and sacrificed at 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12, 24, 36, 48 and 72 hr.
Levels of mRNA for Tnf-α (A) and Il-6 (B) were evaluated by quantitative RT-PCR. Results
are expressed as the number of copies of a specific mRNA (normalized versus the number of
copies of Gapdh mRNA) versus time (hours). White bars represent results from SWR mice
and black bars those from C57BL/6J mice. Tnf-α mRNA levels are dramatically increased 8–
24 hr following MPTP injection, although the time course and the magnitude of the changes
are identical in both MPTP-sensitive (C57BL/6J) and MPTP-insensitive (SWR) mice. In
contrast the mRNA profile of Il-6 was different in the two strains of mice as levels of Il-6
mRNA were significantly higher in SWR than in C57BL/6J (B). Data are presented as mean
± S.E.M. of three to five animals. Differences between strains were statistically analyzed by
two way ANOVA followed by Bonferroni post-test and are indicated with asterisks placed at
the bottom of each significantly different point (*** P<0.001, ** P<0.01, * P<0.05).
Differences versus control (time point zero) within a single strain were analyzed with one way
ANOVA and Bonferroni post test and statistical significances are indicated with letters placed
on top of each bar (a P<0.001, b P<0.01, c P<0.05).
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Figure 2. Temporal profile of mRNA levels for Tweak/Tnfsf12, Fractalkine/Cx3cl1, Sdf-1/Cxcl12
and their respective receptors Fn14/Tnfrsf12a, Cx3cr1 and Cxcr4 in MPTP-treated SWR and
C57BL/6J mice
MPTP sensitive (C57BL/6J) and resistant (SWR) mice were injected at time zero with a single
dose of MPTP (40 mg/kg) and sacrificed at 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12, 24, 36, 48 and 72 hr.
Levels of mRNA for Tweak/Tnfsf12 (A), Fractalkine/Cx3cl1 (C), Sdf-1/Cxcl12 (E) and their
respective receptors Fn14/Tnfrsf12a (B), Cx3cr1 (D) and Cxcr4 (F) was evaluated by
quantitative RT-PCR. Results are expressed as the number of copies of a specific mRNA
(normalized versus the number of copies of Gapdh mRNA) versus time (hours). White bars
represent results from SWR mice and black bars those from C57BL/6J mice. mRNA for Tweak/

Pattarini et al. Page 22

Neuroscience. Author manuscript; available in PMC 2008 March 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Tnfsf12, decreases slightly in MPTP-resistant mice (SWR) and are largely unaltered (A) in
MPTP-sensitive mice (C57BL/6J). In contrast its receptor Fn14/Tnfrsf12a, increases
substantially in both strains of mice (B). Fractalkine/Cx3cl1 and its receptor Cx3cr1 display a
reciprocal regulation following MPTP administration, with receptor mRNA being upregulated
(D) and ligand mRNA decreasing (C). Fractalkine/Cx3cl1 was the only chemokine tested
whose endogenous mRNA levels were statistically different between the two strains (C). The
mRNA for Sdf-1/Cxcl12 and its receptor Cxcr4 are coordinately downregulated in both strains
of mice (E,F), though levels of Cxcr4 in SWR returns to baseline earlier (10 hr) than in MPTP-
sensitive mice (72 hr) (F). Data are presented as mean ± S.E.M. of three to five animals.
Differences between strains were statistically analyzed by two way ANOVA followed by
Bonferroni post-test and are indicated with asterisks placed at the bottom of each significantly
different point (*** P<0.001, ** P<0.01, * P<0.05). Differences versus control (time point
zero) within a single strain were analyzed with one way ANOVA and Bonferroni post test and
statistical significances are indicated with letters placed on top of each bar (a P<0.001, b
P<0.01, c P<0.05).
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Figure 3. Temporal profile of mRNA levels for Mip-1α/Ccl3, Mip-1β/Ccl4 and Mcp-1/Ccl2 in
MPTP-treated SWR and C57BL/6J mice
MPTP sensitive (C57BL/6J) and resistant (SWR) mice were injected at time zero with a single
dose of MPTP (40 mg/kg) and sacrificed at 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12, 24, 36, 48 and 72 hr.
Levels of mRNA for Mip-1α/Ccl3 (A), Mip-1β/Ccl4 (B) and Mcp-1/Ccl2 (C) were evaluated
by quantitative RT-PCR. Results are expressed as the number of copies of a specific mRNA
(normalized versus the number of copies of Gapdh mRNA) versus time (hours). White bars
represent results from SWR mice and black bars those from C57BL/6J mice. Mip-1α/Ccl3 (A)
and Mip-1β/Ccl4 (B) mRNA levels increase following MPTP injection but their temporal
profiles differ between the MPTP-sensitive (C57BL/6J) and MPTP-insensitive (SWR) strains
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of mice. In SWR mice, levels of Mip-1α/Ccl3 and Mip-1β/Ccl4 mRNA are elevated at earlier
time points than in C57BL/6J. Mcp-1/Ccl2 is the earliest chemokine to be transcribed after
MPTP administration, with mRNA levels peaking at 3 hours. Data are presented as mean ±
S.E.M. of three to five animals. Differences between strains were statistically analyzed by two
way ANOVA followed by Bonferroni post-test and are indicated with asterisks placed at the
bottom of each significantly different point (*** P<0.001, ** P<0.01, * P<0.05). Differences
versus control (time point zero) within a single strain were analyzed with one way ANOVA
and Bonferroni post test and statistical significances are indicated with letters placed on top of
each bar (a P<0.001, b P<0.01, c P<0.05).
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Figure 4. Comparison of mRNA levels for Tnf-α and Il-6 in MPTP-treated wild type and Mcp-1/
Ccl2 knockout mice
Mcp-1/Ccl2 knockout mice and their respective wild type C57BL/6J controls were injected
once with MPTP (40 mg/kg) and sacrificed 2, 5, 12, 24 and 72 hr later. The mRNA levels for
Tnf-α (A) and Il-6 (B) were evaluated by quantitative RT-PCR. Results are expressed as the
number of copies of a specific mRNA (normalized versus the number of copies of Gapdh
mRNA) versus time (hours). Black bars represent results from C57BL/6J mice and hatched
bars those from Mcp-1/Ccl2 knockout mice. Neither Tnf-α (A) nor Il-6 (B) mRNA levels differ
between the two strains of mice, suggesting that Mcp-1/Ccl2 does not regulate the expression
of these two cytokines in the MPTP model. Data presented as mean ± S.E.M. of three to five
animals. Differences between strains were statistically analyzed by two way ANOVA followed
by Bonferroni post-test and are indicated with asterisks placed at the bottom of each
significantly different point (*** P<0.001, ** P<0.01, * P<0.05).
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Figure 5. Comparison of mRNA levels for Tweak/Tnfsf12, Fractalkine/Cx3cl1, Sdf-1/Cxcl12, Fn14/
Tnfrsf12a, Cx3cr1 and Cxcr4 in MPTP-treated wild type and Mcp-1/Ccl2 knockout mice
Mcp-1/Ccl2 knockout mice and their respective wild type C57BL/6J controls were injected
once with MPTP (40 mg/kg) and sacrificed 2, 5, 12, 24 and 72 hr later. The mRNA levels for
Tweak/Tnfsf12 (A), Fractalkine/Cx3cl1 (C), Sdf-1/Cxcl12 (E) and their respective receptors,
Fn14/Tnfrsf12a (B), Cx3cr1 (D) and Cxcr4 (F) were evaluated by quantitative RT-PCR.
Results are expressed as the number of copies of a specific mRNA (normalized versus the
number of copies of Gapdh mRNA) versus time (hours). Black bars represent results from
C57BL/6J mice and hatched bars those from Mcp-1/Ccl2 knockout mice. There are no
substantial differences in mRNA levels for any of the cytokines/chemokines (A,C,E) and their
respective receptors (B,D,F) in the two strains of mice, indicating that Mcp-1/Ccl2 does not
regulate their expression in the MPTP model. Data are presented as mean ± S.E.M. of three to
five animals. Differences between strains were statistically analyzed by two way ANOVA
followed by Bonferroni post-test and are indicated with asterisks placed at the bottom of each
significantly different point (*** P<0.001, ** P<0.01, * P<0.05).
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Figure 6. Comparison of mRNA levels for Mip-1α/Ccl3 and Mip-1β/Ccl4 in MPTP-treated wild
type and Mcp-1/Ccl2 knockout mice
Mcp-1/Ccl2 knockout mice and their respective C57BL/6J wild type controls were injected
once with MPTP (40 mg/kg) and sacrificed 2, 5, 12, 24 and 72 hr later. The mRNA levels for
Mip-1α/Ccl3 and Mip-1β/Ccl4 were evaluated by quantitative RT-PCR. Results are expressed
as the number of copies of a specific mRNA (normalized versus the number of copies of Gapdh
mRNA) versus time (hours). Black bars represent results from C57BL/6J mice and hatched
bars those from Mcp-1/Ccl2 knockout mice. Genetic ablation of Mcp-1/Ccl2 results in a
delayed increase in mRNA encoding both Mip-1α/Ccl3 and Mip-1β/Ccl4 (A,B). Data are
presented as mean ± S.E.M. of three to five animals. Differences between strains were
statistically analyzed by two way ANOVA followed by Bonferroni post-test and are indicated
with asterisks placed at the bottom of each significantly different point (*** P<0.001, **
P<0.01, * P<0.05).
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Figure 7. Comparison of SNpc cell loss after MPTP treatment in wild type and Mcp-1/Ccl2
knockout mice
Both Mcp-1/Ccl2 knockout mice and their respective wild type controls were injected with
MPTP (20 mg/kg) every two hours for a total of 4 injections and sacrificed 14 days later. The
total number of dopaminergic neurons in the SNpc was estimated with the optical fractionator
method on sections immunostained for tyrosine hydroxylase. Black bars represent results from
C57BL/6J mice and hatched bars those from Mcp-1/Ccl2 knockout mice. Genetic ablation of
Mcp-1/Ccl2 does not protect mice from MPTP-induced loss of dopaminergic neurons in the
SNpc. Data are presented as mean ± S.E.M. of five animals. Differences were statistically
analyzed by two way ANOVA followed by Bonferroni post-test (*** P<0.001, ** P<0.01, *
P<0.05).
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