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Neurobiology of Disease

Blocking Soluble Tumor Necrosis Factor Signaling with
Dominant-Negative Tumor Necrosis Factor Inhibitor
Attenuates Loss of Dopaminergic Neurons in Models of
Parkinson’s Disease
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The mechanisms that trigger or contribute to loss of dopaminergic (DA) neurons in Parkinson’s disease (PD) remain unclear and
controversial. Elevated levels of tumor necrosis factor (TNF) in CSF and postmortem brains of PD patients and animal models of PD
implicate this proinflammatory cytokine in the pathophysiology of the disease; but a role for TNF in mediating loss of DA neurons in PD
has not been clearly demonstrated. Here, we report that neutralization of soluble TNF (solTNF) in vivo with the engineered dominant-
negative TNF compound XENP345 (a PEGylated version of the TNF variant A145R/I97T) reduced by 50% the retrograde nigral degener-
ationinduced by a striatal injection of the oxidative neurotoxin 6-hydroxydopamine (6-OHDA). XENP345 was neuroprotective only when
infused into the nigra, not the striatum. XENP345/6-OHDA rats displayed attenuated amphetamine-induced rotational behavior, indi-
cating preservation of striatal dopamine levels. Similar protective effects were observed with chronic in vivo coinfusion of XENP345 with
bacterial lipopolysaccharide (LPS) into the substantia nigra, confirming a role for solTNF-dependent neuroinflammation in nigral
degeneration. In embryonic rat midbrain neuron/glia cell cultures exposed to LPS, even delayed administration of XENP345 prevented
selective degeneration of DA neurons despite sustained microglia activation and secretion of solTNF. XENP345 also attenuated 6-OHDA-
induced DA neuron toxicity in vitro. Collectively, our data demonstrate a role for TNF in vitro and in vivo in two models of PD, and raise
the possibility that delaying the progressive degeneration of the nigrostriatal pathway in humans is therapeutically feasible with agents
capable of blocking sol TNF in early stages of PD.
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physiology of PD (McGeer et al., 1988; Vawter et al., 1996; Hald
and Lotharius, 2005; Hirsch et al., 2005), and chronic use of

Introduction
Parkinson’s disease (PD) is the second most prevalent neurode-

generative disease in the United States with a 5% incidence in
individuals over 65 (Moore et al., 2005). Its clinical manifesta-
tions result from selective loss of dopaminergic (DA) neurons in
the ventral mesencephalon substantia nigra pars compacta
(SNpc), with a resulting decrease in striatal dopamine. The crit-
ical molecular mediators and mechanisms that elicit death of
nigral DA neurons have yet to be identified; but a wealth of stud-
ies implicate microglia and inflammatory processes in the patho-
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nonsteroidal anti-inflammatory drugs can lower risks for devel-
opment of PD in humans by 46% (Chen et al., 2003).

CSF and postmortem brains of PD patients display elevated
levels of the proinflammatory cytokine tumor necrosis factor
(TNF) as do animals treated with the dopaminergic neurotoxins
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and
6-hydroxydopamine (6-OHDA) used to model nigral degenera-
tion in nonhuman primates and rodents (Boka et al., 1994;
Hunot et al., 1999; Mogi et al., 2000; Sriram et al., 2002; Barcia et
al., 2005; Nagatsu and Sawada, 2005). TNF is synthesized as a type
II transmembrane trimeric protein cleaved by the TACE (TNF-«
converting enzyme) metalloprotease to a soluble form (Aggarwal
et al., 2000; MacEwan, 2002); both forms are biologically active,
but their relative roles in mediating DA neuron survival are un-
known. Soluble TNF (solTNF) transduces inflammatory stimuli
through the canonical death receptor TNF receptor 1 (TNFR1)
(Tartaglia et al., 1993), which is highly expressed in nigrostriatal
DA neurons, rendering them vulnerable to TNF-induced toxicity
(Aloe and Fiore, 1997; McGuire et al., 2001; Gayle et al., 2002;
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Carvey et al., 2005). The role of transmembrane (tm)TNF is less
well understood, but it can mediate prosurvival effects through
TNFR2 in cortical (Marchetti et al., 2004) and hippocampal
(Heldmann et al., 2005) neurons.

We hypothesized that solTNF is a major mediator of neuro-
toxic mechanisms contributing to degeneration of nigral DA
neurons in vivo; therefore blocking its activity should yield neu-
roprotection in animal models of PD. To test our hypothesis, we
used TNF variants (XENP345) engineered to disrupt binding of
the solTNF trimer to its receptors by forming dominant-negative
TNF (DN-TNF) heterotrimers that eliminate solTNF homotrim-
ers, and thus inhibit its signaling (Steed et al., 2003). To elucidate
the cellular mechanisms by which TNF promotes DA neuron
death, we used rat embryonic ventral mesencephalon (EVM)
neuron/glia cultures. Our findings that solTNF, but not tmTNF,
contributes significantly to the progressive loss of DA neurons
induced by bacterial and oxidative neurotoxins in cellular and
animal models of PD are relevant for the design and testing of
novel therapeutic strategies for PD.

Materials and Methods

Reagents. Rabbit anti-tyrosine hydroxylase (TH), guinea pig anti-GABA,
mouse anti-microtubule-associated protein 2b (MAP2b), and mouse
anti-neuron-specific nuclear protein (NeuN) antibodies were obtained
from Chemicon (Temecula, CA). Mouse anti-rat complement 3 receptor
(C3R) antibody Ox-42 was obtained from Santa Cruz Biotechnology
(Santa Cruz, CA), and mouse anti-CD45 antibody was obtained from
Serotec (Indianapolis, IN). FITC-conjugated isolectin-B4, lipopolysac-
charide (LPS) (from Escherichia coli 0111:B4; lot no. 114K4133;1.5 X 10°®
EU/mg), 6-OHDA, poly-p-lysine, and p-amphetamine were obtained
from Sigma (St. Louis, MO), and a single stock of each was used for all
experiments. Cell culture reagents were purchased from Invitrogen
(Carlsbad, CA). Laminin was obtained from BD Biosciences (San Jose,
CA). The recombinant dominant-negative TNF XENP345, a PEGylated
version of the TNF variant A145R/197T (Steed et al., 2003), was bacteri-
ally produced and formulated by Xencor, Inc., to contain <0.1 EU/ml
Recombinant mouse TNF was obtained from R & D Systems (Minneap-
olis, MN). Antibodies for quantitative TNF ELISA were obtained from
Biosource/Invitrogen (Carlsbad, CA). Osmotic pumps were purchased
from Alzet (Cupertino, CA), cannulas and tubing from Plastics One
(Roanoke, VA). All other reagents were obtained from Sigma.

Animal studies. Young adult and timed-pregnant Sprague Dawley
SASCO and CDF/Fischer 344 rats were purchased from Charles River
Laboratories (Wilmington, MA) and housed in pathogen-free climate-
controlled facilities at the Animal Resources Center at University of
Texas Southwestern Medical Center. All animal studies were approved
by the Institutional Animal Care and Use Committee at University of
Texas Southwestern Medical Center at Dallas.

Intrastriatal 6-OHDA injection and XENP345 infusions. Young adult
female Sprague Dawley SASCO rats (200-225 g) (n = 6 per group; total
of 30) were anesthetized with halothane (2%) and placed in a stereotaxic
frame. Their eyes were protected with ophthalmic ointment, and body
temperature was monitored with a rectal probe and maintained with
radiant heat under feedback control. The scalp was prepped under sterile
conditions, and the skull was exposed and incised. We chose a previously
published regimen of 6-OHDA to induce a mild-to-moderate retrograde
lesion in the nigrostriatal pathway (Kirik et al., 1998). Burr holes were
drilled to permit unilateral injection of 20 ug of 6-OHDA (4 ul of 5
pg/ul) at a rate of 1 wl/min into the striatum on the right hemisphere
(stereotaxic coordinates: anteroposterior (AP), —1.2 mm from bregma;
mediolateral (ML), —3.9 mm; and dorsoventral (DV), —5 mm below
surface of dura) (Paxinos et al., 1985). Cannulas (gauge 28; Plastics One)
connected via polyethylene tubing to a subcutaneously implanted os-
motic minipump (Alzet 2002) preloaded with vehicle (sterile saline) or
the treatment agent XENP345 (0.08 mg-kg '-d ') were then ster-
eotaxically inserted through the burr holes into the same site as the
6-OHDA lesion or into an area just above the substantia nigra pars com-
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pacta (stereotaxic coordinates from bregma: AP, —4.8 mm from bregma;
ML, —1.7 mm; and DV, —8 mm below surface of dura) through another
burr hole and were left in position for 3 weeks. Cannulas were secured to
the skull with surgical glue (Plastics One).

Intranigral LPS or LPS/XENP345 infusions. The low-dose chronic LPS
infusion model published previously was used to induce selective, de-
layed, and progressive death of DA neurons in vivo (Gao et al., 2002). LPS
(5 ng/h) was unilaterally infused for 2 weeks via a 28 gauge cannula into
the SNpc (coordinates from bregma: AP, —4.8 mm; ML, —1.7 mm; and
DV, —8 mm) (Paxinos et al., 1985) of young adult male CDF rats (200—
240 g) (n = 6 per group; three sets of experiments) under the same
surgical procedures described above. Cannulas were connected via poly-
ethylene tubing (Plastics One) to a subcutaneously implanted osmotic
minipump (Alzet 2002) preloaded with the treatment agent. Vehicle
(sterile saline) or XENP345 (0.03 mg-kg ™ '+-d ™', representing a 5:1
ratio of XENP345:LPS) was preloaded along with LPS onto pump and
infused for 2 weeks (n = 6 per group).

Rotational behavior analyses. At 1, 2, and 3 weeks after 6-OHDA lesion,
amphetamine-induced rotational behavior was monitored in a glass cyl-
inder (diameter, 24.5 cm). Animals received 2.5 mg/kg D-amphetamine
(Sigma) intraperitoneally, and 60 min after the injection, rotational
asymmetry was monitored for 20 min. Rotation toward the lesion (ipsi-
lateral) was scored as positive and net rotational asymmetry score was
expressed as full body turns per minute.

Perfusion and tissue processing for histology. At 3 weeks after 6-OHDA
lesion or 8 weeks after start of LPS infusion, animals were deeply anes-
thetized with pentobarbital and intracardially perfused with 300 ml of
heparinized PBS, pH 7.4, followed by 500 ml of 4% paraformaldehyde in
PBS, pH 7.4. Brains were postfixed for 24 h in the same paraformalde-
hyde solution and cryoprotected in 20% sucrose in PBS for 18—-24 h.
Coronal sections (40 um thickness) were cut through the striatum and
substantia nigra pars compacta on a Leica (Nussloch, Germany) cryostat
and mounted on glass slides (SuperFrost Plus; Fisher Scientific, Houston,
TX) for immunohistological analyses and stereological estimate of DA
neuron number in a fixed 200 wm area in SNpc.

Immunohistochemistry of brain sections. Sections on glass slides were
fixed for an additional 15 min in 4% paraformaldehyde, followed by a
PBS rinse, pH 7.4. Mounted sections (rather than the standard free-
floating sections) were chosen because of the critical importance of
maintaining right/left hemisphere orientation at all times for compari-
son of ipsilateral (lesioned) to contralateral (unlesioned) side in both the
unilateral 6-OHDA and LPS lesion models. Even with the use of standard
brain notching techniques, reestablishing correct right/left orientation
before mounting free-floating sections would have been technically la-
borious and prone to error. Before immunohistochemistry, sections
were incubated in 0.2 M glycine, pH 7.4, for 30 min to minimize tissue
autofluorescence caused by the aldehyde fixative. Pilot experiments were
conducted using 40 um brain sections from control (unlesioned rats) to
establish the optimum blocking and antibody incubation times to com-
pletely penetrate the section all the way to the 2 wm bottom guard zone
used in the stereological analyses of neuron number. Sections were per-
meabilized for 35 min in TBS containing 0.3% Triton X-100 and 1%
normal goat serum (NGS), followed by blocking for 60 min in TBS
containing 1% NGS. Primary antibody incubations were done for 48 h at
4°C in TBS containing 0.1% Triton X-100 and 1% NGS. Secondary an-
tibody incubations were performed for 4 h at room temperature in the
same dilution buffer. Nuclei were counterstained with 0.5 ug/ml
Hoechst 33258. Sections were coverslipped with aqueous-based mount-
ing medium with antifade reagent (Biomeda, Foster City, CA).

Nigral DA neuron counts. Stereolnvestigator analyses software (Micro-
BrightField, Williston, VT) was used to perform unbiased stereological
counts of NeuN/TH-immunoreactive (NeuN/TH-IR) cell bodies in the
SNpc using the optical fractionator method (West et al., 1991) for both
LPS and 6-OHDA studies. The boundary of SNpc was defined according
to previous anatomical demarcation in the rat (German and Manaye,
1993). For analysis, the treatment of the various brain sections was
blinded to the observer. Cells were counted with a 100X oil immersion
objective (1.3 numerical aperture) using an Olympus (Tokyo, Japan)
BX61 microscope. Random and systematic counting frames (each 50 X
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50 X 5 wm with 2 wm upper and lower guard zones) on cryosections (40
pm serial sections placed four per slide) obtained from over 40 rats
through the extent of SNpc (from AP, —3.3 to —5.3 mm behind bregma)
were sampled using a 20 um optical dissector. We systematically chose to
stain every other slide for TH/NeuN and the intervening slide for com-
plement 3 receptor (OX-42 antibody). A dopaminergic neuron was de-
fined as a NeuN/TH-immunoreactive cell body with a clearly visible
unstained nucleus. For estimating total neuron number (number of
NeuN-positive cell), a cell was defined as a soma with a nucleolus in focus
within the counting frame. A microglial cell was defined as an OX-42-
immunoreactive cell with processes (ramified) or without processes
(ameboid shape).

Striatal TH fiber density. Fluorescence intensity of TH-
immunoreactive fibers above a fixed threshold using entorhinal cortex
for background subtraction was used to estimate striatal TH-fiber den-
sity. For this analysis, cryosections were taken from a region 1 mm ante-
rior to olfactory bulb, through the caudate—putamen (CPu) complex,
and ending 1 mm posterior to SNpc. Areas at the striatal lesion site (AP,
—1.2 mm from bregma; ML, —3.9 mm from midline in right hemi-
sphere; and DV, —5 mm below surface of dura) (Paxinos et al., 1985)
devoid of cellular material were excluded from the analysis and normal-
ized for comparison to the contralateral (unlesioned side) according to
standard practice.

Mesencephalic mixed neuron/glia cultures. Primary rat ventral mesen-
cephalic neuron/glia cultures were prepared by modification of a pub-
lished protocol (Liu et al., 2000). Briefly, ventral mesencephalic tissues
were dissected from embryonic day 14 (E14) Fischer 344 rats and disso-
ciated with mild mechanical trituration. Cells were plated into four-well
chamber slides (two 25 pul microislands per well at a density of 7.5 X 10°
cells/ml) according to the method of Takeshima et al. (1994) or in 96-well
culture plates (100 ul/well at a density of 2 X 107 cells/ml) precoated with
poly-p-lysine (0.1 mg/ml) and laminin (20 ug/ml) in DMEM/F12 sup-
plemented with 10% fetal bovine serum (FBS), 1 g/L glucose, 2 mm
L-glutamine, 1 muM sodium pyruvate, 100 um nonessential amino acids,
50 U/ml penicillin, 50 pg/ml streptomycin, and 10 ng/ml basic fibroblast
growth factor (bFGF). Cultures were maintained at 37°C in a humidified
atmosphere of 5% CO,/95% air. Cultures were replenished 2 d later with
0.5 ml/well (chamber slides) or 0.1 ml/well (96-well plate) fresh medium
lacking bFGF and were used for treatment 5 d later. For treatment (in
duplicate or triplicate) with LPS or 6-OHDA, the cultures were main-
tained in 0.5 ml/well (chamber slides) or 0.1 ml/well (96-well plate) of
medium supplemented with 2.5% FBS and lacking bFGF.

Quantitative TNF ELISA. The culture medium was collected after
treatment of cells with LPS or 6-OHDA as indicated. The quantities of
TNF-a were measured with a mouse TNF-a ELISA kit from Biosource/
Invitrogen per the manufacturer’s instructions.

Immunocytochemistry in EVM cultures. Neurons were stained with
anti-MAP2b antibody to detect both somata and neurites or anti-NeuN
antibody to detect somata only. Dopaminergic neurons were detected
with anti-TH antibody. GABAergic neurons were identified with anti-
GABA antibody. Microglia were detected with an anti-complement type
3 receptor antibody (OX-42), CD-45 antibody, or FITC-BS-1 isolectin
B4. Cells were fixed with 4% paraformaldehyde, permeabilized with TBS
containing 3% gelatin from cold water fish skin (Sigma), 1% BSA, and
0.3% Triton X-100, blocked with TBS containing 3% gelatin from cold
water fish skin and 1% BSA. Primary antibody incubations were done for
2hatroom temperature with primary antibodies diluted in TBS contain-
ing antibody diluent (TBS containing 3% gelatin from cold water fish
skin, 1% BSA, and 0.1% Triton X-100), anti-MAP2b (1:400), anti-
Neu-N (1:400), anti-TH (1:250), OX-42 (1:60), anti-CD-45 (1:600),
anti-GABA (1:1500), FITC-BS-1 isolectin B4 (0.1 mg/ml), or anti-GFAP
(1:1000). Except for FITC-isolectin B4, the bound primary antibody was
visualized on an Olympus BX61 fluorescence microscope after incuba-
tion with an appropriate Invitrogen Alexa-conjugated secondary anti-
body (1:1000). Images were captured with either a CoolSnap CCD ES
monochromatic or CF color camera and analyzed with MetaMorph soft-
ware (Universal Imaging Systems, West Chester, PA). For analysis, the
treatment of the various cultures was blinded to the observer. Counts
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were performed in a minimum of six fields per well per treatment con-
dition. Each experimental set was repeated two to three times.

Uptake assays for tritiated DA or GABA. Neurotransmitter uptake was
measured using published protocols (Gao et al., 2002). Mixed neuron/
glia cultures were washed two times with 100 ul of Krebs—Ringer buffer
(containing 16 mm sodium phosphate, 119 mM sodium chloride, 4.7 mm
potassium chloride, 1.8 mum calcium chloride, 1.2 mm magnesium sulfate,
1.3 mm EDTA, and 5.6 mm glucose; pH 7.4). For DA and GABA uptake,
the cultures were incubated for 15 min at 37°C with 50 ul of 10 um
[*H]DA (30 Ci/mmol) and 50 um [ *H]GABA (90 Ci/mmol) in Krebs—
Ringer buffer, respectively. After being washed three times with 100 ul of
ice-cold Krebs—Ringer buffer, the cells were collected in 50 ul of 1IN
sodium hydroxide, combined with 1 ml of scintillation fluid, and radio-
activity was counted with a liquid scintillation counter. Nonspecific up-
take was determined in parallel wells that received both the tritiated
tracer and 10 um mazindol (to block specific DA uptake) or 2 mm
B-alanine (to block glial GABA uptake) (Mabjeesh et al., 1992). Each
treatment condition was done in triplicate. Each experimental set was
repeated at least two times.

Statistical analyses. Differences among means were analyzed using
one-way ANOVA. When ANOVA showed significant differences, com-
parisons between means were tested by the Tukey—Kramer multiple-
comparison post hoc test. Left versus right differences from the same
animals were analyzed using two-tailed paired Student’s ¢ test. Values
expressed are the group mean = SEM. For culture experiments, differ-
ences in TH cell number among the different groups were analyzed by
ANOVA followed by the Newman—Keuls post hoc test for p values signif-
icance. Values expressed are the mean = SD; *p < 0.05; **p < 0.01;
5 < 0,001

Results

Blocking soluble TNF signaling in vivo provides
neuroprotection to dopamine neurons from 6-OHDA-
induced death and attenuates rotational behavior

TNF levels have been reported to increase in striatum and sub-
stantia nigra of 6-OHDA-injected rats (Mogi et al., 1999). To
determine whether TNF signaling has a critical role in nigral DA
neuron loss in vivo, we tested the ability of a DN-TNF inhibitor
(XENP345), to provide neuroprotection from 6-OHDA-induced
lesions in rats. 6-OHDA neurotoxin rodent models of PD are
characterized by increased oxidative stress and striatal terminal
die-back followed by loss of DA cell bodies within the substantia
nigra (Przedborski, 2005; Przedborski and Ischiropoulos, 2005).
In these experiments, a lesion was induced by a unilateral intra-
striatal preterminal injection of 6-OHDA into rats (Kirik et al.,
1998). Immediately after administration of 6-OHDA (or vehicle)
into the striatum, a cannula connected to an osmotic minipump
preloaded with XENP345 or saline was stereotaxically positioned
into the ipsilateral striatum or ipsilateral SNpc. Using unbiased
design-based stereology, the number of TH/MAP2b-positive
soma was estimated within the substantia nigra 3 weeks after
administration of the 6-OHDA striatal injection. We found that
administration of the XENP345 into the nigra rescued ~50% of
the nigral DA neurons from 6-OHDA-induced death and pre-
vented the decrease in TH fiber density (Fig. la—e). In contrast,
no statistically significant difference was detected between groups
when rats were implanted with striatal pumps preloaded with
vehicle or XENP345. These findings suggest that the key TNF
signaling events mediating neurodegeneration of DA neurons
occur at the cell somata in the region of the substantia nigra pars
compacta.

As a physiological measure of 6-OHDA-induced striatal DA
depletion, we tested amphetamine-induced rotational behavior
weekly for 3 weeks after the 6-OHDA lesion. We found that the
protection of DA neurons in SNpc achieved with nigral delivery
of XENP345 correlated with attenuated ipsiversive circling be-
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Figure1.  Blocking TNF signaling in the nigra attenuates striatal 6-OHDA-induced loss of nigral DA neurons and drug-induced
rotational behavior. A unilateral striatal lesion was induced by injecting 6-OHDA (20 1.g) into the CPu complex of young adult rats;
mock-lesioned animals received an injection of saline. Animals were stereotaxically implanted with an ipsilateral striatal or nigral
indwelling cannula connected to an Alzet 2002 osmotic pump to deliver saline vehicle or XENP345 (0.08 mg - kg ~"' - d ~") over
a2 week period. Animals were anesthetized, and brains were fixed forimmunohistochemical analyses of TH/NeuN-IR neurons by
intracardiac perfusion 3 weeks after the lesion. Panels from top to bottom represent increasing magnification of representative
brain sections used to obtain stereological estimates of nigral DA neuron number in 6-OHDA-lesioned animals implanted with
pump preloaded with saline [contralateral unlesioned side (a); lesioned/pump side (b)] orimplanted with nigral pump preloaded
with XENP345 [contralateral unlesioned side (c); lesioned/pump side (d)]. Scale bar: top panel, 100 wm; middle panel, 50 pm;
bottom panel, 10 ,m. e, Stereological estimate of DA neuron number (TH/NeuN-IR cells) in SNpc expressed as a percentage of the
contralateral side (solid bars). Statistical significance was evaluated by ANOVA followed by post hoc comparison test between
groups and to unlesioned control group. Values expressed are group mean + SEM; *p << 0.05; **p << 0.01; ***p < 0.001.
Fluorescence intensity of TH-immunoreactive fibers was used to estimate striatal TH-fiber density (hatched bars) on the lesioned
side, expressed as a percentage of the unlesioned contralateral side. f, As a physiological measure of striatal DA depletion in mock-
or 6-OHDA-lesioned animals, rotational behavior induced by an intraperitoneal injection of 2.5 mg/kg amphetamine was mea-
sured weekly in all animals and expressed as the number of ipsilateral turns per minute. Values expressed are group mean = SEM;
*p < 0,01,
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havior induced by p-amphetamine (2.5
mg/kg, i.p.) (Fig. 1f). These data suggest
that TNF may be crucial for the progres-
sive phase of 6-OHDA-induced dopami-
nergic cell loss, and support a role for TNF
signaling in DA neuron loss induced by
oxidative neurotoxins.

Blocking soluble TNF signaling in vivo
during a chronic neuroinflammatory
stimulus protects DA neurons

from death

Because inhibition of solTNF signaling
was efficacious in protecting DA neurons
from death induced by the oxidative neu-
rotoxin 6-OHDA, we hypothesized that a
TNF-dependent neuroinflammatory or
neurotoxic component is required for ro-
bust killing of nigral DA neurons. To test
this, we used a purely neuroinflammatory
in vivo model of PD and compared sur-
vival of TH+ neurons in SNpc after infu-
sion of LPS alone or LPS and XENP345.
Previous studies by Gao et al. (2002) re-
ported that a 2 week supranigral infusion
of LPS (5 ng/h) increased the number of
complement 3 receptor (Ox-42 antibody)
immunoreactive microglia with rod-like
morphology as early as 3 d after the start of
LPS infusion, which subsequently peaked
at 2 weeks and persisted for 8 weeks. This
microglial activation profile is consistent
with this being a chronic neuroinflamma-
tory model. We have confirmed the persis-
tent presence of Ox-42-positive ameboid-
shaped microglia at week 8 after a 2 week
chronic LPS infusion into SNpc (Fig. 2).
We reasoned that because TNF is a potent
activator of microglia (Aggarwal et al.,
2000; Hinkerohe et al., 2005) and a known
mediator of LPS action in peripheral tis-
sues (Beutler, 2005), chronic infusion of
DN-TNFs to block solTNF signaling dur-
ing an inflammatory stimulus might pre-
vent TH-positive cell loss in the SNpc of
LPS-infused rats. Unbiased stereological
measurements of TH-IR/NeuN neuron
soma and fluorescence densitometry of
TH-positive fiber density revealed that
coinfusion of XENP345 (70 ng/h) with
LPS (5 ng/h) for 14 d into rat substantia
nigra rescued ~50% of the LPS-induced
nigrostriatal degeneration measured 8
weeks after the start of infusion (Fig. 2c¢).
In addition, rescue of DA neurons was ac-
companied by a decreased number of
C3R-IR microglia in SNpc (Fig. 2a). Infu-
sion of XENP345 alone, chronically or in a
single bolus (20 ug), did not induce micro-
gliosis and was not associated with any tissue
damage (Fig. 2a) consistent with a lack of
TNF-like agonistic activity of DN-TNFs
published in previous work by Steed et al.
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(2003). Together with our findings in the g
6-OHDA model, these data indicate that
solTNF signaling is a primary mediator of

DA neuron loss in vivo induced by either
neuroinflammatory agents or oxidative neu-
rotoxins, and that inhibition of solTNF can
reduce neuroinflammation and subsequent
neurodegeneration.

Vehicle

Soluble TNF is a critical mediator of
LPS- and 6-OHDA-induced
dopaminergic neuron loss in vitro

Given the fact that in vivo administration
of TNF inhibitors selective for solTNF sig-
naling rescued only 50% of DA neurons
from LPS- or 6-OHDA-induced degener-
ation, it was important to determine
whether additional rescue of DA neurons
could be achieved by also blocking signal-
ing by tmTNF. To determine the contribu-
tion from each form of the ligand to the b
death of DA neurons in LPS-treated em-
bryonic (E14) rat ventral mesencephalon
(EVM) cultures, we compared sparing of
TH neurons by two inhibitors with differ-
ent modes of action. We first measured
LPS-induced solTNF production in the

J. Neurosci., September 13, 2006 + 26(37):9365-9375 * 9369

XENP345

LPS/XENP345

Unlesioned LPS/XENP345 Unlesioned LPS/XENP345

medium by quantitative ELISA to deter- C Bl Unlesioned

mine the doses of TNF inhibitors needed Lesioned d

to block TNF signaling during an LPS 12000+ % % 80-
stimulus. We found that treatment of E - 100001 — — %o ]
EVM cultures with 10 ng/ml LPS led to £ 8 22 6o
rapid release of solTNF which peaked at 2 S 80001 5T 1
~500 pg/ml (Fig. 3a). In pilot experi- 5 § 6000 E% 404
ments, we next confirmed the lack of toxic @ 3 4000/ g = :
effects of DN-TNFs alone (XENP345 and S < =8 20
others) or etanercept alone and deter- go 20007 £ 9 1
mined the optimal dosing of TNF inhibi- 0 LPS PS/XENPIZE " o g 0 LPS LPS/XENP345
tors necessary to completely block DA @

neuron death induced by exogenous
solTNF (data not shown). Next, we treated
EVM neuron/glia cultures with 10 ng/ml
LPS (Fig. 3b) in the presence of either
XENP345 (3 or 200 ng/ml) to block
solTNF exclusively (Steed et al., 2003) or
with the soluble decoy receptor etanercept
(Fc-TNFR2; 100 ng/ml) to block both
solTNF and tmTNF signaling (Scallon et
al., 2002; Agnholt et al., 2003; Mitoma et
al., 2005). Four days after LPS stimulation,
DA neuron survival was measured by
counting tyrosine hydroxylase and
MAP-2b colabeled neurons (Fig. 3b). We found that blocking
TNF signaling with either inhibitor during an LPS stimulus at-
tenuated LPS-induced loss of DA neuron number (Fig. 3¢) and
their neurites (Fig. 3b) equally well and by approximately one-
half, indicating that the gradual loss of TH-positive neurons in-
duced by LPS treatment and dependent on TNF signaling is me-
diated exclusively by solTNF, because blocking of both tmTNF
and solTNF with etanercept yielded no further rescue compared
with XENP345. The slight differences between XENP345 and
etanercept in ability to rescue DA neurons in vitro may be related
to pharmacokinetic differences, because the doses of both TNF

Figure 2.

Inhibition of soluble TNF signaling in vivo with XENP345 protects DA neurons from LPS-induced death. Low-dose LPS
(5 ng/h in normal saline) was infused chronically for 2 weeks into the substantia nigra of CDF/Fischer 344 rats with or without
XENP345 (70 ng/h in normal saline). a, Representative sections of microglia activation detected by C3R-positive cells in nigral
sections from rat SNpc chronically infused with vehicle, LPS, LPS plus XENP345, or a single bolus of XENP345 (20 r.g). Scale bar, 10
. A ramified (resting) morphology is evident in vehicle and XENP345 alone brains. LPS/XENP345 coinfused SNpc displayed
fewer ameboid (activated) microglia compared with LPS alone. b, Representative sections of TH-IR from an animal infused with
LPS and two different animals coinfused with LPS/XENP345. Scale bar, 100 wm. ¢, Stereological estimates of nigral DA neuron
number (TH/NeuN-coimmunoreactive neurons) after LPS or LPS/XENP345 infusion in SNpc on the unlesioned (contralateral) side
in solid bars and lesioned (ipsilateral) side shown in gray hatched bars. Left versus right differences from the same animals were
analyzed using two-tailed paired Student’s  test. Values were expressed as the group mean == SEM; *p < 0.05, **p < 0.01,
significantly different from unlesioned side. d, Striatal TH-IR optical density on infused side (expressed as a percentage of con-
tralateral side). Values expressed are the mean = SEM; **p << 0.01, significantly different from LPS-only infused group.

inhibitors used in vitro were in excess of that needed to neutralize
the amount of secreted solTNF measured by ELISA in response to
the LPS challenge (Steed et al., 2003). Given that solTNF and
tmTNF bind R1 and R2 with different affinities, and the normal
biological role of TNF and its receptors in the nigrostriatal path-
way is not at all clear, our findings that XENP345 significantly
attenuated the death of DA neurons induced by 6-OHDA or LPS
in vivo support a direct and neurotoxic role for solTNF as the
relevant microglial-derived neuroinflammatory mediator of ni-
gral degeneration. To determine whether the rescued neurons
retained function, we measured tritiated dopamine uptake in
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Figure 3.  Inhibition of TNF signaling by anti-TNF biologics attenuates LPS-induced neuro-
toxicity and death of DA neurons in EVM cultures. a, Production of solTNF into culture medium
elicited by LPS (10 ng/ml) in rat E14 ventral mesencephalon (EVM) neuron/glia cultures was
measured by quantitative ELISA. b, EVM cultures were treated with LPS (10 ng/ml) in medium
supplemented with 2.5% FBS (see Materials and Methods) for 4 d in the presence or absence of
solTNF-selective XENP345 or etanercept, a soluble decoy human Fc-TNFR2 receptor that inhibits
both tmTNF and solTNF. DA neurons were identified as double-labeled TH/MAP2b cells. Two
representative panels are shown for vehicle-, LPS-, or LPS- plus XENP345-treated cultures.
Similar results were obtained in a minimum of three independent experiments. ¢, Quantifica-
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these cultures. Rescue of TH-positive neurons correlated with
increased DA uptake (Fig. 3d). Nonspecific dopamine uptake was
measured (and subtracted as background) in these cultures using
the specific dopamine transport inhibitor mazindol. In agree-
ment with published observations (Gao et al., 2002), GABAergic
neurons were unaffected by LPS treatment (Fig. 3e).

Based on our findings that in vivo inhibition of TNF signaling
with XENP345 attenuated 6-OHDA-induced loss of DA neurons
and decreased amphetamine-induced ipsiversive circling behav-
ior, we predicted that 6-OHDA-induced neurotoxicity of DA
neurons and rescue by XENP345 could also be reproduced in
vitro, thus allowing identification of the TNF-dependent mecha-
nisms mediating 6-OHDA-induced neurodegeneration. There-
fore, we treated EVM cultures with a concentration range of
6-OHDA (5-100 uMm) for 24 h and assayed solTNF release as well
as DA uptake in the surviving DA neurons at 4 d after initial
exposure to 6-OHDA in the presence or absence of TNF inhibi-
tors. We found that 20 um 6-OHDA induced neurotoxicity and
death in DA neurons comparable with 10 ng/ml LPS (Fig. 4)
under the same medium conditions and time course of the ex-
periment. Lower concentrations of 6-OHDA did not induce sig-
nificant DA neuron death (because of the protective effects of
2.5% FBS) and higher concentrations induced excessive death of
both DA and GABA neurons (data not shown). As expected, the
level of solTNF release (~50 pg/ml) evoked by this amount of
6-OHDA (Fig. 4a) was lower than that evoked by the inflammo-
gen LPS; however, the robust rescue with XENP345 and etaner-
cept indicated this level of solTNF was sufficient to account for a
significant fraction (>50%) of the 6-OHDA-induced neurotox-
icity (Fig. 4c). Together, these studies are the first to demonstrate
a critical role for solTNF signaling in mediating death of DA
neurons in vitro and in vivo induced by two different neurotoxins
used in rodent models of PD.

TNF-dependent potentiation of microglia activation is not
the primary mechanism mediating DA neuron degeneration
Given that microglial-derived oxidative stress has been proposed
to be involved in the loss of DA neurons in the LPS model (Gao et
al., 2002), we investigated the extent to which rescue of DA neu-
rons by inhibition of TNF signaling correlated with attenuated
microglia activation (measured using antibodies against the mi-
croglial markers complement 3 receptor, isolectin B4, and
CD45). EVM cultures were treated with LPS (10 ng/ml) or with
LPS plus XENP345 (200 ng/ml coadded, 100 ng/ml readded every
24 h) to measure microglia activation at 12, 24, 48, and 96 h after
addition of LPS. Blocking solTNF signaling with XENP345 did
not completely abolish LPS-induced microglia activation, but
had its greatest attenuating effects in the early time points (<24
h) after LPS stimulation (Fig. 5a,b). In a control experiment, we
found that robust induction of microglia activation by 4 ng/ml

<«

tion of DA neuron survival in EVM cultures treated with LPS (10 ng/ml) for 4 d in the presence or
absence of TNF inhibitors. Similar results were obtained in a minimum of three independent
experiments. Values shown are mean == SEM; histogram bars with different letters are signif-
icantly different ( p << 0.05). d, Uptake of [3H]d0pamine was measured in LPS-treated EVM
cultures in the presence or absence of TNF inhibitors. Values shown are background-corrected
for nonspecific uptake measured by including mazindol during incubation with the tritiated
neurotransmitter. Values shown are mean + SEM; histogram bars with different letters are
significantly different ( p << 0.05). Similar results were obtained in three independent experi-
ments. e, GABAergic neuron survival, assessed by counting number of GABA/NeuN double-
labeled cells, was unaffected by LPS treatment. No statistical significant difference was found
between groups. Similar results were obtained in two independent experiments.
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Figure4. Inhibition of soluble TNF signaling attenuates 6-OHDA-induced death of DA neuronsin
EVM cultures. a, Production of solTNF into culture medium elicited by 6-OHDA [0 rum (white), 20 pum
(gray), or 50 pum (black)] in rat E14 ventral mesencephalon (EVM) neuron/glia cultures was measured
by quantitative ELISA. b, EVM cultures were treated with 6-hydroxydopamine (20 wum) for 24 h in
medium supplemented with 2.5% FBS (see Materials and Methods) in the presence or absence of the
solTNF-selective XENP345 (200 ng/ml) or etanercept (200 ng/ml). DA neuron survival was assessed
96 h after exposure to 6-OHDA. DA neurons were identified as double-labeled TH/MAP2b cells. Rep-
resentative panels are shown for vehicle-, 6-OHDA-, 6-OHDA/XENP345-, or 6-OHDA/etanercept-
treated cultures. Scale bar, 100 wm. ¢, Uptake of [3H]dopamine was measured in 6-OHDA-treated
EVM culturesin the presence or absence of TNF inhibitors. Values shown are background-corrected for
nonspecific uptake measured by including mazindol during incubation with the tritiated neurotrans-
mitter. Values shown are mean == SEM; histogram bars with different letters are significantly different
(p<0.05).

solTNF can be inhibited completely by a ratio of XENP345 to
solTNF of 50:1 (Fig. 5¢), suggesting that partial inhibition of LPS-
induced microglia activation with XENP345 was not attributable
to incomplete neutralization of sol TNF. From these data, we con-
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Figure5.  Soluble TNFisa primary mediator of LPS-induced microglia activation and death of
DA neurons in ventral mesencephalon neuron/glia cultures. a, Quantification of microglia acti-
vation (measured by (3R immunoreactivity) induced by LPS treatment for 12, 24, 48, or 96 h in
the presence (squares) or absence (circles) of XENP345. Vehicle-treated cultures are indicated
by triangles. Values are expressed as the mean == SEM; error bars are smaller than the symbols;
**p < 0.01, ***p << 0.001. Similar results were obtained in at least three independent exper-
iments. b, Representative images of microglia activation measured after 24 h of LPS stimulation
in the presence or absence of XENP345 (scale bar, 50 wm) is indicated by number of ameboid-
shaped (R3-immunoreactive microglia in the neuron/glia cell cultures. Similar results were
obtained in three independent experiments. ¢, Control experiment showing neutralization of
solTNF-induced microglia activation by XENP345 and absence of TNF-like activity when used
alone. EVM cultures were treated with TNF (4 ng/ml) in the presence or absence of XENP345.
After 24 h stimulation, cells were fixed and stained with an antibody specific for (3R to quantify
the extent of microglia activation. Values shown are mean == SEM; histogram bars with differ-
ent letters are significantly different ( p << 0.05).

clude that solTNF is required for potentiation of early LPS-
induced microglia activation, yet only partially mediates the neu-
roinflammatory response elicited by LPS. Therefore, we conclude
that the critical microglial-derived mediator responsible for DA
neuron loss is solTNF, and attenuation of TNF-mediated effects
is sufficient to provide significant rescue of DA neurons, because
neuroprotection can be achieved with XENP345 despite persis-
tent microglia activation. Experiments to identify the cellular and
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Figure 6.  Delayed addition of XENP345 provides robust rescue of DA neurons despite sus-
tained microglia activation. a, Quantification of DA neuron survival after coaddition or delayed
addition of XENP345 (200 ng/ml) after LPS (10 ng/ml) treatment. Values shown are mean +
SEM; histogram bars with different letters are significantly different ( p << 0.05). Similar results
were obtained in two independent experiments. b, Quantification of microglia activation in
response to LPS (10 ng/ml) in the presence or absence of XENP345 (200 ng/ml) using three
different immunocytochemical microglial markers (C3R, (D45, IB4). Similar results were ob-
tained in two independent experiments.

signaling mechanisms mediated by TNF and necessary for
6-OHDA-induced neurodegeneration are in progress. It is well
known that the action of the oxidative neurotoxin 6-OHDA in-
volves formation of 6-OHDA-paraquinones and leads to GSH
(glutathione) depletion of mitochondria (Przedborski, 2005; Pr-
zedborski and Ischiropoulos, 2005). Such depletion sensitizes
many cells to the toxic actions of TNF via mitochondrial targeting
of glycosphingolipids and potentiation of intracellular reactive
oxygen species (ROS) accumulation (Garcia-Ruiz et al., 1997;
Garcia-Ruiz et al., 2003). Therefore, these TNF-dependent sig-
naling cascades may have important roles in triggering the death
of DA neurons and are therefore under investigation.

Delayed inhibition of TNF signaling also rescues DA neurons
from LPS-induced death

We reasoned that because low-dose LPS exposure results in de-
layed, progressive, and selective death of DA neurons, delayed
administration of XENP345 after an LPS insult may still be capa-
ble of preventing a substantial portion of DA neuron loss. In these
experiments, we treated EVM cultures with LPS, and then added
XENP345 after delays of 12-72 h (and readding inhibitor every
24 h). Microglial activation and DA neuron survival were mea-
sured 4 d after the initial LPS stimulus. XENP345 was still effica-
cious in attenuating DA neuron loss (Fig. 6a) even when added
several days after the LPS insult. Despite the ability of delayed
addition of XENP345 to block DA neuron loss, we found that
delayed inhibition of TNF was unable to block sustained LPS-
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induced microglia activation, as measured by three immunocy-
tochemical markers of microglial activation (Fig. 6b). These data
suggest that direct neurotoxicity of microglial-derived TNF on
DA neurons, presumably through TNFRI receptors present on
these neurons (McGuire et al., 2001), is likely to be the primary
mechanism eliciting delayed death of DA neurons in LPS-treated
neuron/glia cultures. However, a second mechanism by which
TNF may mediate dopaminergic cell loss is by perpetuating
microglial-derived extracellular ROS and reactive nitrogen spe-
cies (RNS) production, thus increasing oxidative stress on DA
neurons and leading to degeneration.

Discussion
This is the first comprehensive study to employ TNE-selective
pharmacological inhibitors in two different models of PD to in-
vestigate the direct contribution of the two biologically active
forms of TNF in mediating degeneration and death of DA neu-
rons in wild-type rodents. Although it has been known that PD
brains possess increased gliosis, cytokine levels, and ROS and
RNS, the mechanisms underlying neuroinflammation-mediated
DA neuron death have remained unclear. We hypothesized that,
independent of the trigger that elicits its production or its cellular
source, sol TNF might act at two different cellular sites: directly on
DA neurons to exert neurotoxic effects and indirectly on micro-
glia to potentiate microglial-derived oxidative stress, and that
activation of both routes results in progressive degeneration and
loss of DA neurons. Our results that nigral delivery of the soluble
TNF inhibitor XENP345 attenuated loss of rat DA neurons, in-
dependent of whether this loss is induced by the bacteriotoxin
LPS or by the oxidative neurotoxin 6-OHDA, confirm that
solTNF is a critical neuroinflammatory mediator involved in the
neurodegenerative actions of both LPS and 6-OHDA in vivo. The
neuroprotective effects of the immunosuppressant tacrolimus
(FK-506) in 6-OHDA-lesioned rats has been ascribed to inhibi-
tion of microglial-derived TNF (Mogi et al., 1999), because FK-
506 has been shown to inhibit secretion of proinflammatory cy-
tokines by macrophages (Keicho et al., 1991). Mechanistically,
our results further indicate that TNF drives late signaling events
in eliciting neurotoxicity and triggering DA neuron death, be-
cause delayed (up to 72 h) addition of XENP345 in a 4 d low-dose
LPS treatment regimen can markedly attenuate DA neuron death
independent of persistent microglial activation as assessed by sev-
eral microglial markers. Given that clinical diagnosis of PD in
humans occurs only after a significant loss (>80%) of nigral DA
neuron has occurred, most interventions are in essence “delayed,” so
these findings have potential clinical relevance; there may be a ther-
apeutic window during which inhibition of TNF signaling could
slow disease progression. Consistent with a role of TNF in the patho-
physiology of PD, a cohort of early-onset PD patients in Japan have
an increased frequency of a polymorphic allele (-1031C) in the TNF
gene promoter that results in higher transcriptional activity (Nish-
imura et al., 2001) and causes them to be high TNF producers. A
recent prospective study indicating that regular use of nonsteroidal
anti-inflammatory drugs lowers the risk of developing PD by 46%
(Chen et al., 2003) also supports a role for chronic inflammation in
triggering or accelerating development of PD in humans.

There are several possible explanations as to why coinfusion of
a solTNF inhibitor into the SNpc did not completely abrogate
loss of nigral NeuN/TH-positive neurons. We can rule out a role
for tmTNF, because etanercept did not yield greater neuropro-
tection compared with XENP345 in vitro. We can also rule out
technical problems with immunohistological detection as a rea-
son for the apparent partial rescue. Specifically, the protocol used
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for staining and detection of NeuN/TH-positive cells throughout
the extent of the 40 wm sections required for performing stereol-
ogy using a 20 wm optical fractionator was optimized in pilot
experiments to ensure complete penetration of primary and sec-
ondary antibodies to the bottom guard zone used in the stereol-
ogy parameters (see Materials and Methods). One possible expla-
nation for the partial rescue that is currently being investigated
relates to the potential for limited diffusion of XENP345 away
from the delivery site during the chronic infusion. Second, in
these experiments, TNF signaling was blocked only in a small
region of SNpc for 2 weeks coincident with the chronic LPS in-
fusion or immediately after induction of the intrastriatal
6-OHDA lesion; yet the cascade of neurotoxic and neuroinflam-
matory events that occurs in these less acute animal models of PD
is known to extend beyond the 2-week interval during which TNF
signaling was pharmacologically inhibited (Sanchez-Pernaute et
al., 2004). Third, partial neuroprotection may be indicative of a
component of DA neuron loss that is TNF independent and
might involve the action of other proinflammatory cytokines,
including interleukin-18 (IL-18) or IL-6 (Allan and Rothwell,
2001; Hald and Lotharius, 2005; Nagatsu and Sawada, 2005). To
distinguish between these three possibilities, experiments are in
progress to determine whether longer or continuous sol TNF sig-
naling inhibition across a larger volume of SNpc affords greater
neuroprotection to nigral DA neurons, and whether continuous
TNF signaling inhibition blocks the progressive phase of
6-OHDA-induced DA neuron death shown to be attenuated by
selective COX-2 (cyclooxygenase-2) inhibition (Sanchez-Pernaute
etal., 2004). Nonetheless, a reduction of nigral DA neuron death
by 50% with delivery of DN-TNF biologics into the CNS would
have a significant and positive impact on delaying progression of
DA neuron loss in individuals with PD should these in vivo results
in animal models be realized in clinical trials. Because of their size
(~51kDa trimers), XENP345 would not be expected to cross the
blood-brain barrier, but this possibility is being investigated.
Clinically, anti-TNF biologics presently used to treat patients
with rheumatoid arthritis (etanercept and infliximab) have been
linked to increases in demyelinating disease because of their abil-
ity to block tmTNF function (Arnett et al., 2001; Sukal et al.,
2006); therefore, a tmTNF-sparing TNF inhibitor for use in PD
may be a safer therapy in humans.

To date, evaluation of the role of TNF in mediating DA neu-
ron death in mature animals has only been investigated using
acute MPTP intoxication in mice deficient in TNF pathway genes
(Rousselet et al., 2002; Sriram et al., 2002; Ferger et al., 2004; Leng
et al., 2005), and in wild-type mice treated with thalidomide
(Ferger et al., 2004), which inhibits synthesis of TNF and many
other genes. However, although these early studies implicated
TNF signaling in DA neuron death, these null mice are not ideal
models in which to critically address the direct role of TNF in
nigral degeneration in adult animals. The brain proteome of
TNFR double-knock-out mice indicates significant changes in
expression of numerous genes (Pejovic et al., 2004), including the
redox sensor DJ-1, which itself has been shown to be important in
protecting DA neurons from oxidative stress (Goldberg et al.,
2005; Kim et al., 2005). Moreover, mice that develop without any
TNF signaling display arrested dendritic cell development and
blunted systemic inflammatory responses (Pasparakis et al.,
1996; Ritter et al., 2003; Sriram et al., 2006). Our own unpub-
lished observations are that treatment of neuron/glia cultures
from TNF knock-out (KO) mice with TNF or LPS elicits blunted
microglial activation and attenuated DA neuron death compared
with treatment of cultures from WT mice (our manuscript in
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preparation). Therefore, it is impossible to discern whether resis-
tance (or lack thereof) to MPTP injury in adult mice that devel-
oped without TNF signaling is a direct result of no TNF produc-
tion (i.e., in TNF KO) or inability to bind TNF (i.e., in TNFR1R2
double knock-out) and/or from modifications in the function of
downstream TNF-dependent targets (including microglia). In
summary, although studies with genetic models suggested that
pharmacological manipulation of the TNF pathway may offer
neuroprotection, our study is the first to directly demonstrate the
feasibility and efficacy of this approach; plus the translational
value of studies in adult rats with the soluble TNF-selective phar-
macological inhibitor XENP345 makes our direct approach bio-
logically and clinically relevant to humans.

Our data demonstrate that sol TNF significantly contributes to
toxicity and degeneration of DA neurons, independent of the
trigger that elicits its production. This raises the exciting possibil-
ity that anti-TNF therapy specifically targeted against solTNF
may be an effective treatment for prevention or attenuation of PD
progression without interfering with important tmTNF func-
tions such as maintenance of immune function and resistance to
infection (Olleros et al., 2005). Lastly, we posit that our findings
regarding a critical role of TNF signaling in death of DA neurons
may be applicable to other neurodegenerative diseases in which
the role of neuroinflammation is being intensely investigated
both as a contributing factor, and as the basis for development of
new vaccination therapies. For example, levels of TNF were
found to be elevated in entorhinal cortex coincident with the
earliest appearance of pathology (Janelsins et al., 2005) in a triple
transgenic Alzheimer’s disease (AD) mouse model (3xTg-AD)
harboring mutations in presenilin 1, amyloid precursor protein,
and tau (Oddo etal., 2003), and chronic exposure to systemic LPS
accelerated development of amyloid and tau pathology in these
mice (Kitazawa et al., 2005). Given its role as a major effector of LPS
action, we hypothesize that TNF is a key mediator of LPS-enhanced
neuropathology in these mice, perhaps by promoting mitochondrial
dysfunction and activation of apoptotic death cascades. Investiga-
tions of TNF-dependent neuroinflammatory mechanisms that ex-
acerbate neuropathology and hasten neuron loss may unveil oppor-
tunities for development of new anti-inflammatory therapeutics to
treat human neurodegenerative diseases like PD and AD.
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