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Tumor necrosis factor-alpha receptor ablation in a chronic
MPTP mouse model of Parkinson’s disease
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Abstract

Recently, we demonstrated that mice deficient of the pro-inflammatory cytokine tumor necrosis factor-alpha (TNF-alpha) were partly
protected against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) neurotoxicity. Here we extended the study and investigated TNF-
alpha receptor 1 (−/−) (TNFR1) and TNF-alpha receptor 2 (−/−) (TNFR2) mice using a chronic MPTP dosing regimen (15 mg/kg MPTP
on 8 consecutive days). One week after the last MPTP treatment, HPLC determination of striatal dopamine (DA) and immunostaining for the
dopamine transporter (DAT) in the substantia nigra pars compacta (SNpc) was performed.
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MPTP treatment reduced striatal DA levels significantly; nigral DAT immunoreactivity was reduced to a lower extent. However, t
o difference in DA levels and the number of DAT positive neurons between TNFR1 (−/−), TNFR2 (−/−) and wild type mice after MPT

reatment.
In contrast to TNF-alpha deficiency neither TNFR1 nor TNFR2 gene ablation showed protection against MPTP neurotoxicity, wh

or a protective mechanism of TNF-alpha not mediated by TNFR1 and TNFR2 signaling.
2004 Elsevier Ireland Ltd. All rights reserved.
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arkinson’s disease (PD) is a slowly progressing move-
ent disorder characterized by a loss of dopaminergic

ells in the substantia nigra pars compacta (SNpc) and a
assive reduction in striatal dopamine (DA). The impact
f inflammatory processes in PD[9] is supported by the
bservation that the number of activated microglia[14]
nd level of pro-inflammatory cytokines are elevated in
D patients[2,15,16]. These findings are also supported
y animal models of PD. Activated microglia and elevated
ytokine levels are present in the MPTP (1-methyl-4-
henyl-1,2,3,6-tetrahydropyridine) model[13,12] and in

he 6-hydroxydopamine model of PD[17]. Among the pro-
nflammatory cytokines, tumor necrosis factor-alpha (TNF-
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alpha) is thought to play a prominent role in the patholog
process of PD. TNF-alpha can induce microglia activa
[19]. Neurons in the SNpc express both TNF-alpha rece
1 and 2[2]. Elevated levels of TNF-alpha receptors w
found in PD patients[16], and TNF-alpha polymorphism h
been observed in patients with sporadic PD[11,18]. Under
pathological conditions TNF-alpha is mainly expressed
astroglial and microglial cells[3]. Interestingly, TNF-alph
is involved in both neurodegenerative and neuroprote
pathways[8]. The two subtypes of TNF-alpha recept
(TNFR), TNF-alpha receptor 1 (TNFR1) and TNF-alp
receptor 2 (TNFR2), and their distinct signaling pathw
might be responsible for this ambivalent function[23].
The TNFR1 includes an intracellular death domain an
involved in apoptotic cell death[7]. The TNFR2 has no dea
domain and is considered to activate anti-apoptotic path
[23]. However, TNFR2 can also enhance the apop
action of TNFR1, which can be involved in anti-apopto
pathways (for review see[7,8,19]). In a previous study, w
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demonstrated that TNF-alpha (−/−) mice and the TNF-alpha
synthesis inhibitor thalidomide attenuated MPTP toxicity[4].
Additionally, others[20,21]and we[4] found elevated TNF-
alpha mRNA levels after MPTP treatment. Consequently, we
were interested whether TNFR1 or TNFR2 signaling is in-
volved in the protective effect observed in TNF-alpha (−/−)
mice against MPTP toxicity. Meanwhile two other groups
performed MPTP studies using TNFR1 or TNFR2 mice
[20,21]showing a protective[21] or no protective effect[20]
against MPTP toxicity by genetic ablation of TNFR1 and
TNFR2. Both studies used acute MPTP treatment schedules
whereas in the present study a chronic MPTP dosing schedule
was applied. The chronic MPTP model was selected for the
present study, because a protective effect indicated by striatal
DA and DAT measurements was obtained in a previous
experiment using TNF-alpha (−/−) mice only after chronic
MPTP treatment but not after acute MPTP administration[4].

The present study was conducted in male C57bl/6
mice and in homozygous mice deficient in the TNFR1 or
TNFR2 gene. All mice were about 10–12 weeks old at the
beginning of the experiment. TNFR1 (−/−) and TNFR2
(−/−) mice (Jackson Laboratory, Bar Harbor, ME) were
bred at the Research Unit Schwerzenbach, Switzerland,
and maintained under standard conditions (temperature,
21± 1.0◦C; humidity, 55± 5%) on a 12 h light/12 h dark
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Tris–acetate; 1 mM EDTA; pH 8.0) at 80 V and visualized by
ultraviolet light.

MPTP (15 mg/kg, i.p., calculated as free base) was
injected daily on 8 consecutive days as a chronic treatment.
Seven days after the last MPTP or saline administration, the
mice were sacrificed by cervical dislocation. The brains were
rapidly removed and placed on an ice-cooled plate for dissec-
tion of the striatum. Immediately after dissection, the striata
were weighed and placed in 1.5 ml plastic tubes containing
ice-cooled perchloric acid (500�l, 0.4 M), homogenized for
10 s using ultrasound and centrifuged for 20 min at 15000×g
and 4◦C. The supernatant was passed through a 0.2�m filter
and kept at 4◦C until HPLC analysis. DA and its metabolites
3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic
acid (HVA), were analyzed using reversed-phase ion-pair
chromatography combined with electrochemical detection
under isocratic conditions[22]. The detector potential was
set at +750 mV using a glassy carbon electrode and an
Ag/AgCl reference electrode. The mobile phase (0.6 mM
1-octanesulfonic acid, 0.27 mM Na2EDTA, 0.043 M tri-
ethylamine and 50 ml acetonitrile/l, adjusted to pH 2.95
with H3PO4) was delivered at a flow rate of 0.5 ml/min at
22◦C onto the reversed phase column (125 mm× 3 mm with
pre-column 5 mm× 3 mm, filled with Nucleosil 120-3 C18,
Knauer, Berlin, Germany). Ten microliters of aliquots were
i ◦
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ycle (lights on at 7 a.m.) with free access to standard
Nafag 9431, Nafag Ecossan, Gossau, Switzerland)
ater ad libitum. All animal studies were carried out
ccordance with the European Convention for Animal C
nd Use of Laboratory Animals and were approved by
ppropriate institutional governmental agency (Kanton
eterin̈aramt Z̈urich, Switzerland).

TNFR1 (−/−) and TNFR2 (−/−) mice, which hav
een backcrossed over 10 generations to a C57bl/6
round, were genotyped using polymerase chain rea
PCR) amplification from genomic DNA obtained from
ail biopsy. The presence of TNFRs was tested with the
owing oligonucleotide primer: for TNFR1: 5′-TGT GAA
AG GGC ACC TTT ACG GC-3′ and 5′-GGC TGC AGT
CA CGC ACT GG-3′, and for TNFR2: 5′-CCT CTC ATG
TG TCC CGG AAT-3′ and 5′-AGC TCC AGG CAC AAG
GC GGG-3′ (Microsynth, Balgach, Switzerland). The PC
ix consisted of 0.2 mM dNTP, 1 mM MgCl2, 1�M primer
nd 0.5 units Taq DNA polymerase (Roche Diagnos
annheim, Germany) in PCR buffer. One microliter of D

xtract (approximately 50 ng DNA) was used for the
owing PCR reaction carried out in a thermocycler (Per
lmer PE 9600, Perkin-Elmer Switzerland AG, Hünenberg
witzerland): After an initial denaturating step at 95◦C for
min, the cycle consisted of denaturating for 30 s at 95◦C,
nnealing for 30 s at 55◦C, and extending for 30 s at 72◦C.
he cycle was repeated 35 times. The final extension
as done at 72◦C for 5 min. PCR products (470 bp fragm

or the wild type TNF-alpha R1 allele and 200 bp fragm
or the TNF-alpha R2 allele) were separated on ethid
romide-stained 2% agarose gel using TAE buffer (40
njected by an autosampler with a cooling module set at 4C.
ata were calculated by an external standard calibratio
The midbrain including the substantia nigra pars c

acta (SNpc) was post-fixed for 2–3 days in cold fixative
% paraformaldehyde in 0.01 M phosphate-buffered s
PBS, pH 7.4), then transferred to a 30% sucrose sol
nd kept at 4◦C until it sunk. Subsequently, the tissue w
ut with a freezing microtome, and coronal sections (25�m
hick) were collected throughout the rostro-caudal exte
he SNpc and stored in a cryoprotectant solution. As a
ific marker for dopaminergic cells the dopamine transp
DAT) was used to estimate the extension of the MPTP
ions in the SNpc. Sections were processed using the sta
eroxidase-antiperoxidase method. After 3× 5 min rinses in
BS, the free floating sections were blocked for 1 h in
ontaining 5% normal goat serum plus 0.3% Triton X-1
he sections were then incubated in a solution of PBS an
ormal goat serum plus 0.15% Triton X-100 containing
rimary antibody rat anti-DAT (1:2000, Chemicon, Lucer
witzerland) for 2 days at 4◦C. Following this, the section
ere rinsed and incubated for 1 h in biotinylated secon
ntibodies (goat anti-rat, 1:300, Jackson Immuno Rese
est Grove, USA) in a solution of 2% goat serum plus 0.1

riton X-100 at room temperature. Subsequently, the
ions were treated with avidin-biotin-horseradish peroxid
omplex (Vectastain Elite, Vector Laboratories, Burlinga
A) for 1 h at room temperature, followed by 3 min× 5 min

inses in 0.1 M Tris buffer (TB, pH 7.4). Immunoreactiv
as visualized with 0.05% 3,3′-diaminobenzidine tetrah
rochloride (DAB, Sigma, Buchs, Switzerland) and 0.00
2O2 in TB for 3–5 min. Nickel chloride (0.08%) was add
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to the DAB solution to intensify the staining. The sections
were then rinsed 3 min× 5 min in TB and mounted on slides,
air dried, dehydrated through an alcohol series, cleared in
xylene and coverslipped. Dilution series were run to estab-
lish the optimum staining. Controls for non-specific staining
were performed, in which either the first or secondary anti-
body was omitted. These controls did not produce specific
staining.

The total numbers of DAT positive cells were counted us-
ing the image analysis computer software Stereo Investiga-
tor (Version 4.10, Microbrightfield, Colchester, USA). DAT
cell counting started at a random position, and an average
of 12 sections per animal were counted using the fractiona-
tor method with a counting frame (45�m× 45�m) placed
randomly on a virtual grid (75�m× 75�m). The position of
the SNpc was defined according to the mouse brain atlas of
Franklin and Paxinos[5]; anterior–posterior coordinates were
between−2.90 mm and−3.90 mm according to bregma.
Digitized bright-field images were captured using a Zeiss
Axiophot microscope (Jena, Germany) in combination with a
video-camera (Kodak Megaplus, Eastman Kodak, San Diego,
CA, USA) and the image based analysis computer software
described above. All values are expressed as mean± S.E.M.
Analysis of variance (ANOVA) was used with MPTP treat-
ment (MPTP or saline) and genotype (TNFR1, TNFR2 or
w er’s
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Table 2
Effect of MPTP treatment and genotype on DAT-positive cells in the sub-
stantia nigra

Genotype Treatment n DAT positive cells

Wild type Saline 6 2661± 234
MPTP 6 2308± 179

TNFR1 (−/−) Saline 6 2383± 226
MPTP 8 1992± 154

TNFR2 (−/−) Saline 6 2632± 280
MPTP 8 2215± 195

Substantia nigra sections were obtained 1 week after the last MPTP treat-
ment (15 mg/kg on 8 consecutive days) and analyzed using a stereological
method described in the method section. Values are mean± S.E.M. andn in-
dicates the number of mice per group. Statistical comparison was performed
using ANOVA with subsequent Fisher’s PLSD test (MPTP vs. respective
saline control). Since no MPTP treatment× genotype interaction was ob-
tained, post hoc tests of single groups were not carried out (MPTP vs. saline
p< 0.05).

striatum [F(1,58) = 215.78;p< 0.001]. However, no effect of
genotype was found [F(2,58) = 0.03;p= 0.97] with no geno-
type× MPTP treatment interaction [F(2,58) = 0.91;p= 0.4].
In the MPTP-treated group also no statistical difference be-
tween genetically modified animals and wild type animals
(TNFR1 versus wt,p= 0.97; TNFR2 versus wt,p= 0.4).

DA metabolite levels, which were decreased by MPTP
treatment (DOPAC [F(1,58) = 122.29;p< 0.001] and HVA
[F(1,58) = 53.29;p< 0.001]), showed no significant differ-
ence between genetically modified animals and wild type
animals (DOPAC: TNFR1 versus wt,p= 0.1; TNFR2 versus
wt, p= 0.8; HVA TNFR1 versus wt,p= 0.8; TNFR2 ver-
sus wt,p= 0.6). In all groups of MPTP treated mice the DA
turnover was increased due to the response to the damage
[F(1,58) = 62.09;p< 0.001]. However, there was no differ-
ence in the comparison between of genetically modified an-
imals to controls (TNFR1 versus wt,p= 0.1; TNFR2 versus
wt, p= 0.9).

The number of DAT positive cells in the substantia nigra
was only slightly reduced (main effect of MPTP treatment
([F(1,34) = 5.02;p< 0.05]; for summary please seeTable 2).
There was no significant difference between genetically mod-
ified animals and wild type animals (TNFR1 versus wt,
p= 0.14; TNFR2 versus wt,p= 0.7).
ild type) as independent factors, and followed by Fish
east significant difference (PLSD) test.

One day after the last MPTP treatment an open
xperiment was carried out: the mice were placed in
ular activity cages (diameter 36 cm, height 40 cm) u
im light conditions. A video tracking system (EthoVisio
oldus, Wageningen, The Netherlands) calculated the
istance moved of each mouse during the observation tim
0 min.

Post mortem neurochemical analysis of striatal dopa
nd its metabolites (for summary please seeTable 1) re-
ealed that TNFR1 and TNFR2 deficient mice were
ifferent from wild type mice (wt) after saline treatme
DA: TNFR1 versus wt,p= 0.8; TNFR2 versus wt,p= 0.5;
OPAC: TNFR1 versus wt,p> 0.07; TNFR2 versus w
= 0.95; HVA: TNFR1 versus wt,p= 0.8; TNFR2 versu
t, p= 0.999). MPTP significantly reduced DA levels in

able 1
ffect of MPTP treatment and genotype on striatal DA and DA metab

enotype Treatment n DA

ildtype Saline 10 13.5±
MPTP 10 5.9±

NFR1 Saline 12 13.2±
MPTP 14 5.9±

NFR2 Saline 10 14.1±
MPTP 8 5.1±

triatal tissues were analyzed 1 week after the last MPTP treatment
f mice per group. DA-turnover is calculated as the sum of the DA m
ubsequent Fisher’s PLSD test (MPTP vs. respective saline control). S
ests of single groups were not carried out (MPTP vs. saline in all par
vels (ng/mg wet tissue weight).

DOPAC HVA DA-turnover

1.01± 0.06 1.26± 0.08 0.170± 0.008
0.53± 0.04 0.82± 0.05 0.244± 0.018

1.17± 0.04 1.24± 0.06 0.182± 0.004
0.60± 0.05 0.9± 0.05 0.270± 0.019

1.00± 0.08 1.26± 0.09 0.160± 0.004
0.50± 0.05 0.84± 0.08 0.269± 0.015

/kg on 8 consecutive days). Values are mean± S.E.M. andn indicates the numbe
lites divided by DA. Statistical comparison was performed using AN
o MPTP treatment× genotype interaction was obtained in the parameters, po
s.001).
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Fig. 1. Effects of genotype and MPTP on locomotor activity 1 day after the
last treatment of MPTP or saline. Distance moved was measured over 20 min
and divided into four 5-min time bins. Values are mean± S.E.M. (n= 8–14
mice per experimental group).

One day after the last MPTP treatment TNFR2 (−/−) mice
(MPTP and saline) showed a lower total distance moved in the
open field environment than wild type (p< 0.05) and TNFR1
(−/−) mice (p< 0.01; effect of genotype [F(2,58) = 5.73;
p< 0.01]; please seeFig. 1). There was no effect of
time [F(3,174) = 1.60;p= 0.2] and no interaction of time
and genotype [F(6,174) = 0.42;p= 0.9] or MPTP treatment
[F(3,174) = 0.19;p= 0.9] or both [F(6,174) = 1.08;p= 0.4].

In the present study, neither TNFR1 nor TNFR2 gene abla-
tion showed protection against MPTP neurotoxicity indicated
by HPLC analysis of striatal DA levels, nigral DAT positive
cell counts and locomotor activity.

Recently, Sriram et al.[21] reported that mice lacking
the TNFR1 and R2 receptor showed attenuation of signs of
MPTP toxicity. However, in this study only short-term ef-
fects up to 48 h after the injection were investigated. Eleven
days after an acute treatment of MPTP Rousselet et al.[20]
did not find any protective effects in TNFR1 and R2 recep-
tor (−/−) mice either. In contrast to the published reports on
acute MPTP neurotoxicity using TNFR1 and TNFR2 defi-
cient mice[20,21]we applied a chronic MPTP treatment of
TNFR1 and R2 (−/−) mice instead of an acute MPTP dosing
regimen, because we showed that TNF-alpha deficiency was
protective against MPTP neurotoxicity after a subacute but
not after an acute MPTP treatment in a previous study[4].
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for the lack of one of the receptor by over-expressing the
other one. Furthermore, during development glial cells might
change their cytokines response due to the lack of TNF-alpha
signaling. It has been shown that TNF-alpha levels were re-
duced in mice lacking both TNFR[6]. TNF-alpha receptors
are also involved in neurodegenerative as well as neuropro-
tective pathways[19,23], which is strongly dependent of the
experimental manipulations used. Thus, the biological effects
of TNF-alpha might depend on various stimuli, like induction
of expression by other cytokines, oxidative stress, alteration
in the cellular energy status and the severity of the MPTP-
induced damage. Therefore, we cannot rule out that genetic
ablation of either TNFR1 or TNFR2 or both protect neurons
against a more severe neurotoxic damage as obtained after
chronic MPTP treatment. In addition, TNF-alpha may act
directly by a receptor-independent way to produce neurotox-
icity, such as by formation of an ion permeable channel into
the cell membrane[10].

We conclude that TNF-alpha receptor signaling does not
play a relevant role in neuroprotection after a chronic treat-
ment with MPTP, which produced a moderate toxicity only.
This argues for a receptor-independent mechanism of TNF-
alpha neurotoxicity obtained in TNF-alpha deficient mice, or
reflects that the severity of the neurodegeneration determines
if TNF-alpha receptor signaling is protective, neurodestruc-
t
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From our previous findings[4] with TNF-alpha (−/−)
ice, we expected a reduced MPTP toxicity in either TN
r R2 (−/−) mice, suggesting a neurodegenerative rol
NF-alpha in this model. Blocking the TNF-alpha synt
is by thalidomide also led to a reduction in MPTP to
ty [4,1]. But why did the reduction of TNF-alpha allevia

PTP toxicity while the ablation of TNF-alpha recept
id not? Obviously, there is a discrepancy in the outc
f ablation of TNF-alpha and its receptors. TNF-alpha
eptors are not only receptors for TNF-alpha itself, but
or lymphotoxin, and TNF-alpha binds to other receptors
onging to the TNFR superfamily[19]. There is an intensiv
nteraction and homeostasis between the receptors[19]. It
s likely that the genetically modified mouse compens
ive or not involved at all.
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