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bstract

Reduced expression of IGF-1R increases lifespan and resistance to oxidative stress in the mouse, raising the possibility that this also confers
elative protection against the pro-parkinsonian neurotoxin MPTP, known to involve an oxidative stress component. We used heterozygous
GF-1R+/− mice and challenged them with MPTP. Interestingly, MPTP induced more severe lesions of dopaminergic neurons of the substantia
igra, in IGF-1R+/− mice than in wild-type animals. Using electron spin resonance, we found that free radicals were decreased in IGF-1R+/−

ice in comparison with controls, both before and after MPTP exposure, suggesting that the increased vulnerability of dopamine neurons is
ot caused by oxidative stress. Importantly, we showed that IGF-1R+/− mice display a dramatically increased neuro-inflammatory response to

PTP that may ground the observed increase in neuronal death. Microarray analysis revealed that oxidative stress-associated genes, but also

everal anti-inflammatory signaling pathways were downregulated under control conditions in IGF-1R+/− mice compared to WT. Collectively,
hese data indicate that IGF signaling can reduce neuro-inflammation dependent sensitivity of neurons to MPTP.

2008 Elsevier Inc. All rights reserved.
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. Introduction
Insulin-like growth factor-1 (IGF-1) is a multifunctional
eptide essential for normal growth and development (Russo
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t al., 2005) whose pleiotropic actions are mediated primar-
ly by insulin-like growth factor type 1 receptor (IGF-1R),

transmembrane, ligand-activated tyrosine kinase highly
omologous to the insulin receptor. Partial inactivation of the
GF-1R increases lifespan and resistance to oxidative stress
n the mouse (Holzenberger et al., 2003). Important recipro-
al interactions have also been demonstrated between IGF-1
nd the pro-inflammatory cytokines that mediate neuro-
nflammation (Venters et al., 1999; Ye et al., 2003; Kenchappa
t al., 2004). Recent research revealed an anti-inflammatory
ction, counteracting pro-inflammatory effects of cytokine
umor necrosis factor alpha (TNF-�) (Bluthe et al., 2006).

ccording to the context, IGF-1 would thus appear capable
f antagonistic action, pro-oxidative or anti-inflammatory.

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
sed for modelling the selective dopaminergic cell injury
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ccurring in Parkinson’s disease, has dual inflammatory and
xidative actions, but these are non-antagonistic. 1-Methyl-
-phenyl pyridinium (MPP+), the active metabolite of MPTP
nduces the formation of reactive oxygen species (ROS), such
s superoxide or hydroxyl radicals (Blum et al., 2001; Wang
t al., 2001; Ryu et al., 2003; Tunez et al., 2004; Watanabe et
l., 2005), suggesting that one of the causes of the neurotoxic
ction is oxidative stress. MPTP concomitantly activates
euro-inflammatory processes, of which the most important
re reactive astrogliosis and microgliosis (Reinhard et al.,
988; Francis et al., 1995; Brouillet et al., 1999; Kurkowska-
astrzebska et al., 1999) and cytokine synthesis (Rousselet et
l., 2002; Hebert et al., 2003; Pera et al., 2004; Pattarini et
l., 2007). Finally, during MPTP intoxication in mice, IGF-
R levels are upregulated but AKT phosphorylation remained
nchanged (D’Astous et al., 2006), showing that while IGF
ignalling pathways are active in the brain under this neuro-
oxic insult, IGF signalling activity is not necessarily further
nduced by this stress.

To better understand the cellular mechanism underlying
he antagonistic pro-oxidant and anti-inflammatory action of
GF-1, we submitted heterozygous IGF-1R+/− mice to acute

PTP intoxication. The lesions induced by MPTP were more
evere in these mice than in wild-type control animals. The
GF-1R+/− group also showed lower levels of both nitric
xide (NO) and reactive oxygen species (ROS) than con-
rols, both before and after MPTP treatment, but displayed, on
he other hand, a dramatically increased neuro-inflammatory
esponse that could well explain the observed increase in
euronal death.

. Experimental procedure

.1. Animals

We established a targeted IGF-1R gene knockout on
29/Sv genetic background (Holzenberger et al., 2003) and
ackcrossed the mutants for >15 generations to C57BL/6
ice. IGF-1 receptor levels in IGF-1R+/− mice were half

hose in WT (IGF-1R+/+) mice. Homozygous IGF-1R−/−
nockout mutants invariably die minutes after birth. For this
tudy we used 40 IGF-1R+/− and 38 WT (IGF-1R+/+) lit-
ermates, as controls. All mice were males and were used
t similar age (10–12 weeks) in the different experiments.
hey were maintained under SPF conditions in individ-
ally ventilated filter cages at 23 ± 1 ◦C, with a 14/10-h
ight/dark cycle and free access to water and a commer-
ial rodent diet. Body weight was measured before i.p.
njections and at the time of sacrifice. Experiments were
onducted according to institutional guidelines and Euro-
ean Communities Council Directive 86/609/EEC for the

are of laboratory animals. Every effort was made to min-
mize animal suffering and to use only the minimum number
f individuals necessary to perform statistically valid analy-
is.
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.2. MPTP intoxication and measurement of MPP+
evels

Mice were submitted to acute MPTP challenge consist-
ng of two intraperitoneal (i.p.) injections of 30 mg/kg body
eight at 3 h interval (9:00 a.m. and 12:00 a.m.). Time lapse
etween the final injection of MPTP and sacrifice varied
ccording to the subsequent analysis. For TH immuohisto-
hemical analysis, mice that were killed 7 days after MPTP
ntoxication, i.e. a time interval of 7 days that must be
espected after MPTP exposure and before sacrifice for the
ssessment of nigral degeneration by TH-IR neuronal count
phenotypical marker) in the mouse midbrain (Jackson-Lewis
t al., 1995).

As a drug could protect from MPTP by interfering with
PTP metabolism, we checked the MPP+ levels as pre-

iously described (Bezard et al., 2003). Eight mice (four
GF-1R+/− and four WT) received one dose of MPTP
30 mg/kg i.p.) and were killed 120 min after MPTP injection.
rains were rapidly removed and the caudate–putamen com-
lex dissected out on ice. Tissue samples were sonicated in
0 volumes of 5% trichloroacetic acid containing 20 mg/ml
-phenylpyridine (Sigma–Aldrich, Saint Quentin Fallavier,
rance) as internal standard. Homogenates were centrifuged
t 15,000 × g for 20 min at 4 ◦C and the contents of MPP+ in
he resulting supernatants were quantified by HPLC with UV
etection. MPP+ was monitored at 295 nm and flow rate was
et at 1.5 ml/min. Quantification was made by comparison of
eak height ratios in the samples with those of the standards.

.3. Immunohistochemistry

.3.1. Tissue processing
After MPTP administration, mice were anesthetized with

rethane, then perfused with 0.9% NaCl followed by 4%
araformaldehyde (PFA). Brains were removed, postfixed in
% PFA for 2 days at 4 ◦C, immersed in 20% sucrose, frozen
y slow immersion in isopentane cooled on dry ice to −45 ◦C,
nd stored at −80 ◦C. We used a cryostat at −17 ◦C to cut
5 �m coronal sections, which were collected free floating
or immunohistochemistry.

.3.2. TH immunohistochemistry
TH immunohistochemistry was performed 7 days after

PTP injections (Jackson-Lewis et al., 1995). Serum con-
aining TH antibody (polyclonal rabbit TH antibody, J.
oy, Reims, France) was diluted 1:2000 in phosphate-
uffered saline (PBS) containing 0.3% Triton X-100 and
% bovine serum albumin (BSA), and sections were incu-
ated overnight at 4 ◦C, before being incubated for 2 h with
iotinylated horse anti-rabbit antibody (universal secondary
ntibody, AbCys SA, Paris, France) diluted 1:500 in PBS/1%

SA/0.3% Triton X-100, for 2 h with avidin–biotin perox-

dase diluted 1:200 in PBS (Vectastain ABC kit; Vector
aboratories, Burlingame, CA), and finally revealed with
,3′-diaminobenzidine tetrahydrochloride (DAB kit, Vector
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aboratories). Sections were then slide-mounted and coun-
erstained with cresyl violet.

.3.3. CD11b immunohistochemistry
CD11b immunohistochemistry was performed 24 h after

PTP injections. After 30 min in blocking buffer (PBS/0.3%
orse serum (HS)/0.3% H2O2), sections were incubated
ith rat anti-mouse CD11b antibody (Serotec, Raleigh, NC)
iluted 1:500 in PBS/2% HS overnight at 4 ◦C, before being
ncubated for 90 min in biotinylated anti-rat antibody (1:500
n PBS) (Amersham Biosciences, Buckinghamshire, UK).
ections were then processed as for TH immunoreactivity
ABC kit, 1:1000, 90 min and DAB kit, counterstaining with
resyl violet).

.3.4. Stereology and counting of tyrosine hydroxylase
mmunoreactive (ir) neurons

For counting TH-ir neurons (phenotypic marker) and Nissl
tained cells (structural marker) in the SNc, we used the unbi-
sed stereological sampling method (Gundersen et al., 1988;
est and Gundersen, 1990) based on optical dissector stere-

logical probe, as previously described (Bezard et al., 2003;
ross et al., 2003). Stereological analysis was performed
sing an Leica DMRE microscope with a motorized Z and
-Y stage encoders linked to a computer-assisted stereologi-

al system (Mercator Digital Imaging System, Explora Nova,
a rochelle, France). For each animal, SNc boundaries were
elimited at low magnification (2.5×) by examining the size
nd shape of the different groups of TH-ir neurons and their
xonal projections, as well as nearby fiber bundles according
o Franklin & Paxinos mouse brain atlas. SNc boundaries
re drawn on every sixth section and the first was ran-
omly chosen. SNc volume was calculated using the formula
(SNc) = �S td; where �S is the sum of surface areas (�m2), t

he average section thickness (and d the distance between the
ections (Theoret et al., 1999)). The average section thick-
ess (t) was estimated to 12 �m after immunohistochemistry
rocessing and guard zones of 2 �m were used to ensure that
op and bottom of sections are never included in the analysis.
leven sections were used for each animal. From a random
tart position, a computer-generated sampling grid placed the
ounting frames. The counting frame size was length 50 �m
nd width 40 �m. We left a distance of 30 �m (x) and 20 �m
y) between each counting frame. Within each frame, all cell
uclei were counted which came into focus (40× immersion
il objective) (Gundersen et al., 1988). A neuron was counted
f more than half the cell body was inside the two consecu-
ive boundaries taken into account. To estimate the number
f TH-ir neurons we used: N = V(SNc) (�Q−/�V(dis)); where

is the estimation of the number of TH-ir neurons, V the
olume of the SNc, �Q− the number of cells counted in the

rames, and �V(dis) is the total volume of the frames (Theoret
t al., 1999). Mean estimated number of neurons and SEM
ere then calculated for each group (WT or +/−/NaCl; WT
r +/−/MPTP).
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.3.5. Quantification of TH-ir striatal density
Striatal TH-ir density was assessed in the dorsolateral

triatum by densitometric analysis of sections using an image
nalysis system (Biocom, Visioscan v4.12, Les Ulis, France)
s previously described (Bezard et al., 2000; Guigoni et al.,
005). Three sections per animal were analyzed by an exam-
ner blind with regard to the experimental condition. Optical
ensities were averaged in each animal and expressed as a
ercentage of control values obtained from saline-treated WT
nimals.

.3.6. Quantification of CD11b-ir cells
Brain sections were examined under light microscopy

sing an image analysis system (Mercator; Explora Nova, La
ochelle, France). Four sections per animal were analyzed
y an examiner blind to experimental conditions. Structures
onsidered were the striatum and the SNc. An optical dissec-
or probe was used to count the cells per mm2 for each brain
egion per animal at a 40× magnification. Where CD11b
mmunoreactivity was present only in cellular ramifications,
ells were not considered as positive microglia. Microglia
as counted in the whole slice thickness, only if more than
alf the cell was inside the two consecutive boundaries taken
nto account. Split cell counting error was corrected by using
he Abercrombie formula (Abercrombie, 1946). Mean cell
umber per plane and SEM were then calculated for each
roup of mice.

.4. ROS and NO detection

To detect ROS and NO levels in the substantia nigra
encompassing both the pars compacta and reticulata, stria-
um and hippocamus we used a previously published method
ith minor modifications (Cao et al., 2005)). Mice were sac-

ificed 2 h after the last MPTP injection and both hemispheres
eighed. Hand-dissected structures were homogenized in
ml of a spin trap solution containing 100 mM N-tert-butyl-
-phenylnitrone (PBN) and 2 mM diethyldithiocarbamate

DETA), to which we added 10 mM HEPES in ice-cold
hosphate-buffered saline (PBS), followed by 0.5 M Na2SO4,
0 mM arginine, 0.3 M FeSO4, 10 mM CaCl2, before vor-
exing for 30 min. We then added 500 �l of ethyl acetate,
ortexed for 30 s and centrifuged at 10,000 × g for 5 min.
he ethyl acetate phase was transferred to a quartz cell for
SR study at room temperature. To quantify the intensity of

he ROS signal, we measured the height of the second peak
rom the ESR spectra of PBN spin adducts (g = 2.005). For the
O signal, we measured and combined the height of the three
eaks (g = 2.035). This approach proved more accurate than
ethods previously described (Shen et al., 2000). We used

he following Bruker ER-200 X-band ESR spectrometer set-
ings for trapping the free radicals: center field, 3445 G; scan

idth 200 G (usual setting for ROS and NO detection: 400
); microwave frequency 9.47 GHz; modulation frequency
00 kHz; microwave power 20 mW; modulation amplitude
G (usual setting for ROS and NO detection 3.2 G).
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ig. 1. MPTP treatment increases SNc lesions in IGF-1R+/− mice compared
reated mice (*P < 0.001 vs. respective NaCl; #P < 0.01 vs. WT/MPTP; n =
xamples of TH immunostaining in the striatum of MPTP vs. NaCl-treated

.5. Microarray analysis

A total of n = 9 WT and n = 9 IGF-1R+/− mice were used
or analysis of patterns of gene expression in the striatum
sing microarrays according to previously described proce-
ures (Berton et al., 2006). Striatal tissue dissected from three
ice was pooled and RNA extracted using TriZol reagent

Invitrogen, Carlsbad, CA) followed by a purification step
sing RNEasy columns (Qiagen, Valencia, CA). All RNA
sed for the study showed 260/280 nm ratio greater than 1.80,
nd RIN values from Agilent 2100 bioanalyzer greater than
.0. Total RNA (2.5 �g) from each pooled sample was used
or cDNA synthesis, cleanup, and labeling. We utilized the
ollowing kits and instructions from Affymetrix: GeneChip
xpression 3′ Amplification OneCycle cDNA synthesis Kit

#900431), Affymetrix GeneChip Sample Cleanup Mod-
le (#900371), and Affymetrix IVT labeling kit (#900449).
RNA was only used if the total RNA recovered after ampli-
cation was >30 �g and 260/280 nm ratio greater than 1.90.
rom each sample, 20 �g of cRNA was fragmented and
ubsequently hybridized to GeneChip® Mouse Genome 430
.0 Array (Affymetrix) by the UT Southwestern microarray
ore using standard procedures. Three independent arrays,
erived from independent tissue samples, were analyzed for
ach experimental group. Raw data were analyzed initially
sing Microarray Suite version 5.0 (MAS 5.0, Affymetrix),
hich was used for quality control analysis, to scale all val-
es to a target value (250), and to generate a list of ‘absent’
enes. Arrays were judged as acceptable for additional anal-
sis if the 3′/5′ ratio of GAPDH and �-actin was less than
, and the percentage of genes found to be ‘present’ was
imilar from array to array. This data file was imported into
rrayassist (Stratagene, La Jolla, CA) for GCRMA (GC
obust Multi-array Average) background adjustment, quan-
ile normalization, and median-polish summarization of all
caled values. Next, data files were imported into Genespring
Agilent) for final analysis and data visualization. Using the

AS 5.0 generated gene list of ‘present’ and ‘absent’ calls,

o
s
c
a

(A) Stereological counting of TH-ir neurons in the SNc of MPTP vs. NaCl-
T/NaCl, WT/MPTP, +/−/NaCl; n = 9 for +/−/MPTP). (B) Representative

enes were only analyzed if found to have a statistically
ignificant signal in at least one of the experimental con-
itions (reducing gene list from approximately 30,000 genes
o approximately 19,000 genes). Based on recommendations
rom the Microarray Quality Control Comparison project
MAQC-Consortium, 2006), we generated our differentially
xpressed gene lists using fold change primary criteria with
non-stringent P-value cutoff. Each differentially expressed
ene list was generated by creating a volcano plot compar-
ng each IGF-1R+/− genotype to the control condition (WT).

e selected genes >1.3-fold differentially expressed with
P < 0.05, using a parametric t-test corrected for multiple

omparisons. Pathway analyses were performed using the
ngenuity® software.

.6. Statistical analysis

Data were presented as mean ± S.E.M. Two-way
NOVAs were used to estimate overall significance followed
y post hoc Tukey’s tests corrected for multiple comparisons
nless specified otherwise. For MPP+ levels, a two-tailed
npaired t-test was used. For post hoc analysis of the microar-
ay dataset the ingenuity© software relies on a right-tailed
isher Exact Test to determine significant relative involve-
ent of specific signalling pathways. A probability level of

% (P < 0.05) was considered significant.

. Results

.1. IGF-1R+/− mice show increased loss of
esencephalic dopamine neurons after MPTP treatment

Holzenberger et al. (2003) showed that partial inactivation

f IGF-1R increases lifespan and resistance to oxidative
tress in the mouse, also raising the possibility that this
onfers relative protection against neurotoxins involving
n oxidative stress response such as MPTP (complex
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Fig. 2. MPTP-induced NO and ROS production is lower in IGF-1R+/−
mice than in WT, in hippocampus, SN and striatum. (A) NO production
in each structure, in WT and IGF-1R+/− mice, treated or not with MPTP
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inhibitor). Under control conditions, both IGF-1R+/−
nimals and their WT littermates showed similar estimated
umbers of TH-ir neurons within the SNc (Fig. 1A). After
PTP treatment, WT mice had 26% less dopaminergic

eurons in the SNc than under control conditions (two-way
NOVA; P < 0.001), whereas IGF-1R+/− mice showed a
0% decrease of TH-ir neurons (P < 0.001). The difference
n the number of TH-ir neurons between MPTP-treated WT
nd IGF-1R+/− mice was statistically significant (two-way
NOVA; F(3,26) = 11.9; P = 0.002) (Fig. 1A).
Striatal sections were immunostained for TH in the same

our groups of mice. As can be seen from the example
hown in Fig. 1B, both IGF-1R+/− animals (0.98 ± 0.4) and
heir WT littermates (1.0 ± 0.02) showed similar TH-ir in
he striatum in control conditions. After MPTP treatment
two-way ANOVA; F(3,26) = 40.05; P < 0.0001), WT mice
ad less TH-ir fibers in the striatum than under control con-
itions (two-way ANOVA; 0.68 ± 0.03; P < 0.001), whereas
GF-1R+/− mice showed an even greater decrease (two-way
NOVA; 0.51 ± 0.05; P < 0.001 vs. saline-treated IGF-1R+/−

nd P < 0.05 vs. MPTP-treated WT) (Fig. 1B).
These compelling data indicate that IGF-1R+/− mice are

ore sensitive to MPTP treatment than WT mice.

.2. MPP+ exposure is comparable in IGF-1R+/− and
T mice

Striatal MPP+ content was not different (P = 0.72, two-
ailed unpaired t test) in IGF-1R+/− (7.7 ± 0.7 �g/mg of
issue, n = 4) and WT (8.1 ± 0.6 �g/mg of tissue, n = 4) mice
hat received a single injection of 30 mg/kg MPTP (Bezard
t al., 2003). Thus, the increased toxicity in IGF-1R+/− mice
as not due to an increased delivery of MPTP to the brain

ollowing intraperitoneal injection, nor to increased brain bio-
ransformation of MPTP to MPP+, or to increased striatal

itochondrial monoamine oxidase B activity.

.3. Free radical release is lower in IGF-1R+/− than in
T mice after MPTP treatment

Holzenberger et al. (2003) demonstrated that IGF-1R+/−
ice are less sensitive to paraquat-induced oxidative stress.
o further substantiate their results, they induced oxidative
amage in cultured mouse embryonic fibroblasts (MEFs)
y low concentrations of H2O2 and found that the propor-
ion of surviving cells was significantly higher in IGF-1R+/−
han in control MEFs. However, considering the extended
opaminergic lesion observed in our experimental condi-
ions in heterozygous knockout mice, we hypothesized that
ree radical production under MPTP would be higher in IGF-
R+/− mice than in WT, resulting in over-neurodegeneration.
sing ESR, we thus evaluated NO and ROS content in three
erebral structures: the hippocampus (all regions of the hip-
ocampus were studied), the substantia nigra (both compacta
nd reticulata) and the striatum (Fig. 2A and B). NO and ROS
roduction was significantly higher in WT mice after MPTP

I

i

f protein) *P < 0.05; **P < 0.01 compared with WT/NaCl. P < 0.05;
#P < 0.01 compared with WT/MPTP. $P < 0.05; $$P < 0.01 compared with
GF-1R+/−/NaCl (n = 6 for WT/NaCl, WT/MPTP, +/−/NaCl; n = 9 for
/−/MPTP).

ntoxication (two-way ANOVA; P < 0.01, for each struc-
ure). In contrast, the increase of free radical production after

PTP treatment was much less pronounced in IGF-1R+/−
ice (two-way ANOVA; P < 0.05 or P < 0.01, depending on

he structure considered). Remarkably, we found that NO
nd ROS were decreased in IGF-1R+/− mice in comparison
ith controls, both before and after MPTP exposure, in SN,
ippocampus and striatum (two-way ANOVA; P < 0.05 or
< 0.01). This suggested that the increased vulnerability of

opamine neurons is not caused by an increased exposure to
ellular oxidative stress.

.4. Neuro-inflammatory processes are enhanced in

GF-1R+/− mice after MPTP treatment

The neurotoxin MPTP is highly neuro-inflammatory
nducing microglial activation (Hirsch et al., 2005; Nagatsu
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Fig. 3. Microglial activation is enhanced in IGF-1R+/− mice after MPTP treatment, compared to WT mice. (A and C) Quantification of CD11b-positive cells per
�m2 in the SN and striatum of WT and IGF-1R+/− mice after NaCl or MPTP treatment. ***P < 0.001 (n = 5 for WT/NaCl and WT/MPTP; n = 3 for +/−/NaCl
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nd +/−/MPTP). Representative CD11b immunoreactivity is shown in the S
he SN and the striatum of WT and IGF-1R+/− mice. MPTP treatment incre

ice in the striatum. Low magnification microphotographs: scale bar = 200

nd Sawada, 2005) that participates in the cascade
f events leading to neuronal degeneration. Moreover,
GF-1 is commonly assimilated to an anti-inflammatory
ytokine, downregulating neuro-inflammatory processes.
onsequently, considering the partial loss of IGF-1 func-

ionality in heterozygous IGF-1R knockout mice, the latter
ight be more sensitive to neuro-inflammation than con-

rol mice, eventually leading to increased neuronal death.
herefore, microglial activation, the main marker of neuro-

nflammation, was assessed before and after MPTP treatment
n IGF-1R+/− and control mice. IGF-1R+/− mice displayed
significant 92% increase in microglial cell number in both
N pars compacta and reticulata (two-way ANOVA followed
y post hoc Fisher’s PLSD test; P < 0.01) compared to NaCl-
reated IGF-1R+/− (Fig. 3A). Neuro-inflammatory processes

lso develop in the striatum, where dopaminergic terminals
re degenerating. We therefore quantified CD11b-positive
ells in that structure as well. The number of microglial cells
as significantly higher after MPTP treatment both in WT

p
e
w
p

nd the striatum (D). Under control conditions, little staining is observed in
11b staining in IGF-1R+/− mice in the SN and in both WT and IGF-1R+/−

nd IGF-1R+/− mice (two-way ANOVA followed by post
oc Fisher’s PLSD test; P < 0.01). However, even though
ncreasing, the number of microglial cells was not statis-
ically different after MPTP treatment in IGF-1R+/− mice
ompared to WT (Fig. 3C). Fig. 3B and D represents char-
cteristic micrographs of CD11b staining in the SN (3B) and
he striatum (3D) across all experimental conditions.

.5. Genes associated with oxidative stress and
nti-inflammatory action are downregulated in
GF-1R+/− mice

To compare above findings with a comprehensive display
f gene expression we performed microarray analysis on IGF-
R+/− and WT mice. As MPTP toxicity involves a die back

henomenon starting in the striatum, we investigated the gene
xpression in the striatum. In this brain region, 128 genes
ere found to be significantly regulated in IGF-1R+/− com-
ared to WT mice: inactivation of one IGF-1R allele resulted
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Fig. 4. Synthetic representation of gene expression changes in the striatum
of IGF-1R+/− mice compared to WT. Relative clustering of significantly
regulated genes into well-characterized signalling and metabolic pathways
was determined by submitting the microarray dataset an ingenuity® path-
way analysis. The relative number of regulated genes in each pathway (Bar
graph/right Y axis) and the degrees of statistical significance for the involve-
ment of each pathway (orange squares/left Y axis) are plotted. On the figure
were conserved only canonical pathways with a P-value above the cut-off
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n a global pattern of gene downregulation (97 genes) in
he striatum, while 31 genes showed significantly increased
xpression (supplementary figure). Remarkably, microarray
nalysis revealed that a major portion of regulated genes
as been previously linked to cell death (Fig. 4). A number
f downregulated genes are members of p53 and oxidative
tress pathways, and several are functioning downstream of
GF-1R (Fig. 4). In particular, we observed a noticeable
ownregulation of the Akt and MAPkinase pathway, but not
f the PI3K pathway (see supplementary data for details).
ignificantly, several gene families implicated in interleukin
ignalling were downregulated, such as IL-10 pathway that
s capable of exerting anti-inflammatory action in a neuronal
ontext. We hypothesize that this pattern of gene expression
onditions the response of IGF-1R+/− mice to neurotoxins,
n particular the overshooting inflammatory reaction that in
urn may explain the increased damage in the brains of mutant
ndividuals.

Interestingly, one of the genes found to be upregulated
n IGF-1R+/− mice was the IGF-1R gene itself. While stan-
ard microarray analysis cannot distinguish between WT and
gf1r-null transcripts, previous studies revealed that in IGF-
R+/− mice both transcripts are present with similar relative
bundance, indicating that the IGF-1R null-transcript is not
estabilized, despite the disruption of receptor protein trans-
ation (Holzenberger et al., 2003). Given that IGF-1R+/− mice
nvariably display constitutive 50% decrease in IGF-1R pro-

ein level (Holzenberger et al., 2001), this suggests that both
lleles upregulate Igf1r gene transcription in the brain, prob-
bly in an attempt to compensate for the loss-of-function
utation.
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. Discussion

Our main objective is to comprehend and further dis-
ect the cellular mechanism behind the dual and antagonistic
ro-oxidant and anti-inflammatory roles of IGF-1. Most
nflammatory molecules, such as cytokines for instance,
re double-edged molecules, either neuroprotective or
eurotoxic, depending on the pathophysiological context.
owever, IGF-1 seems even more particular in the sense that

ts duality is expressed simultaneously in the same structure.
hile previous studies using cultured neurons suggested a

europrotective action of IGF-1 in vitro, compatible with
he here reported findings (Zhang et al., 1993; Offen et al.,
001), we here identified experimental conditions that high-
ight the duality of this growth factor and that might represent
model particularly useful for dissecting molecular events

riggered by IGF-1. We used heterozygous IGF-1R+/− mice
nd submitted them to acute MPTP administration. Interest-
ngly, MPTP induced more severe lesions in IGF-1R+/− mice
han in wild-type control animals. We showed that both NO
nd ROS were decreased in IGF-1R+/− mice in compari-
on with controls, both before and after MPTP treatment.
his was accompanied by a downregulation of oxidative
tress-associated genes in the heterozygous knockout com-
ared to WT mice. Furthermore, we found that IGF-1R+/−
ice develop a dramatically increased neuro-inflammatory

esponse in the substantia nigra, possibly related to inter-
eukin signalling, that could well explain the increase in
euronal death. Interleukin gene expression pattern sup-
orted this interpretation. Unfortunately, we did not succeed
n directly measuring interleukin levels in the different exper-
mental conditions, probably due to the fact that we analyzed
nly 6 h posterior to the lesion (data not shown).

.1. Neuro-inflammation induced by MPTP depends on
GF signalling

Neuro-inflammatory processes may participate in the cas-
ade of events leading to neuronal degeneration induced by
PTP (Hirsch et al., 2005). Inhibition of these processes

n MPTP-treated animals prevents neuronal degeneration.
ven though still controversial, minocycline, an approved

etracycline derivative that inhibits microglial activation inde-
endently of its antimicrobial properties, has been shown to
itigate the demise of nigrostriatal dopaminergic neurons

rovoked by MPTP (Wu et al., 2002). Moreover, enhanced
xpression of TNF-� was associated with the earliest stages
f damage in the MPTP model of dopaminergic neurotoxic-
ty (Sriram et al., 2002; Pattarini et al., 2007). Accordingly,

ice lacking receptors for TNF showed complete protection
gainst MPTP-induced neurotoxicity (Sriram et al., 2002).
lthough those results are still debated, one cannot rule out

possible involvement of TNF-� in the mechanisms of cell
eath induced by MPTP intoxication (Rousselet et al., 2002).
his is even more relevant here since IGF-1 is a potent

nhibitor of TNF-� effects (Venters et al., 2000; Bluthe et
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l., 2006; Palin et al., 2007; Ye et al., 2007). Thus TNF-�
unctionality is likely to be enhanced in IGF-1R+/− mice,
hich might lead to the increased neuronal death observed

n our study.

.2. IGF signalling has anti-inflammatory and
ro-oxidative action in the brain

The classical view of microglial activity-induced neuronal
eath is that when overactivated, microglia can induce signif-
cant and highly detrimental neurotoxic effects by the excess
roduction of a large array of cytotoxic factors such as super-
xides (Colton and Gilbert, 1987), NO (Moss and Bates,
001; Liu et al., 2002) and pro-inflammatory cytokines like
NF-� (Sawada et al., 1989; Lee et al., 1993). This was con-
rmed in the specific context of the SNc in which in vitro
tudies performed on neuron/glia mixed cultures showed that
euromelanin, a complex molecule that is released by dying
opaminergic neurons, was able to activate microglia (Zecca
t al., 2003). In return, microglia phagocytosed and degraded
euromelanin together with the release of inflammatory fac-
ors (prostaglandins, cytokines) and ROS, which leads to
euronal death (Wilms et al., 2003). Remarkably, we found
hat both NO and ROS were decreased to the levels of the
ontrol (WT/NaCl) group in IGF-1R+/− mice, both before
nd after MPTP exposure, in substantia nigra, hippocampus
nd striatum. Thus, a conspicuous decrease of free radical
roduction was unable to compensate for the loss of anti-
nflammatory action accompanying the reduction of IGF-1
unctionality. This means that even though NO/ROS pro-
uction is likely to be the main feature by which microglia
nduces neuronal death, especially in the context of dopamin-
rgic neurons (Block et al., 2007), in our context of partial
GF-1R inactivation, dopaminergic loss was independent of
xidative stress. Conversely, pro-inflammatory cascades have
greater impact on neurodegeneration, and IGF-1 is likely

o be an important anti-inflammatory protagonist limiting
euronal death in MPTP-treated wild-type mice.

One possible explanation for such duality in IGF-1 func-
ion is a divergence in activation of intracellular signaling
athways. Binding of IGF-1 to its receptor promotes intrinsic
yrosine kinase activity that phosphorylates insulin receptor
ubstrates (IRS-1 to -4) or Shc signal transduction molecules,
hich then leads to the activation of two main downstream

ignaling cascades, the MAPK and the phosphatidylinositol
-kinase (PI3K) cascades (Guan, 1994; van der Geer et al.,
994; Melmed et al., 1996; Prisco et al., 1999). It is a widely
eld conception that clear separation of these two pathways
s not possible, and that they are supposed to interact and, to a
ertain extent, replace each other (Burtscher and Christofori,
999). However, our results show a clear dichotomy in IGF-1
ction that would require a clear-cut functional compart-

entalization of signaling pathways. Thus, either IGF-1,

s an anti-inflammatory molecule, activates still unidenti-
ed signaling pathways, or the two known cascades are not
ross-talking in the CNS. This latter possibility is supported

B

ging 30 (2009) 2021–2030

y our microarray analysis, showing a downregulation of
ene expression in Akt and MAPkinase pathways, but not in
he PI3Kinase gene family. Clearly, these issues need more
etailed exploration, particularly on the level of protein acti-
ation of the involved signalling cascades. Further studies
re required to dissect the molecular events that open the
ay for oxidative and anti-inflammatory responses to IGF-1.
his is even more important as it could lead to therapeutic
trategies specifically targeting the pro-oxidant and not the
nti-inflammatory intracellular signaling pathway.
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