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Abstract—Animal experimentation in the Parkinson’s dis-
ease (PD) field is a classic example of how the use of animal
models to study diseases can have a significant impact on
human health. Among the different neurotoxin-based animal
models of PD that are presently available, the 6-hydroxydo-
pamine (6-OHDA) and the 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine (MPTP) models have been established and vali-
dated as useful models for the development of therapeutic
strategies aimed to treat motor symptoms and to study alter-
ations of the basal ganglia that occur in this disease. The
6-OHDA rat model and the MPTP primate model have contrib-
uted enormously to translate animal experimentation into
clinical practice, including pharmacological treatments and
deep brain stimulation of the subthalamic nucleus. These
models, along with the MPTP mouse model, are helping to
elucidate the pathogenic mechanism of neurodegeneration in
PD. The roles of oxidative stress, apoptosis, mitochondrial
dysfunction, inflammation, and impairment of the protein
degradation pathways have also come under careful consid-
eration thanks to these models. The more recently developed
paraquat and rotenone rodent models are also contributing
to our understanding of neuronal cell death. However, none
of the neuroprotective strategies that have worked in the
pre-clinical stage have thus far been successfully translated
to a clinical setting to treat PD patients. At the same time, the
lack of any effective neuroprotective strategy for PD is pre-
venting the validation of any one particular model as a
screening tool for such neuroprotective strategies. There-
fore, it seems that we are trapped in a vicious circle that casts
doubt on the suitability of the neurotoxin-based models for
this purpose. Here, we discuss how epidemiological data
may help to validate a specific model with data linking a lower
risk of developing PD with nutritional/consumption habits or
with a specific chronic drug therapy.
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The use of toxin-induced animal models has been crucial
to elucidation of the pathophysiology underlying Parkin-
son’s disease (PD) and to the development of therapeutic
strategies aimed to treat its motor symptoms. Moreover,
these models are being employed to shed light on the
pathogenic mechanisms involved in PD-associated neuro-
nal cell death with the ultimate objective that neuropro-
tectants can be developed to halt the progression of the
disease. PD is a chronic, progressive neurodegenerative
movement disorder that affects more than six million peo-
ple worldwide (www.epda.eu.com). The average age at
onset is 60, with age being an irrefutable risk factor for this
idiopathic disease (de Rijk et al., 1997). Historical refer-
ences to PD-like motor symptoms can be found throughout
the ages, from 12th century B.C. Egyptian papyrus to the
notebooks of the renaissance genius Leonardo da Vinci.
However, it was not until James Parkinson published “An
Essay on The Shaking Palsy” in 1987 and Jean-Martin
Charcot added more symptoms to the former’s original
description, that PD gained recognition as a distinctive
clinical entity. In this regard, PD is characterized by resting
tremor, slowness of voluntary movements, rigidity, and
postural instability. Importantly, these symptoms can be
accompanied by non-motor symptoms that were initially

eclipsed by the obvious movement impairment. Some of

http://www.epda.eu.com
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these non-motor symptoms occur early in PD and may
even precede the diagnosis that is based on motor signs
(Tolosa et al., 2009). These non-motor symptoms include
neuropsychiatric and sleep disorders, olfactory deficits,
constipation, and male erectile dysfunction among others
(Chaudhuri et al., 2006).

The anatomical substrate of PD remained unknown
until 1919, when Konstantin Tretiakoff (Tretiakoff, 1919)
presented his thesis linking for the first time the loss of
neuromelanin-containing neurons of the substantia nigra
pars compacta (SNpc) with PD. Nevertheless, the under-
lying pathophysiology of the condition was only revealed
several decades later thanks to animal experimentation
with drug-induced PD models. Arvid Carlsson and collab-
orators laid the foundation for the use of L-dopa as a PD
treatment through their discovery that dopamine was a
neurotransmitter involved in movement control (Carlsson
et al., 1958). They demonstrated that a reserpine-induced
akinetic state was reversed by the administration of the
dopamine precursor L-dopa (Carlsson et al., 1957) and
subsequently, Ehringer and Hornykiewicz (Ehringer and
Hornykiewicz, 1960) demonstrated that PD patients exhibit
a deficit in striatal dopamine that can be attributed to the
loss of neurons in the SNpc. Later on, George Cotzias
started treating PD patients with L-dopa, which to this day
emains the gold standard treatment (Cotzias et al., 1968).
ndeed, most of the PD motor symptoms can be explained
y the impairment of the nigrostriatal pathway, although
istological abnormalities are also found in many other
opaminergic and non-dopaminergic neurons, which may
xplain the sum total symptomatology of the disease. For

nstance, there is a dramatic loss of noradrenergic neurons
n the locus coeruleus that accompanies the loss of the
opaminergic neurons in the SNpc. Both neuronal cell
opulations contain the pigment neuromelanin and both
an develop intraneuronal eosinophilic inclusions called
ewy bodies, which are the histological hallmark of PD,
lso present in other neuronal populations (Fahn, 2003).

Following a classical categorization strategy, animal
odels can be grouped into “fidelity models” and “discrim-

nation models” (Russell and Burch, 1959). On the one
and, a fidelity model reproduces the maximum number of
haracteristics of the original, whereas on the other a
iscrimination model reproduces only one particular char-
cteristic of the original. One might think that a high fidelity
odel is always superior to a discrimination model; how-
ver, the latter can help by teasing out the irrelevant fac-
ors from the important. Regarding PD modeling, the case
f the reserpine model is quite instructive. This toxin works
y inhibiting vesicular monoamine transporter 2 (VMAT2),

eading to a reversible depletion of monoamines. This
odel mimics the akinetic symptomatology of PD without
eing associated with nigral dopaminergic cell degenera-
ion. However, the model made it possible to demonstrate
hat dopamine was involved in movement and thereby for

L-dopa to be developed. As such, a PD model can be
seful without having to recapitulate all the characteristics

f the disease.
One of the characteristics of PD that all the toxin-
nduced animal models mimic is the neurodegeneration of
he dopaminergic neurons of the SNpc. Each model none-
heless has its own particularities depending upon the
pecies involved and the toxin used. In other words, do-
aminergic cell death is the cornerstone of these animal
odels but the mechanism of action and the behavioral

mpairments induced differ among them. PD can be mod-
led at the histological, molecular, and behavioral levels. If
he aim of the research is to study the consequences of
opaminergic cell death and to test dopaminomimetics or
ther strategies to treat the symptoms, the mechanism of
ction of the neurotoxin is irrelevant. However, this is not
he case if the aim is to study the pathways involved in
euronal cell death and to develop neuroprotective strat-
gies. For both circumstances, validation of the animal
odel used is based on the possibility to translate the

esults obtained with the model into a clinical application to
reat PD patients. Regarding the first case, these models
ade it possible for L-dopa and other drugs targeting the

symptoms to be developed, for the physiology of basal
ganglia to be more clearly understood, and consequently
for subthalamic deep brain stimulation to be developed as
a treatment option. In the second case, the models helped
to shed light on some aspects of the PD pathogenesis
puzzle such as, for example, the roles of oxidative stress,
apoptosis, mitochondrial dysfunction, inflammation, im-
pairment of the protein and organelle degradation path-
ways, and �-synuclein accumulation among others.

The mammalian models of PD produced by 6-hydroxy-
dopamine (6-OHDA) and 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP) administration are the best charac-
terized and most widely used. Over the last decade, two
new neurotoxin-based models, the rotenone and the para-
quat rodent models, have emerged and evolved to reach
the status of “model,” though not without controversy. The
amount of data generated with the 6-OHDA and the MPTP
models is much greater than that obtained with the newer
models, and as such our approach to review them will be
different. With the 6-OHDA and the MPTP models, we will
discuss in more detail some practical and conceptual is-
sues within the different sections of this paper, whereas for
the rotenone and paraquat models, we will summarize
their evolution and the latest data generated. All the data
discussed will be related to in vivo results unless otherwise
specified. Moreover, data generated with non-mammal an-
imals has been intentionally excluded. With the exception
of MPTP, which is used to model PD both in monkeys and
mice, the other models discussed are with respect to ro-
dent models.

THE 6-OHDA RODENT MODEL: BEYOND
TURNING BEHAVIOR

6-OHDA is the neurotoxin par excellence to model PD in
rats and is also being increasingly used with genetically
modified mice. When administered systemically, 6-OHDA
destroys sympathetic neuron nerve terminals in the periph-

eral nervous system (Porter et al., 1963). Indeed, it exhibits
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high affinity for the catecholamine transporters due to its
chemical similarity with the cathecolamines (Fig. 1) and is
thus able to damage the cathecolaminergic neurons (Lu-
thman et al., 1989). However, since 6-OHDA only spar-
ingly crosses the blood–brain barrier, it has to be injected
directly into the brain to trigger neuronal cell death in the
CNS, as demonstrated by Ungerstedt more than 40 years
ago (Ungerstedt, 1968). Solutions containing 6-OHDA
should be protected from light and must contain ascorbic
acid to avoid oxidation of the 6-OHDA because this com-
pound is known to be particularly labile. In addition,
6-OHDA is often used in conjunction with a selective nor-
adrenaline reuptake inhibitor such as desipramine to spare
the noradrenergic neurons from damage and to selectively
kill dopaminergic neurons.

Stereotaxic administration: the medial forebrain
bundle (MFB) and striatal models

Even though 6-OHDA can induce a bilateral lesion when
injected into both hemispheres or into the ventricles, the
most popular protocol involves a unilateral lesion. Depend-
ing upon the site of injection and the dose employed,
different profiles of cell death can be elicited. If the com-
pound is injected into the SNpc or the MFB, the dopami-
nergic neurons begin to degenerate within 24 h and exhibit
a non-apoptotic morphology (Faull and Laverty, 1969;
eon et al., 1995). However, if injected into the striatum,
-OHDA produces a protracted retrograde degeneration
hat can take 1–3 weeks to complete (Przedborski et al.,
995; Sauer and Oertel, 1994), and the neurons exhibit a

heterogeneous morphology, including an apoptotic-like
morphology (Marti et al., 1997, 2002). Based on these
differences, it is more accurate to talk about at least two
6-OHDA differentiated models: the MFB model and the
striatal model. In the MFB model, the maximum reduction
of striatal dopamine levels is reached within 3–4 days after
the lesion (Faull and Laverty, 1969), and in the majority of
studies, the residual dopamine content is less than 20% of
control. After an injection of 6-OHDA into the MFB, a
complete loss of dopamine content is achieved in the
striatum within 3 weeks. The number of dopaminergic
neurons in the SNpc decreases gradually, with a near-
complete lesion (�90%) obtained only after about 5
weeks, indicating that neurodegeneration is still ongoing
when total dopamine denervation of the striatum is stable
(Sarre et al., 2004).

In the striatal model, a single injection of 6-OHDA
produces a dose-dependent decrease in striatal dopamine

Fig. 1. Comparison of the chemical structures of 6-hydroxydopamine
(6-OHDA) and dopamine.
levels and in the number of dopaminergic neurons in the a
SNpc, accompanied by a significant long-lasting atrophy of
the remaining dopaminergic neurons (Lee et al., 1996).
This dose-dependent effect enables the dose to be tuned
to generate a partial lesion that resembles the initial stages
of PD when about 50% of the neurons are still intact
(Fearnley and Lees, 1991). Moreover, rats can receive
from one to four injections into the striatum, with a subse-
quent attainment of dopaminergic cell loss ranging from
30% to 75% (Kirik et al., 1998).

Mortality in the MFB and the striatal models (i.e. involv-
ing unilateral lesion) is almost non-existent compared with
the bilateral model where a higher proportion of animals
die as a result of aphagia, adipsia, and seizures (Unger-
stedt, 1971a; Bourn et al., 1972).

Mechanism of action and pathways of neuronal
death

There is consensus that the deleterious effect of 6-OHDA
is due to the oxidative stress triggered by the production of
reactive oxygen species (ROS) after entering the neuron
via the dopamine transporter (Cohen, 1984; Soto-Otero et
al., 2000) (Fig. 5). It seems that auto-oxidation may ac-
count for ROS generation, since under physiological con-
ditions 6-OHDA is subjected to a rapid non-enzymatic
auto-oxidation (Heikkila and Cohen, 1972; Seitz et al.,
2000; Soto-Otero et al., 2000) that generates toxic species
such as quinones, hydrogen peroxide, superoxide radi-
cals, and hydroxyl radicals (Fig. 5) (Saner and Thoenen,
1971; Cohen and Heikkila, 1974). However, it has also
been suggested that iron via the Fenton reaction may
contribute to this process as iron chelators prevent the
deleterious effect of 6-OHDA (Ben-Shachar et al., 1991;
Borisenko et al., 2000). Supporting the relevance of oxi-
dative stress in this model, it has been shown that mice
overexpressing superoxide dismutase and glutathione per-
oxidase are protected against 6-OHDA toxicity (Asanuma
et al., 1998; Bensadoun et al., 1998), as are rats treated
with the antioxidant vitamin E (Cadet et al., 1989).

In postmortem human PD brains, dopaminergic neu-
rons display characteristic markers of different types of
programmed apoptotic and non-apoptotic cell death
(Perier et al., in press). The molecular pathways involved
in 6-OHDA-induced cell death have been studied mainly in
cell cultures and to a lesser extent in vivo. Even though it
is believed that dopaminergic neurons die by necrosis after
MFB injection of 6-OHDA, much less is known about the
mechanism of progressive dopaminergic neuronal death
induced by the striatal injection of 6-OHDA. Apoptotic pro-
files have been observed in vivo in the SNpc of adult rats
nd mice after a striatal lesion (Cutillas et al., 1999; Marti
t al., 2002; Oiwa et al., 2003; Mladenović et al., 2004;
ies et al., 2008) based on morphological assessment and
UNEL labeling, but it is still a matter of debate if caspase
ctivation is involved in the programmed cell death that
ccurs in the striatal model. The fact that the general
aspase inhibitor Z-VAD-FMK has been reported to be
europrotective (Cutillas et al., 1999) and that two studies
ound caspase-3 activation in adult (Hanrott et al., 2008)

nd juvenile (Jeon et al., 1999) rats, contrasts with three
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studies on adult rats or mice that reported no caspase
activation in the striatal model (Crocker et al., 2001b; Ebert
et al., 2008; Ries et al., 2008). Regardless of this contro-
versy, the c-jun N-terminal kinase (JNK) pathway has been
shown to be involved in dopaminergic cell death in both the
MFB and the striatal models, since pharmacological inhi-
bition of JNK in rats (Crocker et al., 2011) or homozygous
jnk2/3 double null mutations in mice (Ries et al., 2008)
entails neuroprotection. In addition, it has been demon-
strated that the downstream molecule c-jun activated by
JNK mediates dopaminergic cell death since expression of
a dominant negative form of c-jun inhibits its phosphoryla-
tion and neuron death in the SNpc (Crocker et al., 2001a).
More recently, it has been demonstrated that apoptosis
signal-regulating kinase 1 (ASK1) activates the JNK/c-jun
pathway in 6-OHDA-induced cell death (Hu et al., 2011).
ASK1 can be activated in response to a variety of stressors
that include ROS and can be inhibited by the antioxidant
enzyme peroxiredoxin 2, which is increased in PD brains.
Indeed, overexpression of peroxiredoxin 2 preserves both
neuron cell bodies and their axon projections (Hu et al.,
2011), although the molecular pathways involved in axon
and cell body degeneration may be different (Cheng et al.,
2011).

Microglial activation contributes to degeneration of do-
paminergic neurons, which is in contrast to the beneficial
effects of astroglial activation (Saura et al., 2003). In this
regard, exogenous administration of fractalkine (CX3CL1),
a neuron-derived suppressor of microglial activation, pro-
tects dopaminergic neurons against 6-OHDA-induced tox-
icity (Pabon et al., 2011). Interestingly, it has been dem-
onstrated that microglial activation in the SNpc precedes
the actual cell loss both in the striatal (Cicchetti et al., 2002;
Depino et al., 2003) and the MFB models (Marinova-Mu-
tafchieva et al., 2009) and may also account for the de-
layed phase of neurodegeneration (Harms et al., 2011).

Following the demonstration that mutations or triplica-
ions in the �-synuclein gene induce familial Parkinsonism,
he role of �-synuclein in the pathogenesis of PD has been
xtensively explored. For instance, it has been demon-
trated that �-synuclein knockout mice are protected in the
-OHDA striatal model (Alvarez-Fischer et al., 2008b) as
as shown several years earlier with the MPTP mouse
odel (Dauer et al., 2002). Indeed, the 6-OHDA model
ften follows behind the MPTP model in terms of the study
f molecular pathways involved in neurodegeneration.

ehavioral alterations in the 6-OHDA model

he 6-OHDA model is well-recognized by the characteris-
ic rotational or circling behavior of affected rodents in
esponse to the administration of dopaminomimetics. This
otational behavior is related to the degree of the nigrostri-
tal lesion (Ungerstedt and Arbuthnott, 1970; Hefti et al.,
980; Przedborski et al., 1995), although this is not an
ccurate indicator of the dopaminergic cell loss (Kirik et al.,
998). Several compensatory mechanisms, such as the

ncrease of dopamine D2 postsynaptic receptor density for
xample (Ungerstedt, 1971b), are activated in response to

he lesion to compensate for the decrease of dopamine.
his dopamine hypersensitivity on the lesioned side im-
lies an imbalance between the two striata and an asym-
etrical response to systemically administered dopami-
ergic drugs. When dopaminergic agonists such as apo-
orphine or L-dopa are administered, the animal exhibits a

ontralateral rotation (away from the lesion), but with drugs
hat stimulate the release of dopamine, such as amphet-
mines, the rodent turns in the direction of the lesion. This

s due to the fact that the non-lesioned side is able to
elease more dopamine than the lesioned side. The rota-
ional behavior can be quantified with automatic rotomot-
rs and has been used to test the antiparkinsonian effects
f new drugs (Ghosh et al., 2010), to asses the efficacy of
ransplantation and gene therapies (Kirik et al., 2002;
jorklund et al., 2002), and to establish a model of L-dopa
otor fluctuations after chronic treatment (Papa et al.,
994; Bové et al., 2002). The amount of time that a rat
ngages in rotational behavior is significantly reduced after
3-week chronic and intermittent treatment with L-dopa, a
henomenon that has been linked to the wearing-off that
D patients experience after the initial period of high ther-
peutic success. Moreover, some doses of L-dopa fail to
ave any effect on rotational behavior, thus resembling the
n–off fluctuations that some patients experience after
ears of treatment with L-dopa. The increase in the num-
er of rotations that is seen over time with this model has
een linked to L-dopa-induced dyskinesia; however, a

more accurate abnormal involuntary movements rating
scale has been developed to assess dyskinetic-like fea-
tures (Cenci et al., 1998). As in the case of the motor
fluctuations, the abnormal involuntary movements are
clearly evident in the MFB model but not in the striatal
model (Winkler et al., 2002; Cenci and Ohlin, 2009).

The fact that rotational behavior is the fingerprint of the
6-OHDA model should not undermine the use of other
behavioral tests, which in some cases are more versatile
than this one (Deumens et al., 2002). These tests might
not only have a better correlation with the degree of cell
loss, but they are also useful for evaluating the long-lasting
effect of dopaminomimetics. The stepping test (Olsson et
al., 1995), the paw reaching test (Montoya et al., 1990,
1991), and the cylinder test (Vandeputte et al., 2010) are
three techniques that have been used to correlate behav-
ioral impairments with 6-OHDA-induced lesions. The step-
ping test evaluates the slowness of movement of the limbs,
whereas the paw reaching test evaluates skilled use of the
paw. The threshold of lesion needed to detect alterations is
lower with the stepping test than with the paw reaching test
(Kirik et al., 1998). Alterations in the paw reaching test are
patent with the MFB model and with four injections in the
striatum, but not with fewer injections in the striatum as is
the case for the stepping test. The stepping test makes
evident a limb bradykinesia that is relieved with dopami-
nomimetics and which resembles the slowness of move-
ment seen in PD patients. In this test the rat is held by the
limbs that are not being monitored, and the animal is
moved along a 90 cm table surface over 5 s; the free limb
being allowed to touch the table surface. The number of

adjusting steps done with the paws controlled by the dam-
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aged hemisphere is clearly reduced, with the most striking
effect seen with the MFB model (Chang et al., 1999; Kirik
et al., 1998). The cylinder test, also called the limb use
asymmetry test, reveals the defective use of the contralat-
eral forelimb according to the preference of the animal to
use its non-lesioned paw to contact the wall while rearing.
The number of contacts that an animal makes using the
impaired forelimb when placed in a glass cylinder of diam-
eter 20 cm and height 30 cm is expressed as a percentage
of total forelimb contacts (Vandeputte et al., 2010).

The behavioral impairments exhibited by 6-OHDA-le-
sioned mice have their own particularities and have been
characterized by several groups. With the MFB model, the
amphetamine-induced rotation test and the rotarod test
have been reported to be most sensitive and reliable for
detecting tyrosine hydroxylase-immunoreactive cell loss in
the substantia nigra (Iancu et al., 2005). In addition, Gre-
alish and collaborators (Grealish et al., 2010) established
the corridor task as a useful behavioral test to predict the
severity of the lesion obtained with intranigral 6-OHDA
injections. The corridor task was first developed for rats
(Dowd et al., 2005) and is based on the fact that rodents
with unilateral nigrostriatal damage fail to orient to tactile,
visual, or olfactory stimuli presented on the contralateral
side of the body, neglecting food placed on that side. The
corridor test has been adapted for mice, with a long narrow
plastic corridor (60 cm long, 4 cm wide, and 15 cm high)
used that has 10 pairs of adjacent pots containing four to
five sugar pellets that are placed at 5-cm intervals along
the length of the corridor. The number of ipsilateral and
contralateral retrievals made by each mouse is counted
until the mouse makes a total of 20 retrievals, or a maxi-
mum time of 5 min has elapsed.

Usefulness of the 6-OHDA model

The MFB model and the striatal model have different ap-
plications. The MFB model is more suitable for studying
the consequences of dopaminergic neuronal death and to
test therapeutic strategies to treat motor symptoms. On the
other hand, the striatal model may be more relevant to
elucidate the mechanisms of cell death involved in PD. The
MFB 6-OHDA model has been used for pre-clinical testing
of new symptomatic therapies including strategies to pre-
vent L-dopa-induced motor fluctuations and dyskinesias
(Ghosh et al., 2010; Bové et al., 2002, 2006a; Rylander et
al., 2010) and transplantation approaches to replace do-
pamine levels (Jungnickel et al., 2011; Roy et al., 2006).
Moreover, the MFB model has contributed enormously to
our understanding of the basal ganglia circuitry (Gerfen et
al., 1985, 1987a,b, 1990; Blandini et al., 2008) and to
describe the consequences of the dopaminergic denerva-
tion in the striatum that occurs in PD and leads to hyper-
activity of the subthalamic nucleus (Hassani et al., 1996). It
has also been used to demonstrate the importance of
dopamine stimulation for the proliferation of precursor cells
in both the subependymal and subgranular zones in the
adult rat brain (Hoglinger et al., 2004). The MFB model
also has been used to test neuroprotective strategies tar-

geting neuroinflammation (Broom et al., 2011).
The striatal model is mainly being used to unmask the
pathogenesis of PD and to test neuroprotective strategies
(Hu et al., 2010, 2011). For instance, it has been demon-
strated that intrastriatal transplantation of undifferentiated
human mesenchymal stem cells protects against 6-OHDA
(Blandini et al., 2010), that activated AKT/protein kinase B
has a neurotrophic and anti-apoptotic profile (Ries et al.,
2006), and that deep brain stimulation of the subthalamic
nucleus may have a neuroprotective effect (Spieles-Enge-
mann et al., 2010).

It is worth emphasizing that 6-OHDA has been found in
the human caudate nucleus (Curtius et al., 1974) and in
the urine of L-dopa-treated PD patients (Andrew et al.,
1993). Therefore, we can speculate that 6-OHDA may play
a role in the pathogenesis of PD as an endogenous hy-
droxylated metabolite of dopamine. Moreover, several in-
direct pieces of evidence demonstrate that the dopaminer-
gic neurons of PD patients are exposed to heightened
oxidative stress. Diminished glutathione peroxidase (Kish
et al., 1985) and catalase (Ambani et al., 1975) activity
have been reported, along with lower concentrations of
reduced glutathione (Sofic et al., 1992) in the SNpc of PD
brains, as well as lipid peroxidation (Dexter et al., 1989)
and DNA oxidative damage (Sanchez-Ramos et al., 1994)
in the dopaminergic system of PD patients. As an inducer
of oxidative stress, 6-OHDA may recapitulate some of the
features observed during the course of the disease.

MPTP: MODELING COMPLEX I INHIBITION

In the last quarter of the 20th century an analogue of the
synthetic opioid meperidine with the chemical name
1-methyl-4-phenyl-4-propionpiperidine (MPPP) and with
an effect comparable to that induced by heroin was intro-
duced as a recreational drug in the United States. A 23-
year-old graduate student set up a home laboratory to
synthesize MPPP and after one injection of a new batch of
MPPP, he experienced severe bradykinesia that only im-
proved with L-dopa (Fahn, 1996). Investigations were held
to clarify what was the etiology of his condition; along with
MPPP they found in the glassware that was used to pre-
pare the drug the compound 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) (Fig. 2) as a byproduct of the
reaction. MPTP was injected into rats but only transient
Parkinsonian-like symptoms were induced since rats are
exceptionally resistant to MPTP as was later learned
(Boyce et al., 1984; Chiueh et al., 1984). This would have
been the end of MPTP as a neurotoxin to model PD if it had
not been injected into monkeys several years later in a new
investigation carried out to understand what happened to
several drug users with the same parkinsonian symptoms
after the i.v. injection of MPPP (Langston et al., 1983).
Indeed, this batch of MPPP was also contaminated with
Fig. 2. Chemical structures of MPTP and MPP�.
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MPTP. MPTP not only induced a permanent parkinsonian
syndrome in the monkeys but also neurodegeneration of
the dopaminergic neurons of the ventral midbrain. It is now
well established that MPTP produces an irreversible and
severe parkinsonian syndrome in humans, characterized
by all of the cardinal features of PD, including tremor,
rigidity, slowness, postural instability, and even freezing
(Langston and Irwin, 1986). However, the neurodegenera-
ive process in PD is thought to be progressive over a
ourse of years, whereas in the human intoxicated with
PTP, the most active phase of neurodegeneration takes
lace within a few days of the injection and is followed by
silent progression over several decades (Langston et al.,
999; Vingerhoets et al., 1994). MPTP has been used to
odel PD in a variety of species ranging from non-human
rimates to invertebrates such as worms (Kopin, 1987;
itamura et al., 1998), though the most used species are

he mouse and monkey. As reviewed elsewhere (Jackson-
ewis and Przedborski, 2007; Przedborski et al., 2001),
ery strict safety measures have to be taken when MPTP
xperiments are carried out.

he mouse MPTP model

he mouse MPTP model is the most commonly used
odel to elucidate the mechanisms of cell death involved

n PD. Rats have been generally excluded from the mod-
ling of PD with systemic MPTP administration since the
ose required to induce a dopaminergic degeneration
omparable with that induced in mice implies a high mor-
ality rate (Giovanni et al., 1994). However, stereotaxic
njection of the toxic metabolite MPP� has been used to
model PD in rats (Staal and Sonsalla, 2000). More recently
it has been demonstrated that intranasal administration of
MPTP triggers neurodegeneration in the SNpc as well as
motor impairments in rats (Prediger et al., 2006, 2009) and
mice (Rojo et al., 2006). This emerging model may open
the door to a new approach to model PD with MPTP in
rodents.

It is important to bear in mind that there are striking
variations in the sensitivity to MPTP among some strains of
mice (Smeyne et al., 2005; Muthane et al., 1994); the
election of the strain cannot therefore be done randomly.
Along with the strain there are several parameters such as
the gender, age, and body weight that influence the repro-
ducibility and sensitivity of the lesion in mice. Female mice
exhibit higher mortality rates than males, so when possible
it is better to exclude them from the experiment. Male mice
used should weigh at least 22 g and be at least 8 weeks of
age (Jackson-Lewis and Przedborski, 2007). Another im-
portant issue related to strain differences is the variation in
rates of mortality due to peripheral toxicity and hypother-
mia. It is thus advisable to perform preliminary injections to
test the regimen of intoxication with the particular mouse
strain that will be used.

Regimens of intoxication in the MPTP mouse model.
The magnitude of the lesion and the mode of cell death
induced by MPTP depend on the regimen of administration

(Przedborski and Vila, 2003). The most common routes of e
administration are the i.p. and the s.c. injection sites. At the
same dose, s.c. administration elicits a more severe lesion
of the dopaminergic system than i.p. administration due to
avoidance of the first hepatic pass (Chiba et al., 1988).
Along with the route of administration, the dose and the
time between injections are the parameters that will deter-
mine the degree of dopaminergic cell death. Even though
a lot of different regimens of intoxication can be found in
the literature, the best characterized regimens are the
widely referred as acute and sub-acute regimens. The
acute regimen was developed by Jackson-Lewis and Pr-
zedborski and involves a total of four injections at a dose of
20 mg/kg with 2 h intervals between injections (Jackson-
Lewis et al., 1995). This regimen leads to 90% striatal
dopamine depletion and about 70% loss of dopaminergic
neurons in the SNpc; these properties are stable within 7
days after the MPTP administration. With the acute model
the dopaminergic neurodegeneration occurs morphologi-
cally by a non-apoptotic type of cell death. This contrasts
with the sub-acute regimen established by Tatton and Kish
that yields a more progressive neurodegeneration with
apoptotic cell death (Tatton and Kish, 1997). The regimen
implies one i.p. injection of 30 mg/kg MPTP daily for five
consecutive days, and causes a 40–50% depletion of
striatal dopamine and a 30–40% cell loss (Perier et al.,
2007). The dopaminergic lesion stabilizes within 21 days
after MPTP administration. The fact that these regimens
are the most popular does not mean that they are superior
to others. Other regimens that try to more optimally mimic
the progressive nature of PD need to be considered (Bez-
ard et al., 1997), as well as those developed to study the
compensatory mechanisms elicited in response to sub-
toxic doses of MPTP (Aubin et al., 1998). Attempts have
been made to develop a more progressive model with a
continuous infusion of low doses of MPTP with the use of
osmotic pumps (Fornai et al., 2005). However, several
groups have not been able to reproduce these results
(Alvarez-Fischer et al., 2008a). Another strategy that has
been used to obtain a more chronic model is the co-
administration of MPTP and probenecid that reduces
MPTP metabolism and reduces urinary and neuronal
clearance (Petroske et al., 2001).

Mechanism of action and pathways of neuronal death.
MPTP is a protoxin with complex toxicokinetics that give
rise to the actual toxic metabolite 1-methyl-4-phenylpyri-
dinium (MPP�) (Heikkila et al., 1984) (Fig. 2). It is widely
accepted that MPP� impairs mitochondrial respiration by
nhibiting the multi-subunit enzyme complex I (NADH-
biquinone oxireductase) of the mitochondrial electron
hain (Fig. 5) (Nicklas et al., 1985). After systemic admin-

stration, MPTP crosses the blood–brain barrier in a matter
f seconds (Markey et al., 1984) due to its high lipophilicity
Riachi et al., 1989). Once in the brain, it is rapidly con-
erted into MPP� by a two-step process. First, MPTP

undergoes a two-electron oxidation catalyzed by mono-
amine oxidase B (MAO-B), producing the intermediate
1-methyl-4-phenyl-2,3-dihydropyridinium (MPDP�) (Chiba

t al., 1984) probably in the glial and serotoninergic cells.
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MPDP� is an unstable molecule that readily undergoes
spontaneous dismutation to MPP� and MPTP (Chiba et
al., 1985; Peterson et al., 1985). The MPP� is released
nto the extracellular space and enters the dopaminergic
eurons via the plasma membrane dopamine transporter
DAT) for which it has a high affinity (Bezard et al., 1999;
avitch et al., 1985). The fact that pharmacological inhibi-
ion of the dopamine transporter (Javitch et al., 1985) or its
enetic ablation (Bezard et al., 1999) completely prevents
PTP neurotoxicity demonstrates the importance of this

tep.
Once inside neurons, MPP� can be accumulated in

he synaptic vesicles (Liu et al., 1992) and by means of
assive transport it accumulates in the mitochondrial ma-
rix (Davey et al., 1992; Hoppel et al., 1987). Once in the
itochondria, MPP� inhibits complex I that triggers a tran-

ient reduction in midbrain ATP levels of about 20% in vivo
Chan et al., 1991), and an increase of ROS production
Rossetti et al., 1988; Hasegawa et al., 1990). ROS con-
ribution to MPTP-mediated cell death in vivo has been
emonstrated indirectly by the neuroprotection elicited by
he modulation of ROS scavengers like superoxide dismu-
ase (Andreassen et al., 2001; Klivenyi et al., 1998; Przed-
orski et al., 1992) and by the detection of an indirect
ydroxyl radical marker (Ferger et al., 2000). This ROS
roduction is triggered not only by complex I inhibition but
lso by the auto-oxidation of dopamine resulting from the
assive release of vesicular dopamine induced by MPP�

(Lotharius and O’Malley, 2000).
The data generated with the MPTP mouse model re-

lating to molecular mechanisms of cell death are much
more abundant than those generated with the 6-OHDA
model; these data have been extensively reviewed (Przed-
borski and Vila, 2001; Perier et al., in press). In addition,
some of the pathways described to be implicated in the
6-OHDA model, such as the ASK1/JNK/c-jun pathway
(Hunot et al., 2004; Karunakaran et al., 2007), were de-
scribed first with the MPTP model.

The time course of the deleterious events involved in
MPTP-induced cell death can differ among the different
regimens of intoxication. However, an overlap of many of
the molecular pathways implicated may occur for the dif-
ferent regimens. The acute and the sub-acute regimens
discussed previously have been used for two distinct pur-
poses. The acute regimen has been used mainly to study
the role of inflammation associated with neurodegenera-
tion, whereas the sub-acute regimen has been used pri-
marily to study the molecular pathways of cell death (Pr-
zedborski and Vila, 2001, 2003; Perier et al., in press).
Postmortem studies in three individuals who survived 3–16
years after exposure to MPTP (Langston et al., 1999) and
in six monkeys who survived 5–14 years after exposure to
MPTP (McGeer et al., 2003) showed activated microglia,
which is indicative of an ongoing degenerative process
with neuroinflammation. This finding suggests that a single
acute MPTP insult can set in motion a cascade of cellular
and molecular events with long-lasting deleterious effects.
In the acute mouse model, astrocytosis parallels dopamin-

ergic-cell death (Liberatore et al., 1999; Członkowska et
al., 1996; Kohutnicka et al., 1998), suggesting that astro-
cytic reaction is secondary to the neuronal death. In con-
trast, the activation of microglial cells (Członkowska et al.,
1996; Kohutnicka et al., 1998; Liberatore et al., 1999;
Dehmer et al., 2000) occurs much earlier than that of
astrocytes and reaches a maximum before the peak of
dopaminergic neurodegeneration, indicating that micro-
gliosis could be involved in neuronal death. Finally, cells
of the peripheral immune system are also likely to play a
part in neurodegeneration as the infiltration of CD8�

T-cytotoxic and CD4� T-helper lymphocytes into the
nigrostriatal system have been observed after MPTP
injection (Brochard et al., 2009; Kurkowska-Jastrzebska
et al., 1999).

As previously reviewed extensively by us (Perier et al.,
in press), dopaminergic neurodegeneration after sub-
acute MPTP intoxication occurs, at least in part, via the
activation of mitochondria-dependent apoptotic molecular
pathways (Perier et al., 2005, 2007; Vila et al., 2001; Vila
and Przedborski, 2003). A time-dependent and region-
specific mitochondrial release of cytochrome c occurs in
association with caspase-9 and caspase-3 activation
(Perier et al., 2005). All of these molecular alterations,
including SNpc dopaminergic cell death, are regulated by
the pro-apoptotic protein Bax, as they coincide with Bax
up-regulation and translocation to the mitochondria and
are prevented by genetic ablation of Bax (Perier et al.,
2005; Sriram et al., 2002). However, contrary to initial
views, the deleterious effects of programmed cell death
pathways in PD may not be limited to mitochondria-medi-
ated caspase-dependent apoptosis but may also involve
caspase-independent non-apoptotic cell death, including
programmed necrosis (for review, see Perier et al., in
press). We recently demonstrated that, along with the
permeabilization of the mitochondrial outer membrane, a
permeabilization of the lysosomal membrane takes place
that contributes to the neurodegenerative process (Vila et
al., 2011; Dehay et al., 2010). This contribution is two-fold;
on the one hand there is an ectopic release of lysosomal
proteases, whereas on the other there is an impairment of
autophagy.

Motor impairments in the mouse MPTP model. Three
important aspects have to be taken into account when
carrying out behavioral tests with MPTP-lesioned mice.
The first is that there are large behavioral differences
among various inbred strains, and often also among sub-
types of one particular strain (Wahlsten et al., 2003;
Krackow et al., 2010). For instance, based on our experi-
ence, tail climbing is clearly impaired in MPTP-lesioned
C57BL/6J mice, whereas naïve C57BL/6Ncrl mice (both
Charles River, Paris) are unable to climb up their tails
when suspended. Actually, a wide variability in the propen-
sity for tail climbing has been confirmed for several strains
(Mayorga and Lucki, 2001). These basal behavioral differ-
ences may account in part for the apparent lack of repro-
ducibility of some results with the MPTP mouse model. It is
therefore advisable to specify with the standard nomencla-

ture the mouse strain used in order to facilitate comparison
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of the data generated. The second important aspect is that,
after recovering from the injections, mice look normal,
meaning that highly challenging behavioral test are re-
quired to unravel some of the deficits they may display.
Indeed, MPTP-intoxicated mice exhibit a remarkable ca-
pacity for functional recovery, for which reason some mo-
tor impairments are only transient in nature (Willis and
Donnan, 1987; Sedelis et al., 2001). Finally, as motor
impairment is correlated with the lesion magnitude, it is
therefore more difficult to conduct behavioral tests in the
case of moderate lesions of the dopaminergic system. In
this regard, only retired-breeder mice elicit motor impair-
ments that are persistent over time following a moderate
dose of MPTP. This can be evidenced by measuring the
forepaw stride length during walking, and the forepaw
distance, wall time, and forepaw faults in the grid (Tillerson
et al., 2002). Along with the grip coordination tests, several
tests have been used to analyze the motor impairments
induced by MPTP administration in mice such as the tail
suspension test (Mori et al., 2005), the rotarod test, the
pole test, and the nest-building test (Sedelis et al., 2001).
In the rotarod test, the latency to fall from a rotating rod is
measured as an indicator of motor skills (Rozas et al.,
1998). Hutter-Saunders and collaborators reported better
results when normalizing individual performances with pre-
treatment test performance to decrease the variation, and
using a rat-size rod instead of a mouse-size rod (Hutter-
Saunders et al., in press). Using a variation of the acute
regimen that triggers a cell loss of 52% and a 66% de-
crease in dopaminergic terminals in the striatum, they
reported a decrease of the latency to fall with a constant
rotation speed of 10 rpm. Interestingly, an adaptation of the
stepping test has been reported to be useful to evaluate
akinesia in mice (Blume et al., 2009). This motor impair-
ment arises with a 65% cell loss and is reversed with
L-dopa. Indeed, to validate that a particular motor impair-
ment is due to the dopaminergic lesion, the impairment has
to be able to undergo a total or partial reversal by a
dopaminergic agonist.

Usefulness of the mouse MPTP model. As indicated
previously, the MPTP mouse model is the classic model
used to study the molecular pathways involved in PD
neuronal cell death and to test the effectiveness of neuro-
protectants. The relevance of this model is based on the
fact that there is a mitochondrial dysfunction in PD (Vila et
al., 2008) and that MPTP intoxication mimics the mitochon-
drial dysfunction that occurs in PD. In this regard, it has
been demonstrated that complex I activity is reduced in the
brain, platelets, and skeletal muscle of patients with PD
(Parker et al., 1989; Schapira et al., 1990). In addition, cell
lines engineered to contain mitochondria derived from the
platelets of PD patients (cybrids) exhibited reduced com-
plex I activity (Swerdlow et al., 1996), indicating that PD-
derived mitochondrial DNA (mtDNA) encodes pathogenic
information. More recently, it has been shown that mito-
chondria in PD brains undergo substantial misassembly of
complexes I–V that form the functional unit of electron

transport and ATP synthesis, providing additional support e
to the view that mitochondrial dysfunction is an important
component in the PD pathological process (Arthur et al.,
2009).

One of the strengths of the MPTP mouse model is the
possibility to work with genetically modified mice. For in-
stance, the deleterious effects of �-synuclein and Bax in
he MPTP model have been demonstrated with �-sy-
uclein and Bax KO mice (Dauer et al., 2002; Vila et al.,
001), whereas the relevance of the microglial glucocorti-
oid receptor (GR) in neuroinflammation was assessed in
PTP-treated mice in which the GR gene had been se-

ectively inactivated (Ros-Bernal et al., 2011).

on-human primate MPTP model

wide variety of species has been used to develop the
on-human primate PD model. The species used so far
re the rhesus macaque (Burns et al., 1983), cynomologus
Mitchell et al., 1985), common marmoset (Jenner et al.,
984), squirrel monkey (Langston et al., 1984), African
reen monkey (Taylor et al., 1997), and the baboon (Todd
t al., 1996). The strength of this model comes from the
hylogenetic proximity between humans and non-human
rimates. Non-human primates have behavioral corre-
pondence with humans, neuroanatomical similarities like
he separation of the caudate nucleus and the putamen,
nd age-related impairment of the dopaminergic system as

n humans (Collier et al., 2007, 2011; Eriksen et al., 2009).
europathological data in both humans and monkeys (Da-
is et al., 1979; Forno et al., 1993) indicate that MPTP
auses damage to the nigrostriatal dopaminergic pathway
hat is identical to that seen in PD (Agid et al., 1987). As in
D, MPTP causes a greater loss of dopaminergic neurons

n the substantia nigra than in the ventral tegmental area
Seniuk et al., 1990; Muthane et al., 1994). Moreover, in
onkeys intoxicated with low doses of MPTP, a greater
egeneration of dopaminergic nerve terminals is seen in
he putamen than in the caudate nucleus (Moratalla et al.,
992; Snow et al., 2000). Indeed, it has been demon-
trated that the dramatic reductions in spine density and
opamine levels are greater in the sensorimotor post-
ommisural putamen (Villalba et al., 2009). Regarding the
resence of Lewy bodies, thus far they have not been
onvincingly observed in the ventral midbrain of MPTP-

nduced parkinsonism monkeys (Forno et al., 1993), even
0 years after the injections (Halliday et al., 2009). How-
ver, in older MPTP-injected squirrel monkeys, intraneu-
onal proteinaceous inclusions reminiscent of Lewy bodies
ave been found in the locus coeruleus accompanying cell

oss. Other studies have shown that the serotoninergic
ystem can also be affected in the MPTP primate model
Pérez-Otaño et al., 1991; Russ et al., 1991). More re-
ently, it has been demonstrated that cholinergic neurons

n the pedunculopontine nucleus (PPN) degenerate in
ged monkeys but not in young monkeys intoxicated with
PTP. Cell loss in this neuronal population correlates with
alance and postural deficits that are not present in young
onkeys. Interestingly, elderly PD patients with balance
eficits and falls also exhibit cell loss in the PPN (Karachi

t al., 2010). Unlike the degeneration of the monoaminer-
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gic neurons, it seems that the cholinergic cell loss is a
consequence of the dramatic reduction of the dopaminer-
gic innervations of the PPN that occurs with MPTP intox-
ication (Rolland et al., 2009).

Intoxication regimens. MPTP can be injected sys-
temically to induce a bilateral parkinsonism, or by intraca-
rotid infusion to induce hemiparkinsonism (Bankiewicz et
al., 1986). A bilateral intracarotid model has also been
developed, with a period of several months between the
two administrations (Smith et al., 1993). Nonetheless, the
most broad-based regimens of intoxication involve re-
peated i.p., s.c., or i.v. administrations of MPTP (1–2 mg/
kg) over several days to months (Burns et al., 1983; Fox
and Brotchie, 2010). The dopaminergic cell loss depends
on the regimen followed, but in the more commonly used
regimes the treatment triggers a 90% cell loss that be-
comes stable in 2–3 months. A treatment of 1 mg/kg for 3
days has been used to produce partial lesions of about
60% to generate an earlier stage of the disease; these
animals exhibit minor motor alterations that do not respond
to L-dopa (Iravani et al., 2005). With a few intermittent
injections, behavioral recovery may take place after sev-
eral months. This is not the case when lower daily doses
(0.2 mg/kg vs. 2 mg/kg) are administered over 2–3 weeks
(Bezard et al., 1997; Meissner et al., 2003). With this
regimen there is a period of time during which motor symp-
toms are absent despite an actual dopaminergic impair-
ment, thus resembling the asymptomatic stage in PD; this
period permits the investigation of compensatory mecha-
nisms (Bezard et al., 2001a,b). Other regimens have been
proposed to induce a more progressive neurodegeneration
with low, intermittent doses administered once or twice per
week (Hantraye et al., 1993; Mounayar et al., 2007). How-
ever, others failed to demonstrate an active ongoing neu-
rodegenerative process after cessation of the MPTP injec-
tions (Garrido-Gil et al., 2009). It must be taken into ac-
count that primates exhibit inter-animal variability in MPTP
susceptibility with the systemic administration. One of the
advantages of the intracarotid injection is the reduction of
this inter-animal variability. Age, as in mice, plays an im-
portant role in susceptibility to MPTP, with older primates
generally more susceptible to MPTP (Ovadia et al., 1995).

Motor symptoms. MPTP produces a severe parkin-
sonian syndrome in monkeys, which is characterized by all
of the cardinal features of PD, including tremor, rigidity,
slowness, postural instability, and even freezing. Nonethe-
less, the typical 4-Hz resting tremor of PD has only been
demonstrated convincingly in the African green monkey
(Tetrud et al., 1986); other species of monkeys are more
likely to exhibit a postural/action tremor.

The intensity of the motor deficits induced by MPTP
depends on the regimen, the species, and the age of the
animals used. Within a particular species, behavioral vari-
ability is also observed with a mild to severe range of
symptoms (Jakowec and Petzinger, 2004). As in the
mouse MPTP model, there is an initial stage that com-
mences within hours of the intoxication that is due to the

peripheral and central effects of MPTP. This stage may
include emesis, hypersalivation, exaggerated startle, sei-
zure-like activity, and dystonic posturing of trunk and limbs
(Jenner et al., 1987). Weight loss and hypothermia may
require tube feeding and placing the animal in an incuba-
tor. Body weight and blood biochemical parameters should
be stabilized to evaluate the parkinsonian symptoms of the
animal to ensure that the general health status of the
animal is not an interfering factor (Jakowec and Petzinger,
2004). Several ratings scales to measure the motor impair-
ments exhibited by MPTP-intoxicated monkeys have been
proposed, but all are similar to the Unified Parkinson’s
Disease Rating Scale (UPDRS) (Imbert et al., 2000; Goetz
et al., 2008). These scales are subjective and the scores
may vary depending on the scale used. To avoid the
subjectivity associated with these scales some groups
have developed objective methods. A good example of this
is a device that is capable of recording resistive forces as
a measure of rigidity while moving the arm between two
specified angles (Mera et al., 2009). Nevertheless, the
complete picture of the parkinsonian symptoms only can
be obtained by clinical observation. These symptoms can
have their particular nuances depending on the species
being investigated. For instance, changes to the marmo-
set’s natural jumping behavior and the righting reflex have
been suggested as measures of akinesia and rigidity in this
species (Verhave et al., 2009).

MPTP-intoxicated monkeys respond very well to anti-
parkinsonian treatments such as L-dopa (Burns et al.,
1983). However, as in PD patients (Kostic et al., 1991),
ong-term treatment with L-dopa leads to dyskinesia, which
an be as disabling as the parkinsonian symptoms them-
elves. The MPTP monkey model has emerged as an

nvaluable tool to investigate the molecular basis of these
rug-induced abnormal movements and to test therapeutic
trategies to control them (Blanchet et al., 2004). Inter-
pecies differences are also evident in the manifestation of
hese abnormal movements; these should be taken in
ccount as the Old World species exhibit easier to detect
yskinesias than the much more active New World species
Fox and Brotchie, 2010). Along with dyskinesia, the wear-
ng-off and the beginning- and end-of-dose worsening phe-
omena can also be studied in the MPTP primate model
Jenner, 2003b).

Non-motor symptoms. MPTP-intoxicated monkeys
exhibit deficits in maintenance of a response set and diffi-
culties in shifting attention sets. Impaired ability to sustain
spatial attention or to focus attention, deficits in motor
readiness and planning, and impaired time estimation are
also observed in these animals (Decamp and Schneider,
2004; Pessiglione et al., 2004). As in PD patients, these
cognitive alterations are not reversed by L-dopa (Decamp
and Schneider, 2009). Instead, monkeys can also experi-
ence psychotic-like behaviors that may be related to the
neuropsychiatric symptoms that PD patients often suffer
from after chronic treatment with L-dopa (Fox and
Brotchie, 2010). Some authors have proposed a neuropsy-
chiatric behavior scale to rate this psychotic-like behavior

(Fox et al., 2010).
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MPTP-monkeys can also experience some of the
leep disorders that PD patients endure. Although a single
PTP injection completely suppresses rapid eye move-
ent (REM) sleep, chronic MPTP with a regimen that

nduces Parkinsonism produces progressive sleep deteri-
ration with an increase of sleepiness during the day.
nterestingly, the deregulation of REM sleep and increased
aytime sleepiness occur before the emergence of motor
ymptoms as in the case of PD in humans (Barraud et al.,
009).

Usefulness of the primate MPTP model. The MPTP
monkey model remains the classic tool for the assessment
of novel strategies to treat PD motor symptoms and L-do-
pa-associated motor complications. All the dopaminomi-
metic drugs used in clinical practice to ameliorate PD
motor symptoms, such as L-dopa, bromocriptine, per-
golide, and ropinirole, are effective in MPTP-treated mon-
keys. Also, potentiation of the L-dopa effect by MAO-B and
catechol-O-methyl transferase (COMT) inhibitors that is
observed in PD patients is also observed in these monkeys
(Burns et al., 1983; Close et al., 1990; Jenner, 2003a).
Indeed, the usefulness of this model is evidenced by its
implication in the development of the partial dopamine
agonists pardoprunox and aplindore that are currently be-
ing evaluated in clinical trials (Jackson et al., 2010; John-
ston et al., 2010; Tayarani-Binazir et al., 2010). However,
inhibitors of monoamine reuptake that were effective in
reverting the motor impairment in MPTP-intoxicated mon-
keys (Hansard et al., 2002) failed in clinical trials (Bara-
Jimenez et al., 2004; Hauser et al., 2007; Rascol et al.,
2008).

Regarding dyskinesia, it has been shown that combin-
ing 5-HT1A and 5-HT1B receptor agonists (Muñoz et al.,
008) or a mu-opioid receptor antagonist (Koprich et al.,
011) with L-dopa reduces dyskinesias without affecting

the anti-parkinsonian effect of L-dopa in MPTP-monkeys.
long with pharmacological strategies, gene therapy has
lso been successfully tested on MPTP-monkeys to im-
rove L-dopa’s therapeutic window, as in the case involv-

ng the overexpression of L-amino acid decarboxylase
Hadaczek et al., 2010). This model is less commonly used
o test neuroprotective treatments, but it has for example
een demonstrated that overexpression of the glial derived
eurotrophic factor (lenti-GDNF) increases fluorodopa up-
ake in the striatum of monkeys that received a single
ntracarotid infusion of MPTP (Emborg et al., 2009).
merging data testifies that this model will also be suitable

o study some of the non-motor symptoms of PD and
on-motor L-dopa side effects. One recent study demon-
trated that the inhibition of the fatty acid amide hydrolase
educes L-dopa-induced hyperactivity that may be related
o impulse control disorders (Johnston et al., 2011).

One of the most important findings translated from
reclinical research into clinical practice came from elec-
rophysiological studies on MPTP monkeys that demon-
trated that hyperactivity of the subthalamic nucleus (STN)
s a key factor in the development of bradykinesia and

igidity (Bergman et al., 1990). This finding allowed STN
eep brain stimulation to be developed, which consists of
locking abnormal nerve signals of the STN by using high-
requency electric stimulation in an attempt to ameliorate
he motor function of PD patients with intractable symp-
oms (Limousin et al., 1998; Zaidel et al., 2010).

ROTENONE RODENT MODELS: TUNING TO
MODEL PD

Rotenone (Fig. 3) is an insecticide and piscicide extracted
from Leguminosa plants (Hisata, 2002) that has been used
xtensively as a prototypic mitochondrial toxin in cell cul-
ures; exposure to it has been linked to a higher risk of PD
Dhillon et al., 2008; Tanner et al., 2011). Rotenone im-
airs oxidative phosphorylation in the mitochondria by in-
ibiting reduced nicotinamide adenine dinucleotide
NADH)-ubiquinone reductase activity through its binding
o the PSST subunit of the multipolypeptide enzyme com-
lex I of the electron transport chain (Schuler and Casida,
001). Aside from its action on mitochondrial respiration,
otenone also inhibits the formation of microtubules from
ubulin (Fig. 5) (Marshall and Himes, 1978; Brinkley et al.,
974; Choi et al., 2011). Proteasome inhibition has been
eported after chronic rotenone exposure in vitro and in
ivo (Betarbet et al., 2006), but it has been suggested that
his is secondary to oxidative stress and probably to mi-
rotubule dysfunction (Chou et al., 2010). However, com-
lex I inhibition may be sufficient since MPP� triggers

proteasome inhibition in vitro independently by oxidative
stress or ATP depletion (Caneda-Ferrón et al., 2008).

During the last decade, the use of rotenone to model
PD in vivo has been promoted by Greenamyre and collab-
orators (Betarbet et al., 2000; Sherer et al., 2003; Cannon
et al., 2009). Although stereotaxic injection was the first
approach to model PD (Heikkila et al., 1985), systemic
administration is providing more valuable results. Rote-
none is highly lipophilic and is able to cross the blood–
brain barrier. After a single i.v. injection, rotenone reaches
maximal concentrations in the CNS within 15 min and
decays to about half this level in less than 2 h (Talpade et
l., 2000). Its brain distribution is heterogeneous (Talpade
Fig. 3. Chemical structure of rotenone.
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et al., 2000), paralleling regional differences in oxidative
metabolism (Talpade et al., 2000). Rotenone also freely
crosses all cellular membranes and can accumulate in
subcellular organelles such as the mitochondria. However,
unlike MPTP, it triggers a systemic complex I inhibition.
The first attempts to model PD with the systemic adminis-
tration of rotenone failed to induce an actual dopaminergic
lesion and demonstrated the high lethality of this com-
pound. Rats treated for 1 week with 10–18 mg/kg/d i.v.
showed neuronal loss and gliosis in the striatum and the
globus pallidus, but an unaffected dopaminergic pathway
(Ferrante et al., 1997). Similarly, s.c. injection of either 15
mg/kg rotenone once only or 1.5 mg/kg on multiple occa-
sions failed to affect the striatal dopaminergic content in
mice (Thiffault et al., 2000).

Rotenone rat model

The turning point of PD modeling with rotenone in rats
came with the use of osmotic pumps that allowed a chronic
and sustained delivery of the drug to the animal (Betarbet
et al., 2000; Sherer et al., 2003). Intravenous (permanent
jugular cannulation) and s.c. infusion of 2–3 mg/kg/d of
rotenone for 3 weeks to rats does produce nigrostriatal
dopaminergic neurodegeneration. Although the initial de-
scriptive studies did not report any striatal lesion (Betarbet
et al., 2000), the numbers of dopamine-regulated phos-
phoprotein-32 projecting neurons, cholinergic interneu-
rons, and reduced nicotinamide adenine dinucleotide
phosphate (NADPH) diaphorase-positive neurons in the
striatum were all found to be significantly reduced following
the infusion of rotenone in rats (Hoglinger et al., 2003;
Lapointe et al., 2004), especially in those rats exhibiting a
central striatal loss of tyrosine hydroxylase immunoreac-
tivity (Zhu et al., 2004). Even at doses that did not damage
the nigrostriatal dopaminergic pathway, a significant loss
of intrinsic striatal neurons could be found. Moreover, ro-
tenone infusion is associated with a 35% reduction in
serotonin transporter density in the striatum, a 26% reduc-
tion of noradrenergic neurons in the locus coeruleus, and a
29% reduction of cholinergic neurons in the PPN
(Hoglinger et al., 2003). These results indicate that rote-
none exerts a much more widespread neurotoxicity than
was initially thought. Although PD is a multisystemic dis-
ease, intrinsic striatal neurons seem not to be affected.
The fact that these regimens of intoxication induce a mul-
tisystemic lesion makes it difficult to determine if the motor
impairments exhibited by the rats were exclusively due to
the impairment of the dopaminergic system. The motor
impairments observed included reduced mobility, flexed
posture, and in some cases rigidity (Sherer et al., 2003;
Hoglinger et al., 2003). As discussed by us in a previous
review (Bove et al., 2005a), the administration of rotenone
by means of an osmotic pump gives rise to a highly vari-
able dopaminergic lesion, ranging from virtually absent to
close to complete (Betarbet et al., 2000; Sherer et al.,
2003; Hoglinger et al., 2003; Lapointe et al., 2004; Zhu et
al., 2004). Around half of the animals die, and in the
best-case scenario, half of them exhibit more or less ex-

tensive dopaminergic neurodegeneration. Therefore, we
concluded that the inconsistent and unpredictable effect of
rotenone on the dopaminergic system prevents the chronic
administration of this compound as a routine model of PD.

Taking into consideration the importance of chronicity
in the treatment regimen, other groups have carried out
daily i.p. or s.c. injections over 21, 48, or 60 days with a
dose of 1.5–2.5 mg/kg/d in rats demonstrating dopaminer-
gic neurodegeneration (Fleming et al., 2004; Alam et al.,
2009; Alam and Schmidt, 2002, 2004). With respect to its
effects on behavior, this regimen induces catalepsy, de-
creases the total locomotor activity, and diminishes the
number of rearings. Interestingly, these motor impairments
were relieved by L-dopa treatment (Alam and Schmidt,
2004). Even though motor impairments also occur in rats
that do not exhibit an apparent decrease in the striatal
tyrosine hydroxylase immunoreactivity (Fleming et al.,
2004), compensatory sprouting may account for this dis-
crepancy since dopaminergic cell loss in the SNpc can
take place with no apparent striatal denervation (Cannon
et al., 2009).

The last improvement to model PD in rats with rote-
none has been the use of Mygliol as a vehicle in conjunc-
tion with a slight increase in the rotenone dose up to 3
mg/kg/d (Cannon et al., 2009; Tapias et al., 2010). With
these modifications, the mortality rate is reduced dramat-
ically and the loss of dopaminergic neurons in the SNpc
(45%) is homogeneous. However, the stereological count-
ing was done at different time points for each animal
because they were euthanized when a severely debilitated
phenotype was reached. Indeed, variability is apparent
with the onset of this phenotype that is minimized with age.
All rats exhibited postural instability and decreased rearing
behavior after just 6 days of rotenone treatment, which
were reversed by apomorphine, thus indicating their dop-
amine-related nature. A reduction of the striatal dopamine
levels was accompanied by a loss of dopamine terminals,
this being particularly evident in the dorsolateral quadrant
of the striatum.

In light of these results, systemic rotenone intoxication
in rats could be considered useful as a PD model. Never-
theless, it has to be clarified if other areas of the brain such
as the striatum and the locus coeruleus are affected with
repeated injections of rotenone since, unlike with the os-
motic pump delivery method, this has so far not been
studied systematically. In this regard, Höglinger and col-
laborators suggested that chronic rotenone administration
may model atypical parkinsonism rather than PD
(Hoglinger et al., 2006). Moreover, analysis of the time
course of dopaminergic neuron death should be conducted
to determine when the lesion is stable and when it is most
homogeneous among the rats treated with rotenone. We
consider that euthanizing the rats at different time points is
far from ideal, particularly in studies of neuroprotective
treatments. It is not clear if the dopaminergic lesion is
already unequivocal and homogeneous at 6 and/or 9 days,
when apomorphine-sensitive motor impairments are
clearly evident. If so, animals should be euthanized at that
time point and not when they exhibit debilitating symptoms

that compromise survival. It is possible that the inherent
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systemic toxicity of rotenone and not exclusive, parkinso-
nian-like symptoms are behind this debilitating condition.
One possibility to better standardize the model could be to
stop the intoxication and let the lesion progress until it is
stable.

The highlight of the use of chronic rotenone treatment
of rats to model PD has been the generation of proteina-
ceus inclusions in some of the surviving dopaminergic
neurons that cannot be found in the standard 6-OHDA and
MPTP models. These inclusions were first described in
osmotic pump administration experiments as Lewy body-
like inclusions, positive for ubiquitin and �-synuclein, and
composed of a dense core with fibrillar peripheral elements
(Betarbet et al., 2000; Sherer et al., 2003). These findings
were subsequently confirmed by a separate laboratory
(Hoglinger et al., 2003, 2005) in which spherical deposits
of �-synuclein in some cells with more abundant tau im-

unoreactive striatal cells were reported. It remains to be
etermined if the daily injection regimen triggers the for-
ation of the same kind of inclusions and/or tauopathy,
lthough Cannon et al. reported an accumulation of �-sy-

nuclein resistant to proteinase K and formic acid in the
SNpc (Cannon et al., 2009).

Rotenone mouse model

Once it was demonstrated that systemically administered
rotenone was able to induce dopaminergic neurodegen-
eration in rats, it was then also tested in mice. The first
experiments conducted failed to show any lesion in the
dopaminergic system with acute or chronic rotenone ad-
ministration (Thiffault et al., 2000; Richter et al., 2007).
However, Inden and collaborators demonstrated that
chronic oral administration of rotenone does cause nigro-
striatal degeneration (Inden et al., 2011, 2007). They dem-
onstrated a dose- and time-dependent dopaminergic cell
loss in the SNpc with optimum results obtained using a
dose of 30 mg/kg. Along with the cell loss they described a
decrease in the striatal dopamine levels (Inden et al.,
2011) and a diminution of the striatal innervation (Takeuchi
et al., 2009). Moreover, they did not detect any change in
the levels of choline acetyltransferase, glutamic acid de-
carboxylase, or serotonin in the striatum, suggesting that
rotenone exerts a selective toxic effect on the dopaminer-
gic neurons (Inden et al., 2011). The dopaminergic lesion
triggers a motor dysfunction that is evidenced by a reduc-
tion in endurance time and in the percentage of mice
remaining on the rotarod. This impairment was reversed
with different drugs that reduced the dopaminergic cell loss
(Inden et al., 2007, 2009; Takeuchi et al., 2009), although
it has not as yet been evaluated if the motor dysfunction
can be reversed by dopaminomimetic drugs. Although the
presence of protein aggregates was not reported, these
authors found an increase of �-synuclein in the remaining
dopaminergic cells with the absence of tauopathy. This
group already used this model successfully to test several
neuroprotective strategies with a 28-day treatment regi-
men (Inden et al., 2007, 2009; Takeuchi et al., 2009),
whereas more recently they have demonstrated that a

56-day treatment regimen elicited a more profound dopa-
minergic degeneration that was accompanied by poorer
performance on the rotarod and an increase in the cyto-
plasmic accumulation of �-synuclein in the surviving do-
paminergic neurons (Inden et al., 2011).

Another group reported dopaminergic neurodegenera-
tion with orally administered rotenone in mice; however,
the low dose that they used (5 mg/kg/d) prevents rotenone
from reaching the brain and inhibiting complex I activity
there (Pan-Montojo et al., 2010). Their hypothesis was that
�-synucleopathy spreads from the enteric nervous system
hrough synaptically connected structures including the
Npc. They demonstrated �-synuclein accumulation or

aggregation in several areas of the nervous system that
are also affected in PD. This aggregation was not neces-
sarily associated with cell loss as in the dorsal motor
nucleus of the vagus or the intermediolateral nucleus of the
spinal cord. However, the accumulation of large �-sy-
uclein aggregates in surviving neurons in the SNpc was
ccompanied by a 15% dopamine cell loss after gavaging
-year-old mice for 3 months. Based on these results,
an-Montojo and collaborators suggested that this regi-
en models the progression of PD postulated by Braak

Braak et al., 2002). Interestingly, the i.p. administration of
otenone in rats also induces �-synuclein inclusions in the
nteric nervous system (Drolet et al., 2009).

THE MOUSE PARAQUAT MODEL: THE
HERBICIDE THAT KILLS DOPAMINERGIC

NEURONS

Paraquat (N,N�-dimethyl-4,4�-bipyridinium dichloride) is
an herbicide that was used worldwide until relatively re-
cently, and which was banned in the European Union in
2007. It is known that it exerts its deleterious effects
through oxidative stress (Przedborski and Ischiropoulos,
2005). Paraquat toxicity is mediated by the induction of
redox cycling with a cellular diaphorase such as nitric oxide
synthase, which gives rise to the subsequent production of
ROS (Day et al., 1999) (Fig. 5). As its chemical name
indicates, paraquat is a pyridinium that shares structural
similarities with another herbicide used in the past called
cyperquat, which happens to be MPP� (Fig. 4). This fact
suggested that both neurotoxicants may also share some
mechanisms of neurotoxicity, though the exact details of
this are still a matter of debate (Miller, 2007; Cory-Slechta
et al., 2008; LoPachin and Gavin, 2008).

Several cases of lethal poisoning resulting from inges-
tion of or dermal exposure to paraquat have been reported
(Smith, 1988). Over the course of many years, experimen-
tal studies using paraquat focused on its effects on the
Fig. 4. Chemical structure of paraquat.
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lung, liver, and kidney, probably because the toxicity in-
duced by this herbicide in these organs is responsible for
death after acute exposure. However, significant damage
to the brain is seen in individuals who died from paraquat
intoxication (Grant et al., 1980; Hughes, 1988). Indeed,
paraquat reaches the brain via neutral amino acid trans-
porters (Shimizu et al., 2001; McCormack and Di Monte,
2003), but unlike rotenone is not able to freely cross the
blood–brain barrier due to its hydrophilicity. Although the
association of exposure to paraquat and higher risk of
developing PD has been debated for several years (Liou et
al., 1997; Berry et al., 2010), two recent epidemiological
studies demonstrated that participants with PD were more
likely than controls to have been exposed to paraquat in
the past (Tanner et al., 2011; Wang et al., 2011). Those
xposed to paraquat, along with exposure to the fungicides
iram and maneb, experienced the greatest increase in PD
isk (Wang et al., 2011).

Mice treated with paraquat have been commonly used
o model PD. Although some groups have been able to
emonstrate dopaminergic cell loss, others failed to repro-
uce this neurotoxicity after systemic administration. Al-
hough the underlying mechanism for this lack of reproduc-
bility remains unclear, the age and the strain of mice used
re probably implicated since it has been demonstrated that
lder mice are more sensitive to paraquat (McCormack et
l., 2002) and that the half-life of this neurotoxin varies
mong different strains (Prasad et al., 2009). In this regard,
sing the same mouse strain that we normally use to
onduct experiments with the MPTP mouse model, we

Fig. 5. Mechanism of action of neurotoxins used to model Parkinso
transporter (DAT). Following several consecutive reactions it is oxidi
euronal cell death via the production of reactive oxygen species (RO
arrier. Once inside the brain, MPTP is metabolized into the toxic cati

(MAOB) in glial cells. MPP� enters dopaminergic cells via the DAT. M
(Cplx I) of the mitochondrial respiratory chain. Complex I inhibition lea
o the activation of a mitochondria-dependent cell death pathway.
articipate in the cell death process. Paraquat enters the brain with the
f ROS via two mechanisms: (1) redox cycling and (2) activation of R
ailed to detect cell loss when we followed a regimen of
intoxication that elicited a 25% cell loss in another strain
(McCormack et al., 2002; data not published). One exam-
ple that illustrates the difficulty associated with detecting
dopaminergic degeneration following exposure of mice to
paraquat is that some authors who eventually demon-
strated cell loss (McCormack et al., 2002; Manning-Bog et
al., 2002) initially failed to see any behavioral abnormality
or nigrostriatal dopaminergic pathway damage in those ani-
mals (Thiruchelvam et al., 2000a,b). The authors suggested
that the use of a less-sensitive technique than stereological
counting may explain the initial failure (McCormack et al.,
2002). Paraquat (Fernagut et al., 2007) and MPTP intoxi-
cation (German et al., 1992) both trigger a non-homoge-
neous pattern of cell loss. In both cases the ventral area is
the most damaged area of the SNpc, as in PD. Different
investigators have also reported reduced motor activity
and dose-dependent losses of striatal dopaminergic nerve
fibers and substantia nigra neuronal cell bodies in para-
quat-treated mice (Brooks et al., 1999). However, in the
majority of cases there is not a patent decrease of the
dopaminergic innervation of the striatum and there is only
a transient diminution of the striatal tyrosine hydroxylase
content (Manning-Bog et al., 2002; Prasad et al., 2009).
Actually, a significant reduction of dopamine levels in the
striatum is only seen after 24 doses of paraquat (adminis-
tered two or three times per week) (Prasad et al., 2009).
The most commonly used regimen of intoxication to induce
dopaminergic degeneration is the one that requires one
injection per week for 3 weeks, although McCormack and
collaborators have demonstrated that the third injection

se. 6-hydroxydopamine (6-OHDA) enters neurons via the dopamine
ing hydrogen peroxide (H2O2) and para-quinone. It thereby induces
P and rotenone, as lipophilic compounds, can cross the blood–brain
hyl-4-phenylpyridinium (MPP�) by the enzyme monoamine oxidase B
rotenone accumulate in the mitochondria where they inhibit complex
ecrease of ATP levels, an increase of ROS production, and ultimately

can also induce depolymerization of cellular microtubules, which
ce of neutral amino acid (aa) transporters and catalyzes the formation
rating enzymes such as NADPH oxidases.
n’s disea
zed, yield
S). MPT

on 1-met
PP� and
ds to a d
Rotenone
assistan
does not trigger further cell loss (McCormack et al., 2005).
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It has been demonstrated that microglial activation is
ivotal in paraquat-induced degeneration (Purisai et al.,
007; Peng et al., 2009). A single injection of paraquat is
nough to trigger microglial activation and predispose
opaminergic neurons to degenerate with the subse-
uent injections. Neurodegeneration can be prevented
hen this initial inflammatory reaction is inhibited with
inocycline, which is in agreement with the fact that
araquat is only able to kill dopaminergic mesencephalic
eurons in the presence of microglia (Peng et al., 2009).
n addition, it has been demonstrated that paraquat
riggers oxidative stress in vivo (Peng et al., 2005; Mc-
ormack et al., 2005) and that microglia may be the
ource of ROS since paraquat triggers superoxide pro-
uction in microglia in vitro in a concentration-depen-
ent manner (Wu et al., 2005). It seems that induction of
icroglial NADPH-oxidase may account for ROS pro-
uction and neurodegeneration since pharmacological
Peng et al., 2009) or genetic (Purisai et al., 2007)
nhibition of NADPH-oxidase protects dopaminergic
eurons against paraquat.

Regarding the molecular pathways of cell death, it has
een demonstrated that paraquat-induced cell death in
ivo is Bak-dependent (Fei et al., 2008) and is mediated by
he activation of the JNK/c-Jun pathway and caspase-3
Peng et al., 2004). Moreover, in vitro studies indicate that
araquat triggers cytochrome c-induced cell death (Fei et
l., 2008).

The role of �-synuclein has also been explored in this
odel. An up-regulation of �-synuclein in both the frontal

ortex and ventral midbrain 2 days after each administra-
ion of paraquat has been described (Manning-Bog et al.,
002). Thiofalvine-S-positive �-synuclein fibrils have been
etected in the dopaminergic neurons 2 days after the third
dministration (Manning-Bog et al., 2002). These deposits
re still apparent 7 days after the third administration, and
heir pattern is not influenced when human wild-type or
utated (A53T) �-synuclein are overexpressed (Manning-

Bog et al., 2003). Contradictory results have been pub-
lished by the two main laboratories working with this model
regarding the effect of these forms of �-synuclein on the
neurodegeneration induced by paraquat. The first work
assessing this issue reported that the overexpression of
one form or the other protects against paraquat (Manning-
Bog et al., 2003). However, a more recent study reported
that at 2 and 12 months of age, A53T �-synuclein adult

ice have the same susceptibility to paraquat as wt mice,
nd that 23-month-old mice are more susceptible (Peng et
l., 2010). Another study also found the same susceptibility
o paraquat in young mice overexpressing human wild-
ype �-synuclein compared with control mice (Fernagut et
al., 2007).

Paraquat has been combined with neonatal exposure
to iron (Peng et al., 2007) and more commonly with the
fungicide maneb (Thiruchelvam et al., 2000a,b; Kachroo et
al., 2010) to potentiate paraquat neurotoxicity, with this

effect occurring in an age-dependent manner. g
CONCLUDING REMARKS

An animal model of a particular disease is validated when
the data it generates can be translated to the actual dis-
ease to better understand its pathology and to develop
new therapeutic strategies. Any one particular model rarely
displays all aspects of the disease in question. This is
especially true when the pathophysiology of the disease is
not fully understood and the etiology is unknown, as is the
case in PD. Therefore, trying to model all the aspects of PD
is futile until it is known what is causing the neurodegen-
eration. In contrast, animal experimentation may help to
discriminate which elements are relevant to the etiopatho-
genesis of the disease. We consider it important to pro-
mote the use of drugs/toxins with the same or different
mechanisms of action and/or transgenic animals to help
elucidate which cell death pathways are relevant to PD.
From our point of view, these different models will serve as
the basis by which it will be possible to identify the un-
known variables that are the causative agents of neurode-
generation in PD (Table 1). For instance, we propose to
develop a model with Lewy body-like inclusions to study
their role in the neurodegenerative process, or to induce
neurodegeneration with drugs that interfere with the au-
tophagic degradation system. Pharmacological inhibition
of the proteasome degradation system has been previ-
ously used to model PD but the initial enthusiasm wore off
with the lack of reproducibility of the initial results published
(Bove et al., 2006b). A constant validation process must be
undertaken that involves contrasting the data generated
with models to that seen with human samples/imaging. In
this process, it is important to take into account the inter-
species differences and the age of the animals under
investigation. Age has turned out to be an important factor
in PD models since aged animals are more susceptible to
neurotoxins and more prone to show histological or behav-
ioral differences compared with young animals. Animal
welfare is also an important issue to be considered in
animal modeling. The discomfort of the animal must al-
ways form part of the process to evaluate animal models.

The 6-OHDA and MPTP models have already enabled
us to better comprehend the consequences of dopaminer-
gic cell loss in PD and to develop symptomatic treatments.
In other words they have been validated for these pur-
poses. Regarding the molecular mechanisms of cell death,
the toxin-based models have highlighted apoptosis, oxida-
tive stress, mitochondrial dysfunction, and microglial acti-
vation as key players in PD-related neurodegeneration. All
these elements have been identified in PD (Hartmann et
al., 2000; Gerhard et al., 2006; Alam et al., 1997a,b; Scha-
pira et al., 1990). Moreover, in all the models reviewed
here, and consistent with PD, an accumulation of �-sy-
nuclein in the dopaminergic neurons is observed. In the
MPTP mouse model in particular, elevated �-synuclein
mRNA levels in dopaminergic neurons have been demon-
strated (Vila et al., 2000). This was also seen subsequently
in PD brains (Gründemann et al., 2008), suggesting that
�-synuclein up-regulation may play a role in the neurode-

enerative process. These are only some examples of how
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data generated by the toxin-induced mammalian models
related to putative mechanisms of cell death have been
validated against human samples or imaging. However,
this validation has its limitations since it does not provide
information concerning the chronology or hierarchy of
events in the neurodegeneration process.

Thus far, none of the neuroprotective strategies that
have worked in the preclinical stage have been translated
to clinical practice. There are two main possible explana-
tions for this failure. The first one, as suggested by several
authors, is that toxin models are not really useful tools for
the screening of neuroprotectants, probably because of
the acute nature of cell death in comparison with the
progression of the diseased state. The second reason is
that the design of clinical trials is not always the most
optimum. Indeed, given the lack of validated biomarkers
for PD it is very difficult to measure disease progression,

Table 1. Characteristics of toxic-based animal models of Parkinson’s

Toxic model Behavioral alterations Nigro-striatal d

nilateral 6-OHDA
injection into
rodent MFB

Quantifiable turning behavior
after systemic
administration of a
dopaminergic agonist.

Bradykinesia and impaired
paw use on the
contralateral side.

Massive loss o
neurons (�9

Dose-depende
striatal dopa
innervation.

Unilateral 6-OHDA
injection into
rodent striatum

Quantifiable turning behavior
after systemic
administration of a
dopaminergic agonist.

Bradykinesia and impaired
paw use on the
contralateral side after
multiple 6-OHDA
injections.

Partial and less
dopaminergi
75%).

Circumscribed
dopamine in
injection site

Acute MPTP
mouse model

Coordination and motor
impairments patent in
challenging situations.

Massive loss o
neurons (abo

Reduced dopa
the striatum.

Chronic MPTP
mouse model

Less obvious motor and
coordination impairments
that are in some cases
only detectable in aged
mice.

Partial loss of d
neurons (30–

Reduced dopa
innervation i

Nonhuman primate
MPTP model

Motor impairments
resembling PD symptoms.

Cognitive impairments.

Loss of dopam
depending o
administratio
(60–90%).

Reduced dopa
innervation in

Rotenone in
rodents

Reduced motor activity (rats)
and reduction in the
endurance time in rotarod
(mice).

Loss of dopam
(20–75%).

Reduced dopa
innervation i
circumscribe
striatum (rat)
levels in the
(mouse).

Paraquat in mice No clear motor impairments
detectable.

Little or no cell
dopaminergi
(�25%).

Little or no mea
changes in s
dopaminergi
meaning that any possible beneficial effects of therapeutic
intervention can only be measured at the symptomatic
level. Other parameters that could compromise the suc-
cess of clinical trials are the use of sub-therapeutic doses
and the use of groups of patients that are too heteroge-
neous. Standardizing and/or stratifying clinical populations
before their inclusion in a given clinical trial based on
symptomatology or on specific characteristics such as
complex I activity or the presence of specific mutations
linked to higher PD risk, may decrease the variability of the
effect of a candidate neuroprotective drug in a subgroup of
patients.

The fact that there is no drug or other therapeutic
strategy that has a neuroprotective profile in PD patients
makes it impossible to validate a particular model. We
propose to use epidemiological data linking lower risk of
developing PD with nutritional/consumption habits or a
specific chronic drug therapy to validate these models.

Lewy bodies/�-
synuclein inclusions

Uses of the model

nergic No intracellular
inclusions.

Test symptomatic therapies.
Used in l-dopa-induced dyskinesia

and motor fluctuation models.
Study of the consequences of

dopaminergic denervation on
the basal ganglia circuitry.

ss of
s (30–

riatal
at

No intracellular
inclusions.

Test of symptomatic therapies.
Study of mechanisms of cell

death.

nergic
.
ls in

No intracellular
inclusions.

Test neuroprotective strategies.
Study of mechanisms of

neuroinflammation.

rgic

tum.

Increased �-synuclein
immunoreactivity in
the substantia nigra.

No intracellular
inclusions.

Test neuroprotective strategies.
Study of cell death mechanisms.

urons
te of
imen

tum.

Inclusions resembling
Lewy bodies in the
locus coeruleus of
older squirrel
monkeys.

Test of symptomatic therapies.
Used in l-dopa-induced dyskinesia

and motor fluctuation models.
Study of the consequences of

dopaminergic denervation on
the basal ganglia circuitry.

urons

the
d TH

�-synuclein
aggregation in
dopaminergic
neurons and other
neuronal
populations.

Test neuroprotective strategies.
Study of mechanisms of cell

death.

tion.

Increased �-synuclein
immunoreactivity in
the substantia nigra.

No intracellular
inclusions.

Test neuroprotective strategies.
Study of cell death mechanisms.
disease

amage

f dopami
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risk for PD is that of smoking, with a 60% reduction of the
risk. Epidemiological studies indicate that the duration of
the habit is more important than the average number of
cigarettes smoked daily (Ritz et al., 2007; Thacker et al.,
2007; Chen et al., 2010). It has been demonstrated that
cigarette smoke protects dopaminergic neurons in the
MPTP mouse model (Parain et al., 2003), indicating that
smoking does indeed have a neuroprotective effect. Nico-
tine has been suggested to be behind this effect since it is
also neuroprotective in the MPTP mouse model (Parain et
al., 2003; Janson et al., 1988; Maggio et al., 1998), the
rimate MPTP model (Huang et al., 2009; Quik et al.,
006), the 6-OHDA rat and mouse models (Ryan et al.,
001; Visanji et al., 2006), the rotenone mouse model
Takeuchi et al., 2009), and the paraquat mouse model
Khwaja et al., 2007). Transdermal nicotine treatment has
een tested in PD patients, with some studies reporting no
eneficial effect on symptom alleviation (Lemay et al.,
004; Ebersbach et al., 1999; Vieregge et al., 2001). In
ontrast, when higher doses of nicotine and longer treat-
ents were employed, there was an improvement of motor

cores that enabled dopaminergic treatment doses to be
educed, and there was also a higher than expected do-
amine transporter density in the striatum compared with
on-treated PD patients (Itti et al., 2009; Villafane et al.,
007). However, this observational study involved only a
ew patients and no controls. A randomized, placebo-con-
rolled, double-blind, multi-center trial to assess the dis-
ase-modifying potential of transdermal nicotine treatment

n early PD is being carried out in Germany and the USA.
his trial is assessing for the first time if nicotine can retard
D progression. If nicotine turns out to be neuroprotective

n PD patients, all of the models discussed in this issue will
ave correctly predicted its neuroprotective effect.

Coffee consumption has also been linked with a lower
isk of PD (Ascherio et al., 2001) even though some stud-
es failed to show a significant negative association (Fach-
ris et al., 2008). A recent systematic review and meta-
nalysis of observational studies showed a dose–re-
ponse-related 25% reduction in the risk of PD among
affeine consumers (Costa et al., 2010). Caffeine has been
eported to be neuroprotective in the MPTP mouse model
Chen et al., 2001; Xu et al., 2010), the 6-OHDA rat model
Joghataie et al., 2004; Aguiar et al., 2006), and the para-
uat/maneb mouse model (Kachroo et al., 2010). Caffeine
robably exerts its protective effect by antagonizing aden-
sine A2A receptors since A2A antagonists mimic this
rotection in the MPTP and 6-OHDA models (Chen et al.,
001; Ikeda et al., 2002; Pierri et al., 2005; Bove et al.,
005b). Regardless of the preclinical data, the neuropro-
ective effect of caffeine has not been proved thus far in
linical trials with early PD patients (Simon et al., 2008).
owever, consistent with preclinical data (Bove et al.,
006a; Rose et al., 2006, 2007; Pinna et al., 2007; Tronci
t al., 2007), new A2A antagonists appear to be good
andidates as antiparkinsonians when used as a mono-
herapy or as adjunct treatment with L-dopa (Pinna, 2009).

herefore, it would be of great interest to assess if A2A
ntagonists are able to relieve not only parkinsonian symp-
oms but also to halt the progression of the disease.

A better understanding of PD at the molecular level
ay lead to the development of better animal models.
otwithstanding, the MPTP and the 6-OHDA models have
een extensively replicated by different investigators and
re generalized models with a high predictive value for
ymptomatic treatments. In addition, these models along
ith the paraquat and rotenone models are contributing to

he elucidation of mechanisms of cell death in PD.

Acknowledgments—This work was supported by FIS-ISCIII,
Spain, and the Ramón y Cajal (C.P.) and Miguel Servet (J.B.)
Programs of the MICINN.

REFERENCES

Agid Y, Javoy-Agid F, Ruberg M (1987) Biochemistry of neurotrans-
mitters in Parkinson’s disease. In: Marsden C.D., Fahn S. (Eds.),
Movement disorders 2, pp. 166–230. Butterworths: London.

Aguiar LM, Nobre HV Jr, Macêdo DS, Oliveira AA, Freitas RM, Vas-
concelos SM, Cunha GM, Sousa FC, Viana GS (2006) Neuropro-
tective effects of caffeine in the model of 6-hydroxydopamine le-
sion in rats. Pharmacol Biochem Behav 84:415–419.

Alam M, Danysz W, Schmidt WJ, Dekundy A (2009) Effects of gluta-
mate and alpha2-noradrenergic receptor antagonists on the devel-
opment of neurotoxicity produced by chronic rotenone in rats.
Toxicol Appl Pharmacol 240:198–207.

Alam M, Schmidt WJ (2002) Rotenone destroys dopaminergic neu-
rons and induces parkinsonian symptoms in rats. Behav Brain Res
136:317–324.

Alam M, Schmidt WJ (2004) L-DOPA reverses the hypokinetic behav-
iour and rigidity in rotenone-treated rats. Behav Brain Res
153:439–446.

Alam ZI, Daniel SE, Lees AJ, Marsden DC, Jenner P, Halliwell B
(1997a) A generalised increase in protein carbonyls in the brain in
Parkinson’s but not incidental Lewy Body disease. J Neurochem
69:1326–1329.

Alam ZI, Jenner A, Daniel SE, Lees AJ, Cairns N, Marsden CD, Jenner
P, Halliwell B (1997b) Oxidative DNA damage in the parkinsonian
brain: an apparent selective increase in 8-hydroxyguanine levels in
substantia nigra. J Neurochem 69:1196–1203.

Alvarez-Fischer D, Guerreiro S, Hunot S, Saurini F, Marien M, Sokoloff
P, Hirsch EC, Hartmann A, Michel PP (2008a) Modelling Parkin-
son-like neurodegeneration via osmotic minipump delivery of
MPTP and probenecid. J Neurochem 107:701–711.

Alvarez-Fischer D, Henze C, Strenzke C, Westrich J, Ferger B,
Hoglinger GU, Oertel WH, Hartmann A (2008b) Characterization of
the striatal 6-OHDA model of Parkinson’s disease in wild type and
alpha-synuclein-deleted mice. Exp Neurol 210:182–193.

Ambani LM, Van Woert MH, Murphy S (1975) Brain peroxidase and
catalase in Parkinson disease. Arch Neurol 32:114–118.

Andreassen OA, Ferrante RJ, Dedeoglu A, Albers DW, Klivenyi P,
Carlson EJ, Epstein CJ, Beal MF (2001) Mice with a partial defi-
ciency of manganese superoxide dismutase show increased vul-
nerability to the mitochondrial toxins malonate, 3 nitropropionic
acid, and MPTP. Exp Neurol 167, 189–195.

Andrew R, Watson DG, Best SA, Midgley JM, Wenlong H, Petty RK
(1993) The determination of hydroxydopamines and other trace
amines in the urine of parkinsonian patients and normal controls.
Neurochem Res 18:1175–1177.

Arthur CR, Morton SL, Dunham LD, Keeney PM, Bennett JP Jr (2009)
Parkinson’s disease brain mitochondria have impaired respira-
some assembly, age-related increases in distribution of oxidative
damage to mtDNA and no differences in heteroplasmic mtDNA

mutation abundance. Mol Neurodegener 4:37.



B

B

B

J. Bové and C. Perier / Neuroscience 211 (2012) 51–76 67
Asanuma M, Hirata H, Cadet JL (1998) Attenuation of 6-hydroxydo-
pamine-induced dopaminergic nigrostriatal lesions in superoxide
dismutase transgenic mice. Neuroscience 85:907–917.

Ascherio A, Zhang SM, Hernán MA, Kawachi I, Colditz GA, Speizer
FE, Willett WC (2001) Prospective study of caffeine consumption
and risk of Parkinson’s disease in men and women. Ann Neurol
50:56–63.

Aubin N, Curet O, Deffois A, Carter C (1998) Aspirin and salicylate
protect against MPTP-induced dopamine depletion in mice. J Neu-
rochem 71:1635–1642.

Bankiewicz KS, Oldfield EH, Chiueh CC, Doppman JL, Jacobowitz
DM, Kopin IJ (1986) Hemiparkinsonism in monkeys after unilateral
internal carotid artery infusion of 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP). Life Sci 39:7–16.

Bara-Jimenez W, Dimitrova T, Sherzai A, Favit A, Mouradian MM,
Chase TN (2004) Effect of monoamine reuptake inhibitor NS 2330
in advanced Parkinson’s disease. Mov Disord 19:1183–1186.

Barraud Q, Lambrecq V, Forni C, McGuire S, Hill M, Bioulac B,
Balzamo E, Bezard E, Tison F, Ghorayeb I (2009) Sleep disorders
in Parkinson’s disease: the contribution of the MPTP non-human
primate model. Exp Neurol 219:574–582.

Bensadoun JC, Mirochnitchenko O, Inouye M, Aebischer P, Zurn AD
(1998) Attenuation of 6-OHDA-induced neurotoxicity in glutathione
peroxidase transgenic mice. Eur J Neurosci 10:3231–3236.

Ben-Shachar D, Eshel G, Finberg JP, Youdim MB (1991) The iron
chelator desferrioxamine (desferal) retards 6-hydroxydopamine-
induced degeneration of nigrostriatal dopamine neurons. J Neuro-
chem 56:1441–1444.

Bergman H, Wichmann T, DeLong MR (1990) Reversal of experimen-
tal parkinsonism by lesions of the subthalamic nucleus. Science
249:1436–1438.

Berry C, La Vecchia C, Nicotera P (2010) Paraquat and Parkinson’s
disease. Cell Death Differ 17:1115–1125.

Betarbet R, Canet-Aviles RM, Sherer TB, Mastroberardino PG,
McLendon C, Kim JH, Lund S, Na HM, Taylor G, Bence NF, Kopito
R, Seo BB, Yagi T, Yagi A, Klinefelter G, Cookson MR,
Greenamyre JT (2006) Intersecting pathways to neurodegenera-
tion in Parkinson’s disease: effects of the pesticide rotenone on
DJ-1, alpha-synuclein, and the ubiquitin-proteasome system. Neu-
robiol Dis 22:404–420.

Betarbet R, Sherer TB, MacKenzie G, Garcia-Osuna M, Panov AV,
Greenamyre JT (2000) Chronic systemic pesticide exposure repro-
duces features of Parkinson’s disease. Nat Neurosci 3:1301–
1306.

Bezard E, Dovero S, Prunier C, Ravenscroft P, Chalon S, Guilloteau D,
Crossman AR, Bioulac B, Brotchie JM, Gross CE (2001a) Relation-
ship between the appearance of symptoms and the level of nigrostri-
atal degeneration in a progressive 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine-lesioned macaque model of Parkinson’s disease.
J Neurosci 21:6853–6861.

Bezard E, Gross CE, Fournier MC, Dovero S, Bloch B, Jaber M (1999)
Absence of MPTP-induced neuronal death in mice lacking the
dopamine transporter. Exp Neurol 155:268–273.

Bezard E, Imbert C, Deloire X, Bioulac B, Gross CE (1997) A chronic
MPTP model reproducing the slow evolution of Parkinson’s dis-
ease: evolution of motor symptoms in the monkey. Brain Res
766:107–112.

Bezard E, Ravenscroft P, Gross CE, Crossman AR, Brotchie JM
(2001b) Upregulation of striatal preproenkephalin gene expression
occurs before the appearance of parkinsonian signs in 1-methyl-
4-phenyl- 1,2,3,6-tetrahydropyridine monkeys. Neurobiol Dis 8:
343–350.

Bjorklund LM, Sánchez-Pernaute R, Chung S, Andersson T, Chen IY,
McNaught KS, Brownell AL, Jenkins BG, Wahlestedt C, Kim KS,
Isacson O (2002) Embryonic stem cells develop into functional
dopaminergic neurons after transplantation in a Parkinson rat

model. Proc Natl Acad Sci U S A 99:2344–2349.
Blanchet PJ, Calon F, Morissette M, Hadj TA, Bélanger N, Samadi P,
Grondin R, Grégoire L, Meltzer L, Di Paolo T, Bédard PJ (2004)
Relevance of the MPTP primate model in the study of dyskinesia
priming mechanisms. Parkinsonism Relat Disord 10:297–304.

Blandini F, Armentero MT, Martignoni E (2008) The 6-hydroxydopa-
mine model: news from the past. Parkinsonism Relat Disord 14
(Suppl 2):S124–S129.

Blandini F, Cova L, Armentero MT, Zennaro E, Levandis G, Bosso-
lasco P, Calzarossa C, Mellone M, Giuseppe B, Deliliers GL, Polli
E, Nappi G, Silani V (2010) Transplantation of undifferentiated
human mesenchymal stem cells protects against 6-hydroxydopa-
mine neurotoxicity in the rat. Cell Transplant 19:203–217.

Blume SR, Cass DK, Tseng KY (2009) Stepping test in mice: a reliable
approach in determining forelimb akinesia in MPTP-induced Par-
kinsonism. Exp Neurol 219:208–211.

Borisenko GG, Kagan VE, Hsia CJ, Schor NF (2000) Interaction
between 6-hydroxydopamine and transferrin: “let my iron go”. Bio-
chemistry 39:3392–3400.

Bourn WM, Chin L, Picchioni AL (1972) Enhancement of audiogenic
seizure by 6-hydroxydopamine. J Pharm Pharmacol 24:913–914.

Bové J, Marin C, Bonastre M, Tolosa E (2002) Adenosine A2A antag-
onism reverses L-dopa-induced motor alterations in hemiparkinso-
nian rats. Synapse 46:251–257.

Bove J, Prou D, Perier C, Przedborski S (2005a) Toxin-induced mod-
els of Parkinson’s disease. Neurorx 2:484–494.

Bove J, Serrats J, Mengod G, Cortes R, Aguilar E, Marin C (2006a)
Reversion of L-dopa-induced motor fluctuations by the A2A antag-
onist CSC is associated with an increase in striatal preprodynor-
phin mRNA expression in 6-OHDA-lesioned rats. Synapse
59:435–444.

Bove J, Serrats J, Mengod G, Cortes R, Tolosa E, Marin C (2005b)
Neuroprotection induced by the adenosine A2A antagonist CSC in
the 6-OHDA rat model of parkinsonism: effect on the activity of
striatal output pathways. Exp Brain Res 165:362–374.

Bove J, Zhou C, Jackson-Lewis V, Taylor J, Chu Y, Rideout HJ, Wu
DC, Kordower JH, Petrucelli L, Przedborski S (2006b) Proteasome
inhibition and Parkinson’s disease modeling. Ann Neurol 60:260–
264.

Boyce S, Kelly E, Reavill C, Jenner P, Marsden CD (1984) Repeated
administration of N-methyl-4-phenyl 1,2,5,6-tetrahydropyridine to
rats is not toxic to striatal dopamine neurones. Biochem Pharmacol
33:1747–1752.

Braak H, Del Tredici K, Bratzke H, Hamm-Clement J, Sandmann-Keil
D, Rub U (2002) Staging of the intracerebral inclusion body pa-
thology associated with idiopathic Parkinson’s disease (preclinical
and clinical stages). J Neurol 249 (Suppl 3):III/1-III/5.

Brinkley BR, Barham SS, Barranco SC, Fuller GM (1974) Rotenone
inhibition of spindle microtubule assembly in mammalian cells. Exp
Cell Res 85:41–46.

Brochard V, Combadière B, Prigent A, Laouar Y, Perrin A, Beray-
Berthat V, Bonduelle O, Alvarez-Fischer D, Callebert J, Launay
JM, Duyckaerts C, Flavell RA, Hirsch EC, Hunot S (2009) Infiltra-
tion of CD4� lymphocytes into the brain contributes to neurode-
generation in a mouse model of Parkinson disease. J Clin Invest
119:182–192.

rooks AI, Chadwick CA, Gelbard HA, Cory-Slechta DA, Federoff HJ
(1999) Paraquat elicited neurobehavioral syndrome caused by
dopaminergic neuron loss. Brain Res 823:1–10.

room L, Marinova-Mutafchieva L, Sadeghian M, Davis JB, Medhurst
AD, Dexter DT (2011) Neuroprotection by the selective iNOS in-
hibitor GW274150 in a model of Parkinson disease. Free Radic
Biol Med 50:633–640.

urns RS, Chiueh CC, Markey SP, Ebert MH, Jacobowitz DM, Kopin
IJ (1983) A primate model of parkinsonism: selective destruction of
dopaminergic neurons in the pars compacta of substantia nigra by
N-methyl-4-phenyl,1,2,3,6-tetrahydropyridine. Proc Natl Acad Sci

U S A 80:4546–4550.



J. Bové and C. Perier / Neuroscience 211 (2012) 51–7668
Cadet JL, Katz M, Jackson-Lewis V, Fahn S (1989) Vitamin E atten-
uates the toxic effects of intrastriatal injection of 6-hydroxydopa-
mine (6-OHDA) in rats: behavioral and biochemical evidence.
Brain Res 476:10–15.

Caneda-Ferrón B, De Girolamo LA, Costa T, Beck KE, Layfield R,
Billett EE (2008) Assessment of the direct and indirect effects of
MPP� and dopamine on the human proteasome: implications for
Parkinson’s disease aetiology. J Neurochem 105:225–238.

Cannon JR, Tapias V, Na HM, Honick AS, Drolet RE, Greenamyre JT
(2009) A highly reproducible rotenone model of Parkinson’s dis-
ease. Neurobiol Dis 34:279–290.

Carlsson A, Lindqvist M, Magnusson T, Waldeck B (1958) On the
presence of 3-hydroxytyramine in brain. Science 127:471.

Carlsson A, Lindqvist M, Magnusson T (1957) 3,4-dihydroxyphenyla-
lanine and 5-hydroxytryptophan as reserpine antagonists. Nature
180:1200.

Cenci MA, Lee CS, Björklund A (1998) L-DOPA-induced dyskinesia in
the rat is associated with striatal overexpression of prodynorphin-
and glutamic acid decarboxylase mRNA. Eur J Neurosci 10:
2694–2706.

Cenci MA, Ohlin KE (2009) Rodent models of treatment-induced motor
complications in Parkinson’s disease. Parkinsonism Relat Disord
15 (Suppl 4):S13–S17.

Chan P, DeLanney LE, Irwin I, Langston JW, Di Monte D (1991) Rapid
ATP loss caused by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
in mouse brain. J Neurochem 57:348–351.

Chang JW, Wachtel SR, Young D, Kang UJ (1999) Biochemical and
anatomical characterization of forepaw adjusting steps in rat mod-
els of Parkinson’s disease: studies on medial forebrain bundle and
striatal lesions. Neuroscience 88:617–628.

Chaudhuri KR, Healy DG, Schapira AH (2006) Non-motor symptoms
of Parkinson’s disease: diagnosis and management. Lancet Neu-
rol 5:235–245.

Chen H, Huang X, Guo X, Mailman RB, Park Y, Kamel F, Umbach DM,
Xu Q, Hollenbeck A, Schatzkin A, Blair A (2010) Smoking duration,
intensity, and risk of Parkinson disease. Neurology 74:878–884.

Chen JF, Xu K, Petzer JP, Staal R, Xu YH, Beilstein M, Sonsalla PK,
Castagnoli K, Castagnoli N Jr, Schwarzschild MA (2001) Neuro-
protection by caffeine and A (2A) adenosine receptor inactivation in
a model of Parkinson’s disease. J Neurosci 21:RC143.

Cheng HC, Kim SR, Oo TF, Kareva T, Yarygina O, Rzhetskaya M,
Wang C, During M, Talloczy Z, Tanaka K, Komatsu M, Kobayashi
K, Okano H, Kholodilov N, Burke RE (2011) Akt suppresses ret-
rograde degeneration of dopaminergic axons by inhibition of mac-
roautophagy. J Neurosci 31:2125–2135.

Chiba K, Kubota E, Miyakawa T, Kato Y, Ishizaki T (1988) Character-
ization of hepatic microsomal metabolism as an in vivo detoxication
pathway of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine in mice.
J Pharmacol Exp Ther 246:1108–1115.

Chiba K, Peterson LA, Castagnoli KP, Trevor AJ, Castagnoli N Jr
(1985) Studies on the molecular mechanism of bioactivation of the
selective nigrostriatal toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine. Drug Metab Dispos 13:342–347.

Chiba K, Trevor A, Castagnoli N Jr (1984) Metabolism of the neuro-
toxic tertiary amine, MPTP, by brain monoamine oxidase. Biochem
Biophys Res Commun 120:574–578.

Chiueh CC, Markey SP, Burns RS, Johannessen JN, Pert A, Kopin IJ
(1984) Neurochemical and behavioral effects of systemic and in-
tranigral administration of N-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine in the rat. Eur J Pharmacol 100:189–194.

Choi WS, Palmiter RD, Xia Z (2011) Loss of mitochondrial complex I
activity potentiates dopamine neuron death induced by microtu-
bule dysfunction in a Parkinson’s disease model. J Cell Biol
192:873–882.

Chou AP, Li S, Fitzmaurice AG, Bronstein JM (2010) Mechanisms of
rotenone-induced proteasome inhibition. Neurotoxicology 31:367–

372.
Cicchetti F, Brownell AL, Williams K, Chen YI, Livni E, Isacson O
(2002) Neuroinflammation of the nigrostriatal pathway during pro-
gressive 6-OHDA dopamine degeneration in rats monitored by
immunohistochemistry and PET imaging. Eur J Neurosci 15:
991–998.

Close SP, Elliott PJ, Hayes AG, Marriott AS (1990) Effects of classical
and novel agents in a MPTP-induced reversible model of Parkin-
son’s disease. Psychopharmacology (Berl) 102:295–300.

Cohen G (1984) Oxy-radical toxicity in catecholamine neurons. Neu-
rotoxicology 5:77–82.

Cohen G, Heikkila RE (1974) The generation of hydrogen peroxide,
superoxide radical, and hydroxyl radical by 6-hydroxydopamine,
dialuric acid, and related cytotoxic agents. J Biol Chem 249:
2447–2452.

Collier TJ, Kanaan NM, Kordower JH (2011) Ageing as a primary risk
factor for Parkinson’s disease: evidence from studies of non-hu-
man primates. Nat Rev Neurosci 12:359–366.

Collier TJ, Lipton J, Daley BF, Palfi S, Chu Y, Sortwell C, Bakay RA,
Sladek JR Jr, Kordower JH (2007) Aging-related changes in the
nigrostriatal dopamine system and the response to MPTP in non-
human primates: diminished compensatory mechanisms as a pre-
lude to Parkinsonism. Neurobiol Dis 26:56–65.

Cory-Slechta DA, Thiruchelvam M, Di Monte DA (2008) Letter regard-
ing: “Paraquat: the red herring of Parkinson’s disease research.”
Toxicol Sci 103:215–216.

Costa J, Lunet N, Santos C, Santos J, Vaz-Carneiro A (2010) Caffeine
exposure and the risk of Parkinson’s disease: a systematic review
and meta-analysis of observational studies. J Alzheimers Dis 20
(Suppl 1):S221–S238.

Cotzias GC, Papavasiliou PS, Gellene R (1968) Experimental treat-
ment of parkinsonism with L-dopa. Neurology 18:276–277.

Crocker CE, Khan S, Cameron MD, Robertson HA, Robertson GS,
LoGrasso P (2011) JNK inhibition protects dopamine neurons and
provides behavioral improvement in a Rat 6-hydroxydopamine
model of Parkinson’s disease. ACS Chem Neurosci 2:207–212.

Crocker SJ, Lamba WR, Smith PD, Callaghan SM, Slack RS, Anisman
H, Park DS (2001a) C-Jun mediates axotomy-induced dopamine
neuron death in vivo. Proc Natl Acad Sci U S A 98:13385–13390.

Crocker SJ, Wigle N, Liston P, Thompson CS, Lee CJ, Xu D, Roy S,
Nicholson DW, Park DS, MacKenzie A, Korneluk RG, Robertson
GS (2001b) NAIP protects the nigrostriatal dopamine pathway in
an intrastriatal 6-OHDA rat model of Parkinson’s disease. Eur
J Neurosci 14:391–400.

Curtius HC, Wolfensberger M, Steinmann B, Redweik U, Siegfried J
(1974) Mass fragmentography of dopamine and 6-hydroxydopa-
mine. Application to the determination of dopamine in human brain
biopsies from the caudate nucleus. J Chromatogr 99:529–540.

Cutillas B, Espejo M, Gil J, Ferrer I, Ambrosio S (1999) Caspase
inhibition protects nigral neurons against 6-OHDA-induced retro-
grade degeneration. Neuroreport 10:2605–2608.

Członkowska A, Kohutnicka M, Kurkowska-Jastrzebska I, Członkowski A
(1996) Microglial reaction in MPTP (1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine) induced Parkinson’s disease mice model. Neurode-
generation 5:137–143.

Dauer W, Kholodilov N, Vila M, Trillat AC, Goodchild R, Larsen KE,
Staal R, Tieu K, Schmitz Y, Yuan CA, Rocha M, Jackson-Lewis V,
Hersch S, Sulzer D, Przedborski S, Burke R, Hen R (2002) Resis-
tance of alpha -synuclein null mice to the parkinsonian neurotoxin
MPTP. Proc Natl Acad Sci U S A 99:14524–14529.

Davey GP, Tipton KF, Murphy MP (1992) Uptake and accumulation of
1-methyl-4-phenylpyridinium by rat liver mitochondria measured
using an ion-selective electrode. Biochem J 288:439–443.

Davis GC, Williams AC, Markey SP, Ebert MH, Caine ED, Reichert
CM, Kopin IJ (1979) Chronic parkinsonism secondary to intrave-
nous injection of meperidine analogs. Psychiatry Res 1:249–254.

Day BJ, Patel M, Calavetta L, Chang LY, Stamler JS (1999) A mech-
anism of paraquat toxicity involving nitric oxide synthase. Proc Natl

Acad Sci U S A 96:12760–12765.



J. Bové and C. Perier / Neuroscience 211 (2012) 51–76 69
de Rijk MC, Tzourio C, Breteler MM, Dartigues JF, Amaducci L,
Lopez-Pousa S, Manubens-Bertran JM, Alperovitch A, Rocca WA
(1997) Prevalence of parkinsonism and Parkinson’s disease in
Europe: the EUROPARKINSON collaborative study. European
Community Concerted Action on the Epidemiology of Parkinson’s
disease. J Neurol Neurosurg Psychiatry 62:10–15.

Decamp E, Schneider JS (2004) Attention and executive function
deficits in chronic low-dose MPTP-treated non-human primates.
Eur J Neurosci 20:1371–1378.

Decamp E, Schneider JS (2009) Interaction between nicotinic and
dopaminergic therapies on cognition in a chronic Parkinson model.
Brain Res 1262:109–114.

Dehay B, Bové J, Rodríguez-Muela N, Perier C, Recasens A, Boya P,
Vila M (2010) Pathogenic lysosomal depletion in Parkinson’s dis-
ease. J Neurosci 30:12535–12544.

Dehmer T, Lindenau J, Haid S, Dichgans J, Schulz JB (2000) Defi-
ciency of inducible nitric oxide synthase protects against MPTP
toxicity in vivo. J Neurochem 74:2213–2216.

Depino AM, Earl C, Kaczmarczyk E, Ferrari C, Besedovsky H, del Rey
A, Pitossi FJ, Oertel WH (2003) Microglial activation with atypical
proinflammatory cytokine expression in a rat model of Parkinson’s
disease. Eur J Neurosci 18:2731–2742.

Deumens R, Blokland A, Prickaerts J (2002) Modeling Parkinson’s
disease in rats: an evaluation of 6-OHDA lesions of the nigrostriatal
pathway. Exp Neurol 175:303–317.

Dexter DT, Carter CJ, Wells FR, Javoy-Agid F, Agid Y, Lees A, Jenner
P, Marsden CD (1989) Basal lipid peroxidation in substantia nigra
is increased in Parkinson’s disease. J Neurochem 52:381–389.

Dhillon AS, Tarbutton GL, Levin JL, Plotkin GM, Lowry LK, Nalbone
JT, Shepherd S (2008) Pesticide/environmental exposures and
Parkinson’s disease in East Texas. J Agromedicine 13:37–48.

Dowd E, Monville C, Torres EM, Dunnett SB (2005) The corridor task:
a simple test of lateralised response selection sensitive to unilat-
eral dopamine deafferentation and graft-derived dopamine re-
placement in the striatum. Brain Res Bull 68:24–30.

Drolet RE, Cannon JR, Montero L, Greenamyre JT (2009) Chronic
rotenone exposure reproduces Parkinson’s disease gastrointesti-
nal neuropathology. Neurobiol Dis 36:96–102.

Ebersbach G, Stöck M, Müller J, Wenning G, Wissel J, Poewe W
(1999) Worsening of motor performance in patients with Parkin-
son’s disease following transdermal nicotine administration. Mov
Disord 14:1011–1013.

Ebert AD, Hann HJ, Bohn MC (2008) Progressive degeneration of
dopamine neurons in 6-hydroxydopamine rat model of Parkinson’s
disease does not involve activation of caspase-9 and caspase-3.
J Neurosci Res 86:317–325.

Ehringer H, Hornykiewicz O (1960) Verteilung von Noradrenalin und
dopamine (3-hydroxytyramin) im gehirn des menschen und ihr
verhalten bei erkrankungen des extrapyramidalen systems. Wie-
ner Klinische Wochenschrift 38:1236–1239.

Emborg ME, Moirano J, Raschke J, Bondarenko V, Zufferey R, Peng
S, Ebert AD, Joers V, Roitberg B, Holden JE, Koprich J, Lipton J,
Kordower JH, Aebischer P (2009) Response of aged parkinsonian
monkeys to in vivo gene transfer of GDNF. Neurobiol Dis
36:303–311.

Eriksen N, Stark AK, Pakkenberg B (2009) Age and Parkinson’s
disease-related neuronal death in the substantia nigra pars com-
pacta. J Neural Transm Suppl 73:203–213.

Facheris MF, Schneider NK, Lesnick TG, de Andrade M, Cunningham
JM, Rocca WA, Maraganore DM (2008) Coffee, caffeine-related
genes, and Parkinson’s disease: a case-control study. Mov Disord
23:2033–2040.

Fahn S (1996) The case of the frozen addicts: how the solution of an
extraordinary medical mystery spawned a revolution in the under-
standing and treatment of Parkinson’s disease. N Engl J Med
335(26):2002–2003.

Fahn S (2003) Description of Parkinson’s disease as a clinical syn-

drome. Ann N Y Acad Sci 991:1–14.
Faull RL, Laverty R (1969) Changes in dopamine levels in the corpus
striatum following lesions in the substantia nigra. Exp Neurol
23:332–340.

Fearnley JM, Lees AJ (1991) Ageing and Parkinson’s disease: sub-
stantia nigra regional selectivity. Brain 114 (Pt 5):2283–2301.

Fei Q, McCormack AL, Di Monte DA, Ethell DW (2008) Paraquat
neurotoxicity is mediated by a bak-dependent mechanism. J Biol
Chem 283:3357–3364.

Ferger B, Teismann P, Earl CD, Kuschinsky K, Oertel WH (2000) The
protective effects of PBN against MPTP toxicity are independent of
hydroxyl radical trapping. Pharmacol Biochem Behav 65:425–431.

Fernagut PO, Hutson CB, Fleming SM, Tetreaut NA, Salcedo J,
Masliah E, Chesselet MF (2007) Behavioral and histopathological
consequences of paraquat intoxication in mice: effects of alpha-
synuclein over-expression. Synapse 61:991–1001.

Ferrante RJ, Schulz JB, Kowall NW, Beal MF (1997) Systemic admin-
istration of rotenone produces selective damage in the striatum
and globus pallidus, but not in the substantia nigra. Brain Res
753:157–162.

Fleming SM, Zhu C, Fernagut PO, Mehta A, Dicarlo CD, Seaman RL,
Chesselet MF (2004) Behavioral and immunohistochemical effects
of chronic intravenous and subcutaneous infusions of varying
doses of rotenone. Exp Neurol 187:418–429.

Fornai F, Schlüter OM, Lenzi P, Gesi M, Ruffoli R, Ferrucci M, Lazzeri
G, Busceti CL, Pontarelli F, Battaglia G, Pellegrini A, Nicoletti F,
Ruggieri S, Paparelli A, Südhof TC (2005) Parkinson-like syn-
drome induced by continuous MPTP infusion: convergent roles of
the ubiquitin-proteasome system and alpha-synuclein. Proc Natl
Acad Sci U S A 102:3413–3418.

Forno LS, DeLanney LE, Irwin I, Langston JW (1993) Similarities and
differences between MPTP-induced parkinsonism and Parkinson’s
disease: neuropathologic considerations. Adv Neurol 60:600–608.

Fox SH, Brotchie JM (2010) The MPTP-lesioned non-human primate
models of Parkinson’s disease. Past, present, and future. Prog
Brain Res 184:133–157.

Fox SH, Visanji N, Reyes G, Huot P, Gomez-Ramirez J, Johnston T,
Brotchie JM (2010) Neuropsychiatric behaviors in the MPTP mar-
moset model of Parkinson’s disease. Can J Neurol Sci 37:86–95.

Garrido-Gil P, Belzunegui S, San Sebastián W, Izal-Azcárate A, López
B, Marcilla I, Luquin MR (2009) 1-methyl-4-phenyl-1,2,3, 6-tetra-
hydropyridine exposure fails to produce delayed degeneration of
substantia nigra neurons in monkeys. J Neurosci Res 87:586–597.

Gerfen CR, Baimbridge KG, Miller JJ (1985) The neostriatal mosaic:
compartmental distribution of calcium-binding protein and parval-
bumin in the basal ganglia of the rat and monkey. Proc Natl Acad
Sci U S A 82:8780–8784.

Gerfen CR, Baimbridge KG, Thibault J (1987a) The neostriatal mo-
saic: part III. Biochemical and developmental dissociation of patch-
matrix nigrostriatal system. J Neurosci 7:3935–3944.

Gerfen CR, Engber TM, Mahan LC, Susel Z, Chase TN, Monsma FJ,
Sibley DR (1990) D1 and D2 dopamine receptor-regulated gene
expression of striatonigral and striatopallidal neurons. Science
250:1429–1432.

Gerfen CR, Herkenham M, Thibault J (1987b) The neostriatal mosaic:
part II. Patch- and matrix-directed mesostriatal dopaminergic and
non-dopaminergic systems. J Neurosci 7:3915–3934.

Gerhard A, Pavese N, Hotton G, Turkheimer F, Es M, Hammers A,
Eggert K, Oertel W, Banati RB, Brooks DJ (2006) In vivo imaging
of microglial activation with [11C](R)-PK11195 PET in idiopathic
Parkinson’s disease. Neurobiol Dis 21:404–412.

German DC, Manaye KF, Sonsalla PK, Brooks BA (1992) Midbrain
dopaminergic cell loss in Parkinson’s disease and MPTP-induced
Parkinsonism: sparing of calbindin-D28k-containing cells. Ann N Y
Acad Sci 648:42–62.

Ghosh B, Antonio T, Reith ME, Dutta AK (2010) Discovery of 4-(4-(2-
((5-Hydroxy-1,2,3,4-tetrahydronaphthalen-2-yl)(propyl)amino)eth-
yl)piperazin-1-yl)quinolin-8-ol and its analogues as highly potent

dopamine D2/D3 agonists and as iron chelator: in vivo activity



J. Bové and C. Perier / Neuroscience 211 (2012) 51–7670
indicates potential application in symptomatic and neuroprotective
therapy for Parkinson’s disease. J Med Chem 53:2114–2125.

Giovanni A, Sonsalla PK, Heikkila RE (1994) Studies on species
sensitivity to the dopaminergic neurotoxin 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine. part 2: central administration of 1-meth-
yl-4-phenylpyridinium. J Pharmacol Exp Ther 270:1008–1014.

Goetz CG, Tilley BC, Shaftman SR, Stebbins GT, Fahn S, Martinez-
Martin P, Poewe W, Sampaio C, Stern MB, Dodel R, Dubois B,
Holloway R, Jankovic J, Kulisevsky J, Lang AE, Lees A, Leurgans
S, LeWitt PA, Nyenhuis D, Olanow CW, Rascol O, Schrag A,
Teresi JA, Van Hilten JJ, LaPelle N (2008) Movement Disorder
Society-sponsored revision of the unified Parkinson’s disease rat-
ing scale (MDS-UPDRS): scale presentation and clinimetric testing
results. Mov Disord 23:2129–2170.

Grant H, Lantos PL, Parkinson C (1980) Cerebral damage in paraquat
poisoning. Histopathology 4:185–195.

Grealish S, Mattsson B, Draxler P, Björklund A (2010) Characterisa-
tion of behavioural and neurodegenerative changes induced by
intranigral 6-hydroxydopamine lesions in a mouse model of Par-
kinson’s disease. Eur J Neurosci 31:2266–2278.

Gründemann J, Schlaudraff F, Haeckel O, Liss B (2008) Elevated
alpha-synuclein mRNA levels in individual UV-laser-microdis-
sected dopaminergic substantia nigra neurons in idiopathic Parkin-
son’s disease. Nucleic Acids Res 36:e38.

Hadaczek P, Eberling JL, Pivirotto P, Bringas J, Forsayeth J, Bankie-
wicz KS (2010) Eight years of clinical improvement in MPTP-
lesioned primates after gene therapy with AAV2-hAADC. Mol Ther
18:1458–1461.

Halliday G, Herrero MT, Murphy K, McCann H, Ros-Bernal F, Barcia
C, Mori H, Blesa FJ, Obeso JA (2009) No Lewy pathology in
monkeys with over 10 years of severe MPTP Parkinsonism. Mov
Disord 24:1519–1523.

Hanrott K, Murray TK, Orfali Z, Ward M, Finlay C, O’Neill MJ, Won-
nacott S (2008) Differential activation of PKC delta in the substan-
tia nigra of rats following striatal or nigral 6-hydroxydopamine
lesions. Eur J Neurosci 27:1086–1096.

Hansard MJ, Smith LA, Jackson MJ, Cheetham SC, Jenner P (2002)
Dopamine, but not norepinephrine or serotonin, reuptake inhibition
reverses motor deficits in 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine-treated primates. J Pharmacol Exp Ther 303:952–958.

Hantraye P, Varastet M, Peschanski M, Riche D, Cesaro P, Willer JC,
Maziere M (1993) Stable parkinsonian syndrome and uneven loss
of striatal dopamine fibres following chronic MPTP administration
in baboons. Neuroscience 53:169–178.

Harms AS, Barnum CJ, Ruhn KA, Varghese S, Treviño I, Blesch A,
Tansey MG (2011) Delayed dominant-negative TNF gene therapy
halts progressive loss of nigral dopaminergic neurons in a rat
model of Parkinson’s disease. Mol Ther 19:46–52.

Hartmann A, Hunot S, Michel PP, Muriel MP, Vyas S, Faucheux BA,
Mouatt-Prigent A, Turmel H, Srinivasan A, Ruberg M, Evan GI,
Agid Y, Hirsch EC (2000) Caspase-3: A vulnerability factor and
final effector in apoptotic death of dopaminergic neurons in Par-
kinson’s disease. Proc Natl Acad Sci U S A 97:2875–2880.

Hasegawa E, Takeshige K, Oishi T, Murai Y, Minakami S (1990)
1-Mehtyl-4-phenylpyridinium (MPP�) induces NADH-dependent
superoxide formation and enhances NADH-dependent lipid peroxi-
dation in bovine heart submitochondrial particles. Biochem Bio-
phys Res Commun 170:1049–1055.

Hassani OK, Mouroux M, Féger J (1996) Increased subthalamic neu-
ronal activity after nigral dopaminergic lesion independent of dis-
inhibition via the globus pallidus. Neuroscience 72:105–115.

Hauser RA, Salin L, Juhel N, Konyago VL (2007) Randomized trial of
the triple monoamine reuptake inhibitor NS 2330 (tesofensine) in
early Parkinson’s disease. Mov Disord 22:359–365.

Hefti F, Melamed E, Wurtman RJ (1980) Partial lesions of the dopa-
minergic nigrostriatal system in rat brain: biochemical character-

ization. Brain Res 195:123–137.
Heikkila R, Cohen G (1972) Further studies on the generation of
hydrogen peroxide by 6-hydroxydopamine. Potentiation by ascor-
bic acid. Mol Pharmacol 8:241–248.

Heikkila RE, Hess A, Duvoisin RC (1984) Dopaminergic neurotoxicity
of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine in mice. Science
224:1451–1453.

Heikkila RE, Nicklas WJ, Vays I, Duvoisin RC (1985) Dopaminergic
toxicity of rotenone and the 1-methyl-4-phenylpyridinium ion after
their stereotaxic administration to rats: implication for the mecha-
nism of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine toxicity. Neu-
rosci Lett 62:389–394.

Hisata J (2002) Lake and stream rehabilitation: rotenone use and
health risks. Washington: Department of Fish and Wildlife. Final
supplemental environmental impact statement.

Hoglinger GU, Feger J, Annick P, Michel PP, Karine P, Champy P,
Ruberg M, Wolfgang WO, Hirsch E (2003) Chronic systemic com-
plex I inhibition induces a hypokinetic multisystem degeneration in
rats. J Neurochem 84:1–12.

Hoglinger GU, Lannuzel A, Khondiker ME, Michel PP, Duyckaerts C,
Féger J, Champy P, Prigent A, Medja F, Lombes A, Oertel WH,
Ruberg M, Hirsch EC (2005) The mitochondrial complex I inhibitor
rotenone triggers a cerebral tauopathy. J Neurochem 95:930–939.

Hoglinger GU, Oertel WH, Hirsch EC (2006) The rotenone model of
Parkinsonism—the five years inspection. J Neural Transm Suppl
70:269–272.

Hoglinger GU, Rizk P, Muriel MP, Duyckaerts C, Oertel WH, Caille I,
Hirsch EC (2004) Dopamine depletion impairs precursor cell pro-
liferation in Parkinson disease. Nat Neurosci 7:726–735.

Hoppel CL, Grinblatt D, Kwok HC, Arora PK, Singh MP, Sayre LM,
Greenblatt D (1987) Inhibition of mitochondrial respiration by ana-
logs of 4-phenylpyridine and 1-methyl-4-phenylpyridinium cation
(MPP�), the neurotoxic metabolite of MPTP. Biochem Biophys
Res Commun 148:684–693.

Hu LF, Lu M, Tiong CX, Dawe GS, Hu G, Bian JS (2010) Neuropro-
tective effects of hydrogen sulfide on Parkinson’s disease rat mod-
els. Aging Cell 9:135–146.

Hu X, Weng Z, Chu CT, Zhang L, Cao G, Gao Y, Signore A, Zhu J,
Hastings T, Greenamyre JT, Chen J (2011) Peroxiredoxin-2 pro-
tects against 6-hydroxydopamine-induced dopaminergic neurode-
generation via attenuation of the apoptosis signal-regulating ki-
nase (ASK1) signaling cascade. J Neurosci 31:247–261.

Huang LZ, Parameswaran N, Bordia T, Michael MJ, Quik M (2009)
Nicotine is neuroprotective when administered before but not after
nigrostriatal damage in rats and monkeys. J Neurochem
109:826–837.

Hughes JT (1988) Brain damage due to paraquat poisoning: a fatal
case with neuropathological examination of the brain. Neurotoxi-
cology 9:243–248.

Hunot S, Vila M, Teismann P, Davis RJ, Hirsch EC, Przedborski S,
Rakic P, Flavell RA (2004) JNK-mediated induction of cyclooxy-
genase 2 is required for neurodegeneration in a mouse model of
Parkinson’s disease. Proc Natl Acad Sci U S A 101:665–670.

Hutter-Saunders JA, Gendelman HE, Mosley RL (in press) Murine
motor and behavior functional evaluations for acute 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) intoxication. J Neuroim-
mune Pharmacol, in press.

Iancu R, Mohapel P, Brundin P, Paul G (2005) Behavioral character-
ization of a unilateral 6-OHDA-lesion model of Parkinson’s disease
in mice. Behav Brain Res 162:1–10.

Ikeda K, Kurokawa M, Aoyama S, Kuwana Y (2002) Neuroprotection
by adenosine A2A receptor blockade in experimental models of
Parkinson’s disease. J Neurochem 80:262–270.

Imbert C, Bezard E, Guitraud S, Boraud T, Gross CE (2000) Compar-
ison of eight clinical rating scales used for the assessment of
MPTP-induced parkinsonism in the macaque monkey. J Neurosci
Methods 96:71–76.

Inden M, Kitamura Y, Abe M, Tamaki A, Takata K, Taniguchi T (2011)

Parkinsonian rotenone mouse model: reevaluation of long-term



J. Bové and C. Perier / Neuroscience 211 (2012) 51–76 71
administration of rotenone in C57BL/6 mice. Biol Pharm Bull
34:92–96.

Inden M, Kitamura Y, Takeuchi H, Yanagida T, Takata K, Kobayashi Y,
Taniguchi T, Yoshimoto K, Kaneko M, Okuma Y, Taira T, Ariga H,
Shimohama S (2007) Neurodegeneration of mouse nigrostriatal
dopaminergic system induced by repeated oral administration of
rotenone is prevented by 4-phenylbutyrate, a chemical chaperone.
J Neurochem 101:1491–1504.

Inden M, Kitamura Y, Tamaki A, Yanagida T, Shibaike T, Yamamoto
A, Takata K, Yasui H, Taira T, Ariga H, Taniguchi T (2009) Neu-
roprotective effect of the antiparkinsonian drug pramipexole
against nigrostriatal dopaminergic degeneration in rotenone-
treated mice. Neurochem Int 55:760–767.

Iravani MM, Syed E, Jackson MJ, Johnston LC, Smith LA, Jenner P
(2005) A modified MPTP treatment regime produces reproducible
partial nigrostriatal lesions in common marmosets. Eur J Neurosci
21:841–854.

Itti E, Villafane G, Malek Z, Brugières P, Capacchione D, Itti L, Maison
P, Cesaro P, Meignan M (2009) Dopamine transporter imaging
under high-dose transdervmal nicotine therapy in Parkinson’s dis-
ease: an observational study. Nucl Med Commun 30:513–518.

Jackson MJ, Andree TH, Hansard M, Hoffman DC, Hurtt MR, Kehne
JH, Pitler TA, Smith LA, Stack G, Jenner P (2010) The dopamine
D (2) receptor partial agonist aplindore improves motor deficits in
MPTP-treated common marmosets alone and combined with L-
dopa. J Neural Transm 117:55–67.

Jackson-Lewis V, Jakowec M, Burke RE, Przedborski S (1995) Time
course and morphology of dopaminergic neuronal death caused by
the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine. Neu-
rodegeneration 4:257–269.

Jackson-Lewis V, Przedborski S (2007) Protocol for the MPTP mouse
model of Parkinson’s disease. Nat Protoc 2:141–151.

Jakowec MW, Petzinger GM (2004) 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine-lesioned model of Parkinson’s disease, with empha-
sis on mice and nonhuman primates. Comp Med 54:497–513.

Janson AM, Fuxe K, Sundström E, Agnati LF, Goldstein M (1988)
Chronic nicotine treatment partly protects against the 1-methyl-4-
phenyl-2,3,6-tetrahydropyridine-induced degeneration of nigrostri-
atal dopamine neurons in the black mouse. Acta Physiol Scand
132:589–591.

Javitch JA, D’Amato RJ, Strittmatter SM, Snyder SH (1985) Parkin-
sonism-inducing neurotoxin, N-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine: uptake of the metabolite N-methyl-4-phenylpyridinium
by dopamine neurons explain selective toxicity. Proc Natl Acad Sci
U S A 82:2173–2177.

Jenner P (2003a) The contribution of the MPTP-treated primate model
to the development of new treatment strategies for Parkinson’s
disease. Parkinsonism Relat Disord 9:131–137.

Jenner P (2003b) The MPTP-treated primate as a model of motor
complications in PD: primate model of motor complications. Neu-
rology 61:S4–S11.

Jenner P, Rose S, Nomoto M, Marsden CD (1987) MPTP-induced
parkinsonism in the common marmoset: behavioral and biochem-
ical effects. Adv Neurol 45:183–186.

Jenner P, Rupniak NM, Rose S, Kelly E, Kilpatrick G, Lees A, Marsden
CD (1984) 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced
parkinsonism in the common marmoset. Neurosci Lett 50:85–90.

Jeon BS, Jackson-Lewis V, Burke RE (1995) 6-hydroxydopamine
lesion of the rat substantia nigra: time course and morphology of
cell death. Neurodegeneration 4:131–137.

Jeon BS, Kholodilov NG, Oo TF, Kim SY, Tomaselli KJ, Srinivasan A,
Stefanis L, Burke RE (1999) Activation of caspase-3 in develop-
mental models of programmed cell death in neurons of the sub-
stantia nigra. J Neurochem 73:322–333.

Joghataie MT, Roghani M, Negahdar F, Hashemi L (2004) Protective
effect of caffeine against neurodegeneration in a model of Parkin-
son’s disease in rat: behavioral and histochemical evidence. Par-

kinsonism Relat Disord 10:465–468.
Johnston LC, Jackson MJ, Rose S, McCreary AC, Jenner P (2010)
Pardoprunox reverses motor deficits but induces only mild dyski-
nesia in MPTP-treated common marmosets. Mov Disord 25:
2059–2066.

Johnston TH, Huot P, Fox SH, Wakefield JD, Sykes KA, Bartolini WP,
Milne GT, Pearson JP, Brotchie JM (2011) Fatty acid amide hy-
drolase (FAAH) inhibition reduces L-3,4-dihydroxyphenylalanine-
induced hyperactivity in the 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine-lesioned non-human primate model of Parkinson’s
disease. J Pharmacol Exp Ther 336:423–430.

Jungnickel J, Kalve I, Reimers L, Nobre A, Wesemann M, Ratzka A,
Halfer N, Lindemann C, Schwabe K, Töllner K, Gernert M, Grothe
C (2011) Topology of intrastriatal dopaminergic grafts determines
functional and emotional outcome in neurotoxin-lesioned rats. Be-
hav Brain Res 216:129–135.

Kachroo A, Irizarry MC, Schwarzschild MA (2010) Caffeine protects
against combined paraquat and maneb-induced dopaminergic
neuron degeneration. Exp Neurol 223:657–661.

Karachi C, Grabli D, Bernard FA, Tandé D, Wattiez N, Belaid H,
Bardinet E, Prigent A, Nothacker HP, Hunot S, Hartmann A, Le-
héricy S, Hirsch EC, François C (2010) Cholinergic mesencephalic
neurons are involved in gait and postural disorders in Parkinson
disease. J Clin Invest 120:2745–2754.

Karunakaran S, Diwakar L, Saeed U, Agarwal V, Ramakrishnan S,
Iyengar S, Ravindranath V (2007) Activation of apoptosis signal
regulating kinase 1 (ASK1) and translocation of death-associated
protein, Daxx, in substantia nigra pars compacta in a mouse model
of Parkinson’s disease: protection by alpha-lipoic acid. FASEB J
21:2226–2236.

Khwaja M, McCormack A, McIntosh JM, Di Monte DA, Quik M (2007)
Nicotine partially protects against paraquat-induced nigrostriatal
damage in mice; link to alpha6beta2* nAChRs. J Neurochem
100:180–190.

Kirik D, Georgievska B, Burger C, Winkler C, Muzyczka N, Mandel RJ,
Bjorklund A (2002) Reversal of motor impairments in parkinsonian
rats by continuous intrastriatal delivery of L-dopa using rAAV-
mediated gene transfer. Proc Natl Acad Sci U S A 99:4708–4713.

Kirik D, Rosenblad C, Björklund A (1998) Characterization of behav-
ioral and neurodegenerative changes following partial lesions of
the nigrostriatal dopamine system induced by intrastriatal 6-hy-
droxydopamine in the rat. Exp Neurol 152:259–277.

Kish SJ, Morito CL, Hornykiewicz O (1985) Glutathione peroxidase
activity in Parkinson’s disease brain. Neurosci Lett 58:343–346.

Kitamura Y, Kakimura J, Taniguchi T (1998) Protective effect of tali-
pexole on MPTP-treated planarian, a unique parkinsonian worm
model. Jpn J Pharmacol 78:23–29.

Klivenyi P, St. Clair D, Wermer M, Yen HC, Oberley T, Yang L, Beal
MF (1998) Manganese superoxide dismutase overexpression at-
tenuates MPTP toxicity. Neurobiol Dis 5:253–258.

Kohutnicka M, Lewandowska E, Kurkowska-Jastrzebska I, Czlonkowski
A, Czlonkowska A (1998) Microglial and astrocytic involvement in a
murine model of Parkinson’s disease induced by 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP). J Immunopharmacol 39:167–180.

Kopin IJ (1987) MPTP: an industrial chemical and contaminant of illicit
narcotics stimulates a new era in research on Parkinson’s disease.
Environ Health Perspect 75:45–51.

Koprich JB, Fox SH, Johnston TH, Goodman A, Le Bourdonnec B,
Dolle RE, Dehaven RN, Dehaven-Hudkins DL, Little PJ, Brotchie
JM (2011) The selective mu-opioid receptor antagonist adl5510
reduces L-dopa-induced dyskinesia without affecting antiparkinso-
nian action in mptp-lesioned macaque model of Parkinson’s dis-
ease. Mov Disord 26:1225–1233.

Kostic V, Przedborski S, Flaster E, Sternic N (1991) Early develop-
ment of L-dopa-induced dyskinesias and response fluctuations in
young-onset Parkinson’s disease. Neurology 41:202–205.

Krackow S, Vannoni E, Codita A, Mohammed AH, Cirulli F, Branchi I,
Alleva E, Reichelt A, Willuweit A, Voikar V, Colacicco G, Wolfer

DP, Buschmann JU, Safi K, Lipp HP (2010) Consistent behavioral



M

M

M

M

M

J. Bové and C. Perier / Neuroscience 211 (2012) 51–7672
phenotype differences between inbred mouse strains in the
IntelliCage. Genes Brain Behav 9:722–731.
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