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…you have to know the pathology

Parkinson Disease : to develop a model….
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Parkinson Disease : Epidemiology

• Onset: Median at age 60

• Incidence: 60-140 / 100,000 in 70-79 year olds

• Ratio Male> Female: 1.5-2

• Slightly higher prevalence in Western countries (vs. Asia)

• 5% Non-sporadic, often early forms.

• Despite dopathotherapy, progression to marked physical 

disability and mental deterioration within 10 years
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Parkinson Disease : Epidemiology
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ü Before onset of motor symptoms:

ü Preclinical phase: Asymptomatic neuronal degeneration

ü Prodromal phase:

ü Can start up to 12-14 years before the pathology

ü Pathologies of the peripheral nervous system and the olfactory bulb:

ü Hyposmia

ü Constipation

ü Altered REM phase of sleep

ü Anxiety-depressive disorders

Parkinson's disease: preclinical and prodromal phases

12/02/2025 M1-D2HP 5



ü Resting tremor

Ø Resul;ng from the succession of phases of ac;va;on and inhibi;on of motor 

neurons from 3 to 6 contrac;ons / sec.

ü   Muscle stiffness

Ø Due to muscle hypertonia

ü Bradykinesia / Akinesia

Ø Disappearance or decrease in automa;c movements, voluntary movements

ü Freezing

ü Severity of symptoms ↗

ü Clusters of proteins and neurofilaments characterize a classic disease 

(Lewy bodies) – post mortem

Parkinson's disease: clinical consequences
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First symptoms:

• Asymmetric appearance

• Symptoms that disappear after dopatherapy

• Absence of the following symptoms:

Ø Cerebellar involvement (disturbances in balance and walking)

Ø Neurovegetative dystonia (fatigue, dizziness, vertigo, postural 

hypotension)

Ø Cortico-basal degeneration

Parkinson's disease: clinical consequences



Parkinson's disease: Symptoms evolution
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Parkinson's disease: non-motor symptoms

Wearing off periods
Re-emergence of dopamine 
deficiency-related symptoms 
(for example, stiffness, 
slowness or tremor).

Off periods
Similar to ‘wearing off’ but 
more severe in terms of 
symptom severity.

On periods
Periods of effective dopamine 
replacement with restored 
motor function.

Hyposmia
Reduction in the ability to 
detect odours.

Rotenone
A mitochondrial complex I 
inhibitor and common 
pesticide.

α-Synuclein
A protein that aggregates and 
forms the major constituent of 
Lewy bodies in neurons. 
Mutations in the gene 
encoding α-synuclein and 
overexpression of this protein 
are causes of familial 
Parkinson disease.

Anosmia
Loss of the sense of smell.

Lewy bodies
Abnormal aggregates of 
proteinaceous material within 
neuronal cell bodies, the major 
constituent of which is 
α-synuclein.

including different species and strains. No model type, 
toxin or genetic, has shown consistency in the evaluation 
of any specific non-motor feature. Furthermore, we also 
accept that the presence of motor symptoms may inter-
fere with the ability to evaluate non-motor abnormali-
ties such as anxiety, depression and cognition. Despite 
these caveats, the animal models described can provide 
some insight into the pathology and pharmacology of 
non-motor dysfunction in PD. The pharmacological 
basis of the non-motor features of PD is of relevance to 
the development of future therapies. Currently, dopa-
minergic treatments are the most widely used thera-
pies, but they have no impact on those aspects of the 
disease that are related to other neurotransmitter defi-
cits. This is reflected in the limited therapies available  
for non-motor deficits8.

Sensory features
Sensory symptoms, and pain in particular, are common 
non-motor features of PD. Indeed, virtually all patients 
with PD experience at least one sensory symptom as part 
of their prodrome, and such symptoms increase in prev-
alence and severity with the progression of the disease.

Olfactory deficits. Hyposmia or anosmia develops in 
more than 90% of patients with PD, is usually bilateral 
and may precede the onset of the dopamine deficiency- 
related motor features9. Although hyposmia is not often 
reported by patients, the presence or progression of 
hyposmia could represent a biomarker for early pre- 
motor PD, particularly if it is combined with other early 
clinical, imaging and/or biochemical markers, such as 
reduced noradrenergic denervation of cardiac tissue 
and cognitive dysfunction10–14. The development of 
hyposmia and RBD (see below) may reflect the evolving 
distribution and spread of Lewy bodies in PD from the 
lower medulla, as described by Braak and colleagues15 
(FIG. 3). However, the presence of olfactory dysfunc-
tion in later stages of PD may also be linked to cho-
linergic denervation and the onset of cognitive deficits  
and dementia16,17.

Alterations in olfaction in PD seemingly owe to 
changes in central olfactory processing, as biopsy sam-
ples of the olfactory epithelium from individuals with 
the disease are normal18. Indeed, MRI studies revealed 
that, compared with healthy controls, individuals with 
PD showed varying degrees of decreased volume and 
sulcus depth in the olfactory bulb19. Moreover, Lewy 
bodies and Lewy neurites, as detected by α-synuclein 
immunoreactivity, were found in the olfactory bulb, the 
olfactory cortex and other brain regions related to olfac-
tion (including the amygdala) in patients with PD or 
incidental Lewy body disease (ILBD) but rarely in healthy 
controls20,21. Individuals with PD also showed a loss 
of mitral cells and substance P-containing cells in the 
olfactory bulb, and a reduction in the level of calcium- 
binding protein in this region, but dopaminergic or 
somatostatin-containing cells are rarely affected in either 
the olfactory bulb or associated nuclei22. Patients with 
PD also showed an increase in periglomerular dopamin-
ergic neurons, although this finding was not specific to 
PD as it also occurred in Alzheimer disease (AD) and in 
frontotemporal dementia. The failure of olfactory defi-
cits to respond to dopaminergic medications probably 
reflects the lack of involvement of dopaminergic systems 
in the olfactory defects23.

Some evidence exists for olfactory deficits in rodent 
models of PD, but this evidence has proved controver-
sial. Mice and rats receiving intranasal or intraperitoneal 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) to 
model PD exhibited impaired olfaction and reductions 
in the levels of dopamine and noradrenaline in the olfac-
tory bulb24,25. However, impaired olfaction following 
intranasal administration of MPTP may simply reflect 
damage to the olfactory epithelium26. No evidence exists 
to suggest that administration of MPTP causes olfactory 
changes in primates.

Mice overexpressing human wild-type α-synuclein, 
a transgenic model of PD, have olfactory deficits: they 
show progressive losses in the abilities to detect and dis-
criminate odours, which is associated with α- synuclein 
accumulation in the olfactory bulb, although no evidence 

Table 1 | Overview of the brain regions and neurotransmitters implicated in the non-motor symptoms of Parkinson disease

Non-motor symptom Implicated brain region Implicated neurotransmitter

Hyposmia Olfactory bulb and amygdala Substance P and acetylcholine

Impaired colour vision Retina Dopamine

Hallucinations Occipital cortex Dopamine

Pain Basal ganglia, locus coeruleus, raphe nucleus, 
amygdala and thalamus

Dopamine, serotonin and noradrenaline

Anxiety Basal ganglia Dopamine and noradrenaline

Depression Limbic and cortical areas Dopamine and noradrenaline

Early cognitive dysfunction Frontal cortex Dopamine

Dementia Temporal, parietal and occipital lobes Acetylcholine

Sleep disturbance Hypothalamus and reticular formation Hypocretin, dopamine and serotonin

Bladder hyper-reflexia Basal ganglia Dopamine and acetylcholine

The associations in the table are simplified, and readers are referred to the text for details.

REV IEWS
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Loss of the pigmented part of the 
pars compacta of the substantia 
nigra:

-> contains DA neurons which 
synthesize neuromelanin

Loss of Tyrosine hydroxylase (TH-ir +) 
immunoreactive fibers

Parkinson's disease: Neuropathology
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Parkinson's disease: Neuropathology

From Parkinson Group Study, 2002
Schapira et al., 2006

Asymmetric degeneration proportional to the duration and severity of the pathology.
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Parkinson's disease: Lewy bodies

Paraesthesia
Positive sensory phenomena 
(for example, pins and 
needles).

Various causes of sensory-related symptoms in 
PD have been identified, which can be largely divided 
according to whether they have a musculoskeletal ori-
gin (for example, causes that result in stiffness, dysto-
nia or muscle cramps) or they have a central origin and 
are primarily related to the neurodegenerative process 
in PD6. Other sensory changes occur in PD, includ-
ing peripheral paraesthesia, burning sensation and the 
so-called burning mouth syndrome, all of which can be 
recognized using the Chaudhuri–Schapira classification 
of pain in PD6.

The basal ganglia sustain sensory function through 
the modulation and integration of information from 
the substantia nigra, cortex, thalamus and many other 
nuclei. In PD, loss of dopaminergic input to the basal 
ganglia alters sensory perception and changes pain 

thresholds64,65. However, dopamine can also modulate 
pain in regions outside of the basal ganglia, including 
the spinal cord, thalamus, periaqueductal grey and cin-
gulate cortex66. Evidence exists indicating that dopa-
minergic function may modulate sensory perception: 
for instance, pain occurs more frequently in patients 
during off periods, and pain thresholds are raised by 
dopaminergic medication67. However, dopaminergic 
medication does not eliminate pain in PD, and there-
fore additional non-dopaminergic mechanisms must 
underlie this symptom. The ascending and descending 
pathways are involved in pain: for example, the spino-
thalamic tract sends collaterals to the locus coeruleus, 
raphe nuclei, amygdala and thalamus, and these areas 
receive inputs from higher centres to control the sensi-
tivity and excitability of the somatosensory system68–70. 
The serotonergic raphe nuclei and the noradrenergic 
locus coeruleus are both affected by pathological change 
in PD, and both have a role in ‘gain setting’ for pain 
control71.The raphe nuclei send descending fibres to 
the dorsal horn of the spinal cord that modulate pain 
processing72, and the nociceptive neurons in lamina I 
of the dorsal horn show α-synuclein immunoreactive 
inclusions in PD73. Peripheral de- afferentation may 
also occur in PD, which may affect nociceptive input 
to the spinal cord74. Thus, multiple neurotransmitter 
pathways subserve the symptom of pain in PD, and it is 
challenging therefore to provide specific pain-relieving 
treatments.

In the clinical arena, classification of the type of pain 
in PD is essential for correct diagnosis and treatment. 
There are both dopaminergic and non-dopaminergic 
pain pathways, as well as neuropathic and nocicep-
tive pain. Clinical classification is aided by the recent 
validation and description of the Kings Parkinson 
Pain Scale (KPPS), which is based on the Chaudhuri–
Schapira classification of pain and classifies pain in 
PD to musculo skeletal, fluctuation related, central, 
nocturnal orofacial and peripheral pain75. The KPPS 
has aided the reporting of the first ever randomized 
placebo- controlled trial of an opiate (oxycodone com-
bined with naloxone) to treat pain in PD (the PANDA 
study (NCT014391000))76 and of a randomized trial 
with the rotigotine transdermal patch (the DOLORES 
study (NCT01744496))77.

The treatment of pain in PD is first directed to the 
relief of symptoms related to off periods and involves 
administration of dopaminergic medications; such 
agents may be combined with analgesics or pain- 
modulating drugs as required52. Painful dystonia 
may be relieved with botulinum injections in selected 
patients who do not respond to changes in their dopa-
minergic therapy78. Current evidence, therefore, allows 
clinical classification of pain using the KPPS and the 
initiation of individualized therapies. Fluctuation-
related pain could be managed by strategies that 
use continuous drug delivery such as the rotigotine 
patch or other drugs given by infusion, whereas non- 
dopaminergic medication- responsive pain may require 
use of opiate or other analgesia, as suggested by the 
PANDA study79.

Nature Reviews | Neuroscience
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Figure 3 | Lewy bodies in Parkinson disease. a | Lewy bodies are intraneuronal 
intracytoplasmic inclusions that are rich in α-synuclein. In the left panel, a Lewy body is 
revealed by haematoxylin and eosin staining, whereas, in the right panel, this type of 
inclusion is revealed by α-synuclein immunohistochemistry. Inclusions are also seen in 
axons and are referred to as Lewy neurites (not shown). b | The Braak hypothesis states 
that Lewy bodies first appear in the CNS in the lower medulla and olfactory nerves, and 
spread from the medulla up the brain stem to the midbrain where neurodegeneration 
first occurs in the dopaminergic neurons of the substantia nigra pars compacta (the 
darker the shaded area, the earlier it is affected). Subsequently, there is involvement of 
frontal and then occipital cortices254. BFB, basal forebrain; BN, brainstem nuclei; DMX, 
dorsal motor nucleus of the vagus nerve; MTC, mesiotemporal cortex; OB, olfactory 
bulb; SN, substantia nigra. Part a is courtesy of J. Holton, UCL Institute of Neurology, 
London, UK. Part b is adapted with permission from REF. 15, Elsevier, and from REF. 254, 
Macmillan Publishers Limited.
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Parkinson's disease: a progressive pathology
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Nigrostrial pathway: 

Ø Caudate nucleus

Ø putamen 
Ø globus pallidus

Physiological roles
  automatic motor control and logorhea

Pathophysiological roles
Hypoactivity DA: akinesia, bradykinesia, 
akathisia

AD hyperactivity: dyskinesia, hyperkinetic 
movements

Fig 02a Fig 02b

Fig 02c

Substancia nigra
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Meso- Pathway

Ø amygdala 
Ø hippocampus
Ø accumbens 

Ø Cortex

- limbic

- cortical

Physiological roles
Emotion, pleasure, interest, reward
Psychoaffectivity, cognition

Pathophysiological roles
Meso-limbic hyperactivity:

Auditory hallucinations, delusions, 
disturbances in thinking (productive 
disorders of schizophrenia)
Addiction

Mesocortical hypoactivity
Loss of motivation, emotional detachment 
(schizophrenia deficit disorders)

Fig 02a Fig 02b

Fig 02c

Ventral tegmental area
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Parkinson's disease: not only a DA problematic

For personal use. Only reproduce with permission The Lancet Publishing Group.

THE LANCET Neurology Vol 3  May 2004    http://neurology.thelancet.com 313

Cell therapy for PD
Among the various treatments that are being developed for
PD (panel), cell transplantation to replace striatal dopamine
has received the greatest attention in terms of both basic
research effort and public expectation.

Striatal transplantation of dopaminergic cells
Striatal transplantation of embryonic mesencephalic cells
has been investigated in great detail experimentally.68 Many
studies, particularly in rodent models of PD, have shown the

capacity of grafts to survive, reverse the dopamine deficit,
and compensate for the behavioural disturbances that result
from dopamine depletion.69 These observations led to a
series of pilot, open-label clinical studies in patients with
PD.70 More than 10 years of open-label studies of embryonic
mesencephalic transplantation in human beings has
provided strong evidence that grafts can survive for many
years, provide therapeutic benefit, and even release
dopamine in response to pharmacological stimuli.71 Despite
these advances, many technical and methodological issues

Personal viewChallenges in Parkinson’s disease
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Figure 2. Schematic representation of the neurodegenerative changes in the CNS in PD. The figure on the left shows the basal view of the right cerebral
hemisphere, including the olfactory bulb. On the left of the coronal section and on the left of the brainstem sections (from top to bottom, the midbrain,
pons, and medulla), the areas affected by pathological lesions are marked in black or shades of grey (black indicating severe pathological lesions in early
and middle stages with grey indicating later or milder involvement). On the right, projection pathways of the affected monoamine neurotransmitters are
marked (blue=dopamine; red=noradrenaline; green=serotonin). Acetylcholine pathways, which are also severely affected in PD, are not included for the
sake of clarity. The graphs show the extent of dopamine (blue), noradrenaline (red), and serotonin (green) loss (% of normal controls) in various projection
regions (adapted from reference 57). SI=substantia innominata; Amg=amygdala; Hi=hippocampus; A8=A8 dopamine area; DMN=dorsal motor nucleus
of the vagus nerve; PU=putamen; Cau=caudate; SN=substantia nigra; PAL=pallidum; POG=parolfactory gyrus; VTA=ventral tegmental area;
ACC=nucleus accumbens; FC=frontal cortex; CIC=cingular cortex; LC=locus coeruleus; AP=area postrema; HY=hypothalamus; SC=spinal cord;
EC=entorhinal cortex; Cer=cerebellum; RN=raphe nuclei; STN=subthalamic nucleus; PPN=pedunculopontine nucleus.

• Damage to other 
monoaminergic systems

• ≃50% decrease in 
noradrenergic 
neurotransmission

• ≃40% decrease in 
serotonergic 
neurotransmission

• These non-DA damage would 
be responsible for the co-
morbidity of the pathology 
(depression, cognitive 
dysfunction, damage to the 
autonomic nervous system, 
etc.)

For personal use. Only reproduce with permission The Lancet Publishing Group.

THE LANCET Neurology Vol 3  May 2004    http://neurology.thelancet.com 313

Cell therapy for PD
Among the various treatments that are being developed for
PD (panel), cell transplantation to replace striatal dopamine
has received the greatest attention in terms of both basic
research effort and public expectation.

Striatal transplantation of dopaminergic cells
Striatal transplantation of embryonic mesencephalic cells
has been investigated in great detail experimentally.68 Many
studies, particularly in rodent models of PD, have shown the

capacity of grafts to survive, reverse the dopamine deficit,
and compensate for the behavioural disturbances that result
from dopamine depletion.69 These observations led to a
series of pilot, open-label clinical studies in patients with
PD.70 More than 10 years of open-label studies of embryonic
mesencephalic transplantation in human beings has
provided strong evidence that grafts can survive for many
years, provide therapeutic benefit, and even release
dopamine in response to pharmacological stimuli.71 Despite
these advances, many technical and methodological issues

Personal viewChallenges in Parkinson’s disease

VTA

Hi

Amg

STNGPI
GPePU

Cau

SI

P

ML

A

SNA8

RN

RN

DMN

PPN
LC

PU Ca
u

SN PA
L
PO

G
VT

A
AC

C Hi FC CI
C

Am
g LC AP HY SC

FC EC CI
C Hi

Am
g

AC
C HY SN LC SC Ce

r

PU Ca
u

PA
L SN AC

C HY
Am

g FC EC SC RN

50

100

C
on

tr
ol

s 
(%

)

50

100

C
on

tr
ol

s 
(%

)

50

0

0

0

100

C
on

tr
ol

s 
(%

)

Thalamus

Figure 2. Schematic representation of the neurodegenerative changes in the CNS in PD. The figure on the left shows the basal view of the right cerebral
hemisphere, including the olfactory bulb. On the left of the coronal section and on the left of the brainstem sections (from top to bottom, the midbrain,
pons, and medulla), the areas affected by pathological lesions are marked in black or shades of grey (black indicating severe pathological lesions in early
and middle stages with grey indicating later or milder involvement). On the right, projection pathways of the affected monoamine neurotransmitters are
marked (blue=dopamine; red=noradrenaline; green=serotonin). Acetylcholine pathways, which are also severely affected in PD, are not included for the
sake of clarity. The graphs show the extent of dopamine (blue), noradrenaline (red), and serotonin (green) loss (% of normal controls) in various projection
regions (adapted from reference 57). SI=substantia innominata; Amg=amygdala; Hi=hippocampus; A8=A8 dopamine area; DMN=dorsal motor nucleus
of the vagus nerve; PU=putamen; Cau=caudate; SN=substantia nigra; PAL=pallidum; POG=parolfactory gyrus; VTA=ventral tegmental area;
ACC=nucleus accumbens; FC=frontal cortex; CIC=cingular cortex; LC=locus coeruleus; AP=area postrema; HY=hypothalamus; SC=spinal cord;
EC=entorhinal cortex; Cer=cerebellum; RN=raphe nuclei; STN=subthalamic nucleus; PPN=pedunculopontine nucleus.
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• Several etiological causes
• Currently no single recognized cause
• Several avenues: genetic, environmental and toxicological

Parkinson's disease: Etiology
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Parkinson's disease: Etiology - genetics

• PARK2 gene mutations in humans
• Responsible for early forms (> 30 years old)
• Family history with recessive inheritance

• Parkin is an enzyme:
• responsible for the metabolism of ROS forms
• which indirectly suppresses factors of mitochondrial respiration
• Participates in macro-autophagy of mitochondria with PINK1

• Induces degeneration of DA neurons, without production of Lewy bodies
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Parkinson's disease: Etiology - genetics

• PINK1 gene mutations in humans
• Causes a parkinsonian symptom
• Family history with recessive inheritance

• PINK1 participates in the same metabolic pathway as PARK2
• PINK1 participates in mitochondrial regulation
• PINK1 mutations induce a parkinsonian phenotype in the fly, which is restored 

by administration of parkin which indirectly suppresses factors of 
mitochondrial respiration

• Participates in macro-autophagy of mitochondria with PINK1
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Parkinson's disease: Etiology - genetics

• Mutations in the gene coding for alpha-synucleinin humans
• SNCA
• Linked to dominant hereditary forms of Parkinson's

• Alpha-synuclein present in high concentrations in Lewy bodies
• Alpha-synuclein in a meconformation forming oligomers and protofibrils.
• Elimination of these modified alphasynucleins altered.

12/02/2025 M1-D2HP 20



Parkinson's disease: Etiology - environmental

• Frozen Addicts (Langston et al., 1983):
 MPTP-induced parkinsonism

• Heroinomaniac patients intoxicated by MPTP presenting with pseudo-
parkinsonian symptoms.

• Paraquat, Rotenone, pesticide derivatives: 10% higher risk for farmers.
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Parkinson's disease: Interaction genetics x environment

• Sporadic and familial forms are similar

• Different causes
• ... but final mechanisms and or consequences identical

12/02/2025 M1-D2HP 22



An animal model must meet the following criteria and reflect 
Parkinson's disease at the level:

1. induced behavioral states, showing a similarity to human 
pathology:
 ♦ i.e. DESCRIPTIVE VALIDITY

2. underlying neurochemical mechanisms:
 ♦ i.e. THE THEORETICAL VALIDITY

3. response to treatment:
 ♦ i.e. PREDICTIVE VALIDITY

NO MODEL PERFECTLY REFLECTS HUMAN PATHOLOGY.

Parkinson's disease: Animal models
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Parkinson's disease: Toxin models
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Rats or mice KO - PARKIN

- Mitochondrial respiration deficit in the nigrostriate pathway

- Increase in oxidative stress markers

But…:

- no loss of DA neurons

- absence of Lewy bodies

- Moderate locomotor deficit

Animal model used to define the molecular substrates associated with 

Parkin and the molecular mechanisms associated with the pathology

Parkinson's disease: Genetic models
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KO Rats - PINK1

- Loss of DA neurons depending on age (6-8 months)

- Motor deficit from 4 months

- Non-motor deficits: less vocalizations

- Mitochondrial respiration deficit in the nigrostriate pathway

- Aggregates of synuclein but not of Lewy body type.

Animal model used to understand the role of synuclein aggregation in the 

development of pathology and to test neuroprotective approaches.

Parkinson's disease: Genetic models
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Rats or alpha-synuclein mice

- Models of overexpression of mutated forms of murine synuclein
- Models of overexpression of human forms of synuclein

- Overexpression by injec;on of AAV or genomic modifica;on

- Degenera;on of DA neurons at 18 months
- Decrease in striatal AD at 12 months + Musculoskeletal deficit
- Non-motor deficits
- Aggregates of synuclein but not of Lewy body type.
- Increased sensi;vity to rotenone

Animal model useful for defining the molecular substrates associated with 
Parkin and the molecular mechanisms associated with the pathology

Parkinson's disease: Genetic models

12/02/2025 M1-D2HP 27



Parkinson's disease: Genetic models

ideally both in individuals with PD and in age-matched 
controls. It should then be demonstrated that the tar-
get is present and engageable with a defined treatment  
regimen in the model in which efficacy is to be evaluated.

We consider that at least two independent studies in 
rodent models are a minimum for progression to NHP 
evaluation. NHP evaluation valuably de-risks pro-
gression to clinical development because it addresses 
potential mechanistic differences between rodents and 
primates and, perhaps more importantly, ensures that 
appropriate target engagement can be achieved in the 
clinic and helps to define the therapeutic window; these 
points cannot be adequately achieved in rodents.

Irrespective of proposed mechanism of action of the 
therapeutic, our primary platform for evaluating effi-
cacy remains the AAV α-syn rat. Our own experience 
has focused on AAV1/2 A53T α-syn, but AAV2/6 and 
AAV2/7 delivering mutant or wild-type human α-syn 
also provide reliable and reproducible pathology along 
with behavioural deficits within ~3–9 weeks. Once 
appropriate standard operating procedures have been 
developed and validated, the low variability of these end 
points within and between research groups and the low 

study duration are the major advantages of using AAV 
models as a primary rodent screen over available trans-
genic and PFF-based models. If the tool compounds are 
mouse specific (as might be the case for certain immune 
therapies), we would use an AAV α-syn mouse model as 
the primary model of evaluation171.

After a first demonstration of efficacy in an AAV-
based rodent model, we would seek at least one addi-
tional, independent confirmatory study in rodents. At 
this stage, one could add controls to demonstrate that 
the treatment does not interfere with AAV mechanics, 
to determine that there is an effect using wild-type α-syn 
and to assess efficacy when treatment is commenced 
at different times in the model (FIG. 2). Demonstration 
of efficacy in both studies would be a prerequisite for  
progression of the development plan.

NHP models can enable valuable assessment of com-
pound efficacy, safety and target engagement in the clini-
cal situation. Our decision to progress to NHP evaluation 
is driven directly by the efficacy in the second AAV rat 
study. In parallel with initiating the NHP study, we also 
consider evaluating efficacy in a model with a different 
pathology-generating approach, perhaps with a longer 

Table 2 | Advantages and limitations of different types of α-synucleinopathy models

Type of model Advantages Limitations

Transgenic 
models

• High construct validity: based on genetic causes of 
PD in humans

• Some face validity: occurrence of α-syn aggregates
• Potential disease-modifying therapies have shown 

efficacy (for example, immunotherapies targeting 
α-syn102,112,115)

• Model some peripheral α-syn pathology and 
non-motor symptoms

• Can be established in laboratories from small 
founder laboratories or commercial suppliers

• Transgenic mouse model expressing wild-type α-syn 
under the Thy1 promoter has good face validity and 
is well studied

• Incomplete face validity: limited and 
inconsistent neurodegeneration in SN

• Prolonged time course to develop 
pathology is not optimal for evaluation of 
potential therapeutics

• Limited reliability and utility of motor 
phenotypes as outcome measures

• Peripheral α-syn pathology and associated 
non-motor symptoms may not precede 
brain pathology

• Predictive validity: not yet demonstrated
• No well-validated NHP application yet

Viral vector 
delivery 
models

• High construct validity:  based on the molecular 
pathology of PD, both genetic and sporadic

• Strong face validity: models dopaminergic neuron 
degeneration, accumulation of α-syn aggregates 
and PD-like motor deficits

• Develop phenotype in weeks to months, allowing 
medium throughput of candidate therapeutics

• Can be applied across multiple species, including 
NHPs

• Potential therapies have shown efficacy in rodent 
models117,144–147

• Several new-generation AAV2-related rodent 
models are widely available and represent a viable 
platform to evaluate novel therapeutics

• Incomplete face validity: no non-motor 
phenotype, thus may require application  
of vectors outside the nigrostriatal system

• Degeneration restricted to pathways 
emerging from site of focal delivery, 
typically the nigrostriatal pathway

• Predictive validity: not yet demonstrated
• Resource intensive, especially NHP models

α-Syn 
transmission 
models

• Construct validity: model trans-synaptic spread  
of α-syn

• Some face validity: progressive accumulation of 
α-syn aggregates and degeneration beyond site  
of delivery

• Potential to model α-syn pathology in multiple 
neurochemical systems and to produce non-motor 
symptoms

• Construct validity: dependent on the prion 
hypothesis

• Time to develop pathology is long
• Incomplete face validity: no PD-like 

behavioural motor deficits
• Poorly characterized with respect 

to robustness of model in different 
laboratories and ability to show efficacy  
of potential therapeutics

α-Syn, α-synuclein; AAV2, adeno-associated virus 2; NHP, non-human primate; PD, Parkinson disease; SN, substantia nigra; Thy1, 
gene encoding thymus cell antigen 1.
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Parkinson's disease: Toxin models

Ø Rats 6-OHDA

Ø Mice : 
Ø MPTP
Ø 6-OHDA

Ø Monkey MPTP
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Parkinson's disease: Toxin models
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Parkinson's disease: 6-OHDA model

6-OHDA (6-hydroxydopamine) Rats, 
Ungerstedt Model, 1968

Injection of 6-OHDA into the MFB 
(median forebrain bundle = tract of DA 
fibers of the nigrostriotic pathway)

Verification of the lesion by 
administration of apomorphine (non-
selective D1-2 agonist) which causes 
contralateral rotations to the lesion 
site.
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Parkinson's disease: 6-OHDA model (Substancia nigra)
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Validation de la lésion par observation 
des rotations induites par injection de 

métamphétamine (2 mg/kg, i.p.)
ou d’apomorphine (0.5 mg/kg)

Parkinson's disease: 6-OHDA model (striatum)
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MFB
Injection

Striatum 
injection

Parkinson's disease: Differences between models
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Parkinson's disease: 6-OHDA model
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Model Symptoms 
induced Pathology Favorite applications Disadvantages

6-OHDA

Unilateral: 
rotation after, 

e.g. 
apomorphine 

treatment, 
bilateral: 
akinesia

Loss of
Striatal DA-levels

Tests of preclinical therapies, 
tests of new pharmacological 

and genetic therapeutic 
strategies

Acute damage of the 
DAergic system, unilateral 

effects, intracerebral 
injectionStriatal TH-ir fibers

Nigral TH-ir neurons

Parkinson's disease: 6-OHDA model
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Parkinson's disease: Etiology - environmental
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Model Symptoms 
induced Pathology Favorite applications Disadvantages

MPTP

Akinesia, 
rigidity and 

tremor (not in 
rodents)

Loss of
Striatal DA-levels

Tests for neuroprotective and 
neuro-restorative treatments

Acute damage of the 
DAergic system, non-

progressive rare generation 
of inclusion bodies

Striatal TH-ir fibers

Nigral TH-ir neurons
-Synuclein aggregation

(non fibrillar)

Parkinson's disease: MPTP Model
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Parkinson's disease: MPTP Model

D’après Watanabe et al., 2005
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• Expensive Behavioral / Electrophysiological Experiments in Monkeys ...

• Mouse: constraint effect and resistance to toxins

Parkinson's disease: MPTP Model
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• Locomotor activity

• Stepping Test

• Limb-Use Test

• Vibrissae Test

• Rotarod?

• Elevated body swing test

Parkinson's disease: Behavioral analysis
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***

Parkinson's disease: Locomotor activity
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Parkinson's disease: Limb Use Test in the 6-OHDA model 

(Lundblad et al., 2002)
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Items measured

Number of contacts of the impaired paw

Number of contacts of the intact paw

Number of contact of both paws

Numbers of turns

Parkinson's disease: Limb Use Test in the 6-OHDA model
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Parkinson's disease: The Forelimb stepping Test (Olsson et al., 
1995) in the 6-OHDA model

80 cm
Forehand

Backhand

12/02/2025 M1-D2HP 45



Parkinson's disease: The Forelimb stepping Test (Olsson et al., 
1995) in the 6-OHDA model
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Parkinson's disease: Akinesia Test in the 6-OHDA model
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Parkinson's disease: Akinesia Test in the 6-OHDA model
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Parkinson's disease: Levodopa induced Dyskinesia
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Parkinson's disease: Levodopa induced Dyskinesia

From Konitsiotis et al., 2006
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One of the main uses of the 6-OHDA model is to be able to work on dyskinesias 
(“Abnormal Involuntary Movements”) induced by levodopa.

Parkinson's disease: Levodopa-induced dyskinesia in the 6-OHDA 
model

In Rats
 
• Locomotive AIMs (rotations++)
• Axial AIMs (posture)
• Orolonguals AIMs (self-licking)
• Limb AIMs
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Parkinson's disease: Levodopa-induced dyskinesia in the 6-OHDA 
model
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- There is no « single » or « best » model for Parkinson Disease

- The selection of the model depends on :
- Your question, 
- Your hypothesis,
- The validity of the model
- Your methodology

Key elements
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Parkinson's disease: 6-OHDA Model in mice
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From Lundblad et al., 2002

Parkinson's disease: 6-OHDA Model in mice
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Parkinson's disease: 6-OHDA Model in mice(Fernagut et 
al., 2002)
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Parkinson's disease: 6-OHDA model – LID
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Parkinson's disease: 6-OHDA model – LID
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• Rotations:
• Induites par apomorphine
• Induites par amphétamines

• Activité Locomotrice

• Stepping Test

• Limb-Use Test

• Vibrissae Test

• Rotarod?

• Elevated body swing test

• Stride Length Test

Maladie de Parkinson : le modèle MPTP

12/02/2025 M1-D2HP 59



Tyrosine

DDC

DA
Neuron

L-DOPA

-
Rc
D2

EFFECT

Rc
D1

D2
Receptors

Gs Gi/o

dopamine

D

D

VMAT

Synthesis 
precursor

TH

MAO-B

HVA

COMT

Dopamin Synapse

DOPAMINE

-+ AP

DAT

Postsynaptic

12/02/2025 M1-D2HP 60



Stratégies de modulation de la 
neurotransmission  DA

POSTSYNAPTIQUES
NEURONES

NEURONES PRESYNAPTIQUES

1

2

3

4

5

6

6

Médiateur (DA)

Autorécepteur

Transporteur (DAT)

Hétérorécepteur
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Parkinson's disease: Treatments

Molecule Mechanism of action

L-dopa (+carbidopa et benzerazide) 1)Increase in synthesis

Bromocriptine

3) DA Receptor stimulation
Ropinirole

Rotigotine

Pramipexole

Bupropion 5) Reuptake inhibitor (DAT)

Selegiline 5) Enzyme inhibition (IMAO-B)

Safinamide 5) Enzyme inhibition (IMAO-B)

Capones 5) Enzyme inhibition (COMT)
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Parkinson's disease: L-Dopa

üTreatment of reference (300-1200mg/d) 

üShort plasmatic half-life (1,5 - 3h)

ü The surviving neurons that dampen this kinetics

ü By their capacity for endogenous storage and secretion of DA
ü When neuronal loss becomes critical, dopathotherapy alone can no longer ensure stable DA 
stimulation

ü Motor state of the patient then tends to follow the evolution of the plasma concentration of 
L-DOPA, and new motor disorders appear (motor fluctuation, dyskinesia)
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Parkinson's disease: L-Dopa

GUT

Peripheral 
Tissues

Brain
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