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GENERAL OVERVIEW

1. History of the discovery of Parkinson’s disease

The first description of Parkinson’s disease (PD) was made in 1817 by James
Parkinson in his “Essay on the shaking palsy”. Based on the observation of six persons met
on the hospital or in the street, this medical doctor describes an “Involuntary tremulous
motion, with lessened muscular power, in parts not in action and even when supported; with
a propensity to bend the trunk forwards, and to pass from a walking to a running pace: the
senses and intellects being uninjured”. This publication will stay with no major consequence
during six decades until the French neurologist, Jean-Martin Charcot, acknowledges it,
completes it with the addition of the bradykinesia to the resting tremor already described and
names it Parkinson’s disease (PD, Goetz, 2011). It was not until 1919 that Konstantin
Tretiakoff determined the neuropathological source of such symptoms as a degeneration of
melanin-containing neurons in the substantia nigra (SN; Tretiakoff, 1919). From 1920 to
1925, an epidemy of encephalitis following the so-called “Spanish flue” gave rise to the
identification of post-encephalitic syndromes with parkinsonism, suggesting for the first time
a possible environmental origin of the disease and highlighting the third characteristic
symptom of PD: the slowness of movement called akinesia. In 1958, Arvid Carlsson
discovered the role of 3-hydroxytyramine as a neurotransmitter, also named dopamine, only
known until then as a synthesis intermediate of noradrenalin and adrenalin from tyrosine
(Carlsson et al., 1958). In addition he also demonstrated that a dopamine precursor, the L-
3,4-dihydroxyphenylalanine most commonly known as L-DOPA, could restore the motor
function in akinetic animals after an exposure to a blocker of the vesicular monoamine
transporter named reserpine (Carlsson et al., 1957). In 1959, the main source of dopamine
was localized in the striatum (Bertler and Rosengren, 1959). This led Oleh Hornykiewicz and
Herbert Ehringr to study the distribution of dopamine in the human post-mortem brain,
quickly followed by the identification of a dopamine depletion in the striatum of parkinsonian
patients (Ehringer and Hornykiewicz, 1960). Those data led to the first assays of L-DOPA in
parkinsonian patients (Barbeau, 1962; Birkmayer and Hornykiewicz, 1961) and the
discovery in 1967 of the most efficient dose of oral treatment still used nowadays (Cotzias et
al., 1967; Fahn, 2015).

2. Epidemiological data

PD is the second most frequent neurodegenerative disease in the world after
Alzheimer’s disease. Its incidence varies from 5 to 346 for 100 000 persons in European
countries (von Campenhausen et al., 2005). Its prevalence depends on the age of the

population studied. Beginning with 0.3% in the entire population, it reaches 0.9% in people
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aged of 65-69 years and up to 5% from 80 to 89 years. The age is therefore one of the most
important risk factor for PD (Fig.1; Abdullah et al., 2015; Elbaz et al., 2016). As a matter of
fact, the progressing aging of the population in industrialized countries combined with the
absence of treatment to cure the disease is expected to dramatically increase the burden of
PD at several levels notably in terms of economy, and society (Dorsey et al., 2007). Indeed,
in the United States, the number of parkinsonian patients aged of 65 years or more is
expected to increase of 77% by 2030 (Dorsey et al., 2013).
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Figure 1: Prevalence and incidence of Parkinson’s disease in France in 2010 as
estimated from databases on the social security system. Prevalence (A) and incidence
(B) increase with age until 85 years old. The decrease observed after this age could be due
to misdiagnosis of Parkinson’s disease due to comorbid diseases. From Elbaz et al., 2016.

Apart from the age, the gender has been proposed to also play a role in the
development of the disease and impacts the risk to develop PD. Indeed, recent analyses
showed that the male/female ratio in the prevalence of the disease is of 1.8 and increases by
0.05 per ten years of age of the patients studied (Mayeux et al., 1992; Pringsheim et al.,
2014). This difference in prevalence could arise from a protective role of the estrogen in
women, or a higher exposure to environmental deleterious agents in men (Haaxma et al.,
2007). The prevalence of PD seems also to be dependent on the geographical region
studied. Indeed, the prevalence of PD was not different between men and women in Asia
(Pringsheim et al., 2014). Moreover, whereas the overall prevalence is similar among
European countries, differences have been observed compared to African countries were the
prevalence is much lower (Okubadejo et al., 2006). This could be partially explained by the
different methodology used to diagnose the disease and a shorter lifespan in Africa. Indeed,
a study undertaken in Africans living in the United States revealed a prevalence of PD that
equaled the one of Caucasian persons living in the same area but was five times higher than
the one in Nigeria (Schoenberg et al., 1988). Such a difference could also be explained by a
different lifestyle including different diet and environmental exposures. Indeed, in
Mediterranean countries such as Sardinia or Italy, the prevalence of PD is around 0.065%,
while the access to health supply, doctor or medication is not different than in other

European countries (Rosati et al., 1980). Many questions therefore remain regarding the
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events which could influence the development of PD. As presented here the age, the gender
and the geographical situation of the individual are linked to the prevalence of the disease. In
the previous decade, many other factors have been linked to PD and will be presented below
with a description of the disease, its characteristic symptoms and the current treatments
available.

CHAPTER 1: PARKINSON’S DISEASE

1. Symptomatology and clinical diagnosis
1.1. Motor symptoms
PD is primarily known as a motor disorder characterized by four motor symptoms:

bradykinesia, resting tremor, rigidity and postural instability (Lees et al., 2009).

1.1.1. Bradykinesia
Bradykinesia is defined as a slowness of the movements and is mainly observed when

the patient performs a repetitive task (https://www.parkinsons.org.uk/content/parkinsons-
symptoms). In the daily life, bradykinesia can lead to increased times to perform simple
actions such as shaving or eating, smaller letters during writing also called parkinsonian
micrographia, or difficulties to initiate or keep doing any other precise voluntary movement.
This symptom can be difficult to register by the patient or his/her family as it is often
considered as a sign of aging. Its severity is linked to the evolution of the degeneration in the
brain of PD patients (Pikstra et al., 2016). As illustrated in figure 2A, the neurologist can
easily diagnose bradykinesia when asking the patient to repetitively open and close the
hand. Indeed, the repetitive opening and closing of the hand will be slower, with hesitations

in patients with bradykinesia or can also be almost impaossible in patients with akinesia.

1.1.2. Resting tremor
The resting tremor is an involuntary movement which affects 75% of the parkinsonian

patients. It is characterized by a low frequency, of only 4-6 Hz, in a resting member, i.e. a
member which does not move, and disappears when the patient moves (see Fig. 2B). At the
beginning of the disease, it is usually unilateral but, as the disease progresses, it becomes
bilateral. Based on this symptom, two categories of PD patients can be distinguished: the
tremor-dominant parkinsonian patients and non-tremor patients also called akinetic-rigid
patients (Zetusky et al., 1985). Tremor-dominant patients have a more benign PD as they
less often develop cognitive troubles and dementia and their disease progresses at a slower
rate (Burn et al., 2006; Williams-Gray et al., 2007; Zetusky et al., 1985). However, the
disease duration before the death of the patient is similar in both groups of patients,

suggesting that this advantage is present at the beginning of the disease but is lost later in its
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evolution (Selikhova et al.,, 2009). Contrary to the other symptoms of PD, the tremor
responds less to the dopaminergic therapy and its severity does not correlate with the
progression of the degeneration in the brain of PD patients (Hallett, 2012; Rossi et al., 2010).

1.1.3. Rigidity or stiffness of the muscles
Rigidity or stiffness of the muscles begins unilaterally, most of the time at the same

side than the tremor, if the patient presents with tremor, and progresses to the other side of
the body over time. Rigidity is due to a hypertonia of the muscles and can be observed
differently depending on the patient. Indeed, in some patient rigidity can lead to a “mask-like”
face, i.e. a face without expression which hinders social communication (see Fig. 2C), or an
absence of arm swing during the walk for example (Pfeiffer et al., 2012;
https://www.parkinsons.org.uk/content/parkinsons-symptoms). It can be assessed by the
neurologist when asking the patient to perform a rotative movement of the wrist. Indeed,
patients with rigidity will have difficulties to perform a smooth movement. In the contrary they
will make a jerky movement called “cogwheel” rotation (see Fig. 2 D). Rigidity of the muscles

may be the cause of pain and greatly impact patients’ daily life and social interactions.

1.1.4. Postural instability
Postural instability corresponds to a difficulty for the patient to keep his/her balance; it

often leads to falls and highly decreases the quality of life. It is easily observed when the
neurologist gently pushes the shoulders of the patient backwards. Indeed, contrary to a
healthy person who would adjust his/her position to prevent a fall, a patient with postural

instability will be unable to recover his/her balance (Fig. 2E).

This short list of symptoms could lead to the conclusion that PD is easy to recognize
from a clinical perspective. However, it has to be noted that every patient diagnosed with PD
presents with a specific individual phenotype. The presence and the intensity of each motor
symptom at the onset of the disease and their appearance throughout the progression of the
disease vary between patients. In addition, some symptoms reported by the patient
him/herself or by his/her family are sometimes absent at the time of the examination
performed by the neurologist. This heterogeneity makes it difficult to diagnose PD. Moreover,
several disorders which look like PD by some aspects but are different by many others have
been described. They are called atypical parkinsonism (Stamelou and Bhatia, 2015). The
term parkinsonism refers to a collection of PD symptoms with different etiology and
neuropathological and clinical hallmarks which may differ from the ones of PD. Atypical
parkinsonism usually progresses faster than PD and includes drug-induced parkinsonism
(such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), cf. below §83.1.1.),
progressive supranuclear palsy, corticobasal degeneration, multiple system atrophy and

dementia with Lewy bodies. The follow up of the patients during several months or years is
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therefore necessary to ascertain the differential diagnosis and to propose the adequate

treatment.

Figure 2: Representation of the motor symptoms of Parkinson’s disease and the tests
used to diagnose them. A) Bradykinesia can be assessed by asking the patient to tap
his/her fingers together quickly. In patients with bradykinesia the movement is slowed and, in
the worst cases, the patient has difficulties to initiate the movement. B) Resting tremor is a
low frequency tremor (4-6Hz) of the wrist, hand and fingers appearing when the patient is at
rest and absent when the patient initiates a voluntary movement. C) Rigidity induces a
slowness of the facial movements which can be recognized in patient by a masked face
without expressions. D) Rigidity is assessed by rotating the patient’s wrist and perceiving an
increased muscular tone leading to a resistance to the movement. E) Postural instability is
assessed by the pulling test. The neurologist is placed behind the patient and gently pulls the
shoulders of the patient. Patients with postural instability will not be able to adjust their
posture as quickly as control subjects and will need to make several steps backward or will
fall. lllustration from clinicalgate.com
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1.2. Non-motor symptoms
Apart from the classical motor symptoms, parkinsonian patients often complain about

non motor symptoms which include mood disorders, dysautonomia, sensory troubles, pain,
cognitive decline or sleep disturbances (Chaudhuri and Schapira, 2009). They usually
worsen in the advanced stages of the disease (cf. below 81.3.), and impact the patients’
quality of life and life expectancy. Some of these non-motor symptoms may appear many
years before the initial motor deficits (Bhidayasiri and Truong, 2012; Chaudhuri et al., 2006;
Noyce et al., 2016). In his description of the shaking palsy, James Parkinson already
mentioned that “The urine and feces are passed involuntary; and at the last, constant
sleepiness, with slight delirium, and other marks of extreme exhaustion, announce the
whished-for release.” (Parkinson, 2002). In this view, olfactory dysfunctions, anxiety,
depression, dementia, rapid eye movement behavior disorder (RBD) and gastro-intestinal
disorders including nausea, vomiting, constipation and gastroparesis are considered as non-
motor symptoms of PD and will be briefly discussed (see Table 1; Poewe, 2008).

1.2.1. Olfactory dysfunctions
Olfactory dysfunctions are described in almost 90% of PD patients (Doty, 2012;

Haehner et al., 2009). Moreover, hyposmia has been associated with a 10% higher risk to
develop PD (Ponsen et al., 2004). Therefore, olfactory dysfunctions could be used to
improve the sensitivity of PD diagnosis and eliminate other possible causes of the symptoms
such as atypical parkinsonism as it is absent in corticobasal degeneration and progressive
supranuclear palsy (Hoyles and Sharma, 2013; Kranick and Duda, 2008; Morley and Duda,
2010). It has however to be noted that olfactory dysfunctions are also present in the early
stages of Alzheimer’s Disease (Kovéacs et al., 2001). This symptom is therefore not specific
of PD and has rather been suggested as a biomarker of early stages of heurodegenerative
diseases (Ross et al.,, 2008). Due to this lack of specificity, olfactory dysfunctions per se
cannot be used alone to identify individuals at risk for PD. They could however be of interest

if used in combinaison with other more specific symptoms.

1.2.2.  Mood disorders
PD patients also present with generalized anxiety, depression, panic disorders, phobia,

apathy, alexithymia, and psychoses (Alzahrani and Venneri, 2015; Assogna et al., 2016).
The prevalence of anxiety in PD patients worldwide is estimated between 5.3 and 40% while
depression is present in 10-45% of PD patients (Dissanayaka et al., 2010; Gotham et al.,
1986; Lauterbach and Duvoisin, 1991; Leentjens et al., 2008; Starkstein et al., 1993; Walsh
and Bennett, 2001). Among the different forms of depression, anxiety, social phobia,

generalized anxiety disorder and panic disorder are the most described in PD patients

! Re-edition of the original manuscript written by James Parkinson in 1817.
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(Dissanayaka et al., 2010). Such neuropsychiatric disorders are now recognized as an
intrinsic component of the disease, notably due to their persistency over time despite the
amelioration of motor symptoms in medicated patients (Connolly and Fox, 2014). This can be
considered in light of the premorbid personality often encountered in many patients. Indeed,
PD subjects often display over-controlled, introspective, anhedonic and low sensation
seeking personality traits which are considered as emotional and attitude inflexibility (Evans
et al., 2006; Poewe et al., 1983; Todes and Lees, 1985). Anxious patients have a 38% higher
risk to develop PD. Similarly, the risk to develop PD is twice higher in patients undergoing
depression than in healthy subjects (Lin et al., 2015).

1.2.3. Dementia
Dementia is one of the most debilitating non-motor symptoms of PD. It is present in 12-

48% of PD patients as identified in community-based studies undertaken in Australia and in
the United States (Hely et al., 2005; Mayeux et al., 1992). This prevalence depends on the
age of the subjects as it ranges from zero before the age of 50 to 787,1 for 100 000 in
individuals older than 80 years (Mayeux et al., 1992). Although highly present in advanced
stages of PD, dementia is also reported in other diseases and most of all, it is mainly
described in patients diagnosed with Alzheimer’s disease. Moreover, the development of
dementia in the few years following the appearance of motor symptoms mostly suggest the
development of atypical parkinsonism such as dementia with Lewy bodies instead of PD
(Levin et al., 2016; National Parkinson Foundation, n.d.). It is thus too early to decipher if
dementia arises as a symptom of advanced PD, due to the presence of PD-specific lesions

in the cerebral cortex, or if it is a classical manifestation of a comorbid disease.

1.2.4. Rapid eye movement sleep behavior disorders
Rapid eye movement sleep behavior disorders are characterized by an excessive

motor activity of the eyes during the dreams. It is retrospectively described in many PD
patients. Indeed, among 29 men diagnosed with RBD, 38% developed PD in the 13 years
following the onset of RBD (Schenck et al., 1996). Moreover, a study performed in PD
patients and healthy controls with an interval of two years also showed a greater increase in
the occurrence of RBD in PD patients compared to controls. Within two years, the amount of
PD patients suffering from RBD increased from 25% to 43% whereas in the control group it
increased non significantly from 2% to 4% (Sixel-Ddring et al., 2016). Although they are not
specific of PD and are usually misdiagnosed (Stores, 2007), sleep disorders are currently
considered as early non motor symptoms of PD which greatly impact the quality of life of PD
patients. A better understanding of these symptoms and their neurobiological causes should

improve the patient’s quality of life and alleviate the burden of PD in the daily life.
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1.2.5. Gastro-intestinal disorders

Gastro-intestinal disorders, including excess of saliva, constipation and delayed gastric

emptying are common in all stages of PD (Pfeiffer, 2011). Indeed, 70-78% of PD patients

display an excess of saliva whereas only 6% of control subjects report it (Eadie and Tyrer,

1965; Edwards et al., 1991). As the amount of saliva produced is lower in PD patient, this

excess of saliva in the mouth is thought to be the result of swallowing difficulties and could

cause lack of saliva control (Bagheri et al., 1999; Edwards et al., 1991).

Neuropsychiatric symptoms

Anxiety
Depression
Dementia
Attention deficit
Anhedonia

Sleep disorders

Rapid eye movement behavior disorder

Insomnia

Autonomic dysfunctions

Dribbling of saliva
Erectile dysfunction
Sweating
Orthostatic hypotension

Gastro-intestinal symptoms

Constipation
Dysphagia
Vomiting
Nausea
Gastroparesis

Sensory symptoms

Hyposmia / anosmia
Pain
Olfactory disturbance

Table 1: Main non-motor symptoms of Parkinson’s disease. The non-motor symptoms of
Parkinson’s disease include neuropsychiatric symptoms, sleep disorders, autonomic
dysfunctions, gastro-intestinal symptoms and sensory symptoms (adapted from Bonnet et

al., 2012).

Concerning constipation, a prospective study undertaken in 6790 control men
during 24 years showed that subjects with one bowel movement or less per week had
a three times higher risk of developing PD in the ten years following the beginning of
constipation (Abbott et al., 2001). Delayed gastric emptying, also called gastroparesis,
is present in all stages of PD. It affects the quality of life of the patients, their nutrition
states and the absorption rate of their medications (Heetun and Quigley, 2012). Indeed,
a study showed that an intra-duodenal L-DOPA administration was able to improve
motor symptoms in a PD patient with motor fluctuations while oral-administered L-
DOPA could not (Kurlan et al., 1988). This could be explained by the fact that, in

patients with gastroparesis, L-DOPA stays longer in the stomach and is therefore more
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susceptible to degradation into dopamine by dopa-decarboxylase present in the
stomach. Since dopamine cannot cross the blood-brain-barrier, the amount of available
L-DOPA reaching the brain is lower than it would be in a patient with normal transit

time.

These non-motor symptoms, their frequency and their severity can be evaluated
with a rating scale named Non-Motor-Symptoms questionarry (NMS-Quest, see Annex
2; Chaudhuri and Martinez-Martin, 2008; Romenets et al., 2012). Although these non-
motor symptoms are not specific of PD, they are known risk factors for the disease and
could be useful in understanding the early stages of PD (Lin et al., 2015, 2014; Ponsen
et al.,, 2004; Postuma et al., 2015; Walter et al., 2015). Moreover, the presence of
several of these non-motor symptoms, now recognized in the general population as
early signs of PD, might lead the patient to consult a neurologist without delay,
therefore allowing the early treatment of the first motor deficits and a longer time for the

patient to adjust to his/her new condition.

1.3.  Evolution of the disease and clinical diagnosis
1.3.1. Evolution of the disease
PD is a neurodegenerative disease of insidious onset with a slow and irreversible

progression. The disease evolves in three stages. The first one regroups the first years
following the clinical diagnosis of PD. It is often called “honeymoon stage” as most patients
experience an improvement of their motor symptoms and their general quality of life after the
beginning of dopaminergic therapy. As the disease evolves, the cerebral lesions in the brain
keep progressing and the medication becomes less efficient. Indeed, the patient will
experience “on” phases during which the motor symptoms are controlled by the medication
and “off” phases during which the dose of the treatment is not sufficient anymore to
compensate the neuronal damage causing the motor symptoms. These “off’ phases appear
at the end of the intervals between two medication doses. This second stage of the disease,
known as fluctuation phase, is also characterized by the development of motor side effects of
dopaminergic treatment such as involuntary movements called dyskinesia. Finally, the last
and final stage of PD is characterized by a worsening of the previous motor complications

and a decrease in autonomy notably due to reduced mobility and cognitive dysfunctions.

In several cases, such as PD genetic forms (cf. chapter 1, 83.2.), the disease starts
from the very beginning of the life (Fig. 3; Kalia and Lang, 2015). Therefore, a more general
overview of PD, which will be used in this dissertation, considers its evolution from a cellular
and molecular point of view and is also divided in three stages. The first stage is
asymptomatic from a clinical point of view and represents the insidious development of the

disease. The second stage of the disease is called the pre-diagnosis or prodromal phase. It
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is characterized by the progressive appearance of the first non-motor symptoms as well as of
slight motor symptoms which, alone, cannot lead to the classical clinical PD diagnosis. At the
end of this second phase, the motor symptoms are clearly noticed by the patient and often
lead to the patient to consult a neurologist who will evoke the diagnosis of PD. The third
stage corresponds to the diagnosed phase and includes the presence of motor symptoms,

their treatment and the potential complications of the disease.

4 Pre-motor/prodromal period Parkinson’s disease diagnosis

Early Advanced/late

Psychosis

Fluctuations
Dyskinesia
Dysphagia
Postural instability
Bradykinesia Freezing of gait
Rigidity Falls
Tremor

Degree of disability

Pain Urinary symptoms
Hyposmia Fatigue Orthostatic hypotension
Constipation RBD Depression Dementia
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Figure 3: Time course of the appearance of clinical features of Parkinson's disease.
During the pre-diagnosis stage of the disease, patient often complain about non-motor
troubles such as constipation, rapid eye movement sleep behavior disorder (RBD),
depression and hyposmia. The clinical diagnosis occurs with the beginning of the
characteristic motor symptoms (resting tremor, bradykinesia and rigidity). As the disease
progresses, other non-motor symptoms are described by the patients including pain, fatigue,
orthostatic hypotension, dementia and urinary symptoms. In the advanced stages of the
disease, fluctuations and dyskinesia may appear in patient receiving dopaminergic therapy
(Adapted from Kalia and Lang, 2015).

It is estimated that PD first motor symptoms appear only after at least 50% of SN pars
compacta (SNc) dopaminergic neurons are dead (Bernheimer et al., 1973; Riederer and
Wuketich, 1976). PD clinical diagnosis is therefore established late in the course of the
disease considering its molecular and cellular progression. Consequently, a better
understanding of the phases preceding the diagnosed phase of the disease is essential to
anticipate the diagnosis of PD before the molecular and cellular alterations lead to the

degeneration of SN dopaminergic neurons.

1.3.2. Clinical diagnosis
The clinical diagnosis of PD relies on the identification of the characteristic motor

symptoms described in 81.1. above. Because the disease can only be diagnosed with
certainty after autopsy upon detailed examination of the brain of the patient (see below §2),
neurologists try to be as accurate as possible in the criteria used to diagnose the disease

and have developed rating scales assessing motor symptoms and their severity, as well as
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exclusion criteria, i.e. criteria which suggest the development of another disease, to eliminate
possible other causes of the symptoms. The clinical diagnosis is currently reached in three

steps shown in figure 4.

STEP 1

Is parkinsonism (bradykinesia plus rest tremor No Not clinical PD

- ST —— | O [}
and/or lead-pipe rigidity) present? Consider prodromal PD

Yo
STEP 2 v
N
Are all absolute exclusion criteria* absent? —0» Not clinical PD
Yes
STEP 3 v

>2 red flags
_—

Are red flags* and/or supportive criteria® present? Not clinical PD

1redflag + =1

supportive criteria
or

2 red flags + 22

supportive criteria

0 red flags + 22
supportive criteria

Clinically established PD Clinically probable PD

Figure 4: Establishment of the clinical diagnosis of Parkinson’s disease by the
neurologist. First, the patient must present with bradykinesia and resting tremor or rigidity
of the muscles. Second, exclusion criteria such as a precocious cognitive impairment or a
cerebellar syndrome, must be excluded. Last, supportive criteria such as a unilateral begin
and a slow progression of the disease must be described whereas “red flags”, i.e.
symptoms or reaction to the treatment which are not characteristic of the disease but have
already been observed in clinically established PD patients, must be avoided. Based on the
number of red flags and supportive criteria presented by the patient, the neurologist will
establish or suggest a diagnosis of PD (from Kalia and Lang, 2015).

First, the patient must suffer from bradykinesia AND at least one of the following
symptoms: muscular rigidity, resting tremor or postural instability. Second, the patient should
not present an exclusion criterion for the diagnosis of PD. Indeed, several diseases, other
than PD, can explain some of the symptoms developed by parkinsonian patients. It is thus
important to exclude any other potential disorder before applying the diagnosis and the
treatments. The neurologist will thus interview the patient and/or his/her family and search for
a potential familial history of PD, neuroleptic treatments preceding the development of the
symptoms, repeated brain damages or stroke, encephalitis, cerebellar syndrome, severe and
precocious dysautonomia, severe and precocious dementia, memory or language
disturbances, brain tumor, exposure to MPTP or a negative response to L-DOPA the main
medical treatment of PD. Last, the neurologist must find three supportive criteria which
confirm the diagnosis. A unilateral beginning of the disease, the presence of a resting tremor,

a progressive evolution, a positive response to L-DOPA treatment during at least five years
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and choreic movements induced by L-DOPA are some of these supportive criteria. These
two last criteria require to wait several years during which the patient is treated with L-DOPA
while the clinical diagnosis is not really established, therefore some clinitians prefer not to
use these criteria. According to Postuma and colleagues, patients are divided into two
groups regarding the certainty of the diagnosis: patients with a clinically established PD and
patients with a probable PD (Postuma et al., 2015). In the first category, specificity is
maximized to reach at least 90% of diagnosis accuracy, taking into account that maybe some
true PD patients will not reach the threshold. Indeed, a patient with clinically established PD
must present bradykinesia and resting tremor or muscles rigidity plus at least two supportive
criteria and no exclusion criteria of any kind. In the second category both specificity and
sensitivity of the diagnosis are important, therefore diminishing diagnosis accuracy but also
including more patients who might suffer from PD. Indeed, patient presenting with exclusion
criteria might be diagnosed with PD if they also present supportive criteria to counterbalance
(Postuma et al., 2015). It is estimated that, using these tools, 88% of the ,probable PD with a
disease duration superior to 5 years “diagnosed by a neurologist are confirmed after the
autopsy (Adler et al., 2014).

Once the patient has been diagnosed with PD, rating scales are used to study the
progression of the disease and to assess the efficiency of the treatments proposed. The two
most widely used scales are the Hoehn and Yahr scale (Bhidayasiri and Tarsy, 2012) and
the Unified Parkinson’s disease rating scale (Annex 3 and 4; Goetz et al., 2007). The latter
one is the most recent. It is composed of six parts assessing the severity of PD, its impact on
daily life and the potential side effects of the treatment. Briefly, questions of Part 1 evaluate
the non-motor symptoms of PD. Part 2 refers to the motor symptoms of PD. Part 3 refers to
the clinical examination performed by a neurologist. Part 4 evaluates motor complications.
Part 5 and part 6 respectively refers to Hoehn and Yahr staging of severity of PD and
Schwab and England scale. For each question, a 0-4 rating is used to evaluate the severity
of the symptom described from normal (rate 0) to severe (rate 4) (Movement Disorder

Society Task Force on Rating Scales for Parkinson’s Disease, 2003; Ramaker et al., 2002).

2. Neuropathological characterization
2.1. Neuropathological hallmarks of Parkinson’s disease
The definite diagnosis of PD is made after autopsy, upon detailed observation and
immunological staining of the brain of the patient. Macroscopically, the neurodegeneration of
the ventral tier of the SN can be easily observed as the nigral dopaminergic neurons contain
neuromelanin, a pigment which gives them a black colour. Thus, SN can be quickly identified
in the mesencephalon of control subjects and is strongly attenuated in the brain of PD

patients (Fig. 5).
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The second characteristic hallmark of PD is the presence of intra-cytoplasmic
inclusions named Lewy bodies, observed in the surviving neurons after immunological
staining (Braak et al., 1998; Dickson, 2012; Dickson et al., 2009). Several other
neuropathological alterations such as an extranigral neuronal death and the presence of
neurofibrillary degeneration or senile plagues have also been described in the brain of PD
patients (Braak et al., 2003).

2.1.1. Dopaminergic cell death
PD is characterized by a progressive loss of dopaminergic neurons of the ventral tier of

the SNc therefore leading to a striatal depletion of dopamine as detailed in §2.2.1. below
(Fig. 5). It is estimated that more than 50% of the neurons of the SNc are dead when the first

motor symptoms appear (Bernheimer et al., 1973; Riederer and Wuketich, 1976).

Figure 5: Dopaminergic neuronal death within the SNc in PD. Pictures of the brain of a
control subject (right) and a parkinsonian patient (left) showing the degeneration of the
melanin-containing neurons of the substantia nigra (empty white arrow). (Adapted from Poh,
2013).

A neuronal death has also been described in several other brain areas. Indeed,
neuronal loss within the pigmented parabrachial nucleus and the parapeduncular nucleus
reaches 50% in PD brains (McRitchie et al., 1997). A neuronal loss is also reported in the
intralaminar nuclei and the centromedian parafascicular complex of the thalamus, the
noradrenergic neurons of the locus ceruleus, the dorsal nucleus of the vagus and the
nucleus basalis of Meynert (Dickson, 2012; Halliday, 2009). Although still controversial, a
neuronal loss in the ventral tegmental area has also been reported. However, the different
studies did not agree on the extend of this degeneration. Indeed, some studies reported a
more severe neurodegeneration in the ventral tegmental area more severe than the one
observed in the SN while other studies observed a less severe neuronal death in the ventral
tegmental area (Alberico et al, 2015; Kay et al, 2015). In summary, although the
degeneration of the ventral tier of the SN is one of the main neuropathological features of

PD, the disease also affects several other areas of the brain. This extranigral degeneration
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may not be related to the appearance of the motor symptoms but could be important
regarding the development of several non-motor symptoms. It is thus essential to further
characterize the neuropathological consequences of the disease to adapt the current

therapies.

2.1.2. Lewy bodies and Lewy neurites
2.1.2.1. In the central nervous system
In 1912 Friedrich Heinrich Lewy briefly described the presence of globular inclusions in

the neurons of the dorsal vagal nucleus and the substantia innominate and, later, in the SN
of parkinsonian patients (Goedert et al., 2013; Holdorff, 2002; Lewy, 1912, 1921). However,
Lewy did not recognize a special link between these inclusions and PD at that time and did
not pay much attention to them in his later descriptions. Konstantin Tretiakoff acknowledged
them as Lewy bodies in 1919, based on the anatomic study of the SN of six parkinsonian
patients, and described at the same time the presence of neurofibrillary changes that will
later be called Lewy neurites (Lees et al., 2008; Tretiakoff, 1919). In 1953 the Lewy bodies
were also described in the locus ceruleus of patients with Paralysis agitans as 5-25um round
shape cytoplasmic inclusions surrounded by a pale halo with an acidophilic core (Greenfield
and Bosanquet, 1953). A later immunohistological study of Lewy bodies revealed that they
did not contain lipids, fibrin, mucopolysaccharids, mucin, glycogen, heavy metals or calcium
(Bethlem and Den Hartog Jager, 1960). However, neurofilaments were shown to partially
compose the Lewy bodies (Goldman et al., 1983) and ubiquitin was stained in the exterior
part of these inclusions (Kuzuhara et al., 1988). The most important discovery regarding the
composition of Lewy bodies was made by Spillantini and colleagues who showed that the
inclusions and Lewy neurites were stained by antibodies raised against full length alpha-
synuclein, a protein present in pre-synaptic terminals whose function is not fully understood
yet but could involve the regulation of synaptic vesicles trafficking (Burré et al., 2010;
Spillantini et al., 1998). Since that time, immunohistochemical studies have been using
alpha-synuclein antibody in order to study the presence of Lewy bodies. In the following
years, staining for proteins encoded by PD-related genes have been observed in Lewy
bodies as well, including parkin and a faint staining for DJ-1 (Bandopadhyay et al., 2004;
Schlossmacher et al., 2002). Further information concerning the different steps of the
formation of Lewy bodies and their potential role on the development of PD have been
obtained in models of parkinsonism and will be described in chapter 2 §3.3. The exact role of
Lewy bodies is still uncertain. Indeed, as pathological hallmarks of PD, present in the areas
of the brain with neurodegeneration, Lewy bodies could be considered as deleterious for the
neuronal cells. However, in the last decades this hypothesis has been challenged by the
study of the different forms of alpha-synuclein present in PD brains which suggested that

Lewy bodies could actually have a protective function in the cell by aggregating misfolded

32



proteins together, therefore delaying their deleterious action in the cell (Greffard et al., 2010;
Ross and Poirier, 2005; Terry, 2000). Although the exact role of Lewy bodies is still a matter
of debate, their presence in specific areas of the brain and the peripheral nervous system of

PD patients has provided new insights in the evolution and the progression of PD.
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Figure 6: Lewy body pathology in Parkinson’s disease. Lewy bodies are observed here
after eosine / hematoxylin staining of brain slices of PD patients at the level of the Substantia
Nigra. Lewy bodies are 5-25um globular inclusions (cf. black arrow) surrounded by a pale
halo. To ascertain their presence in PD brain, immunological analyses must be performed
notably with antibodies raised against alpha-synuclein and ubiquitin. (From
http://neuropathology-web.org/chapter9/chapter9dPD.html)

2.1.2.2. In the enteric nervous system

Recently, Lewy body-like inclusions composed of alpha-synuclein have been described
in the peripheral nervous system, in particular in the neuronal plexuses of the stomach and
the intestine (Fig. 7; Braak et al., 2006; Derkinderen et al., 2011; Lebouvier et al., 2010a).
This discovery challenged the vision of PD as a disease of the central nervous system only
and led to the hypothesis that Lewy bodies could first appear in the periphery, where they
would be linked to the development of the early non-motor symptoms, and progress via a
neuron-to-neuron transport towards the brain thus reaching dopaminergic neurons of the SN.
This hypothesis has not yet been proven in humans, but it has been studied in animals.
Indeed, injections of PD brain lysates into the intestine of mice leads to the propagation of
alpha-synuclein through the vagal nerve to the dorsal motor nucleus of the vagus nerve
(Holmquist et al., 2014). Similarly, chronic oral exposure to the pesticide rotenone induces
the formation of alpha-synuclein-positive aggregates in the enteric nervous system which
propagate to the brain in a retrograde manner (Pan-Montojo et al., 2010). Moreover, the
hemi vagotomy of mice prevented such a retrograde propagation in a model of parkinsonism
induced by environmental exposure (Pan-Montojo et al., 2012, 2010). The vagus nerve is an
essential connection between the intestine and the dorsal motor nucleus of the vagus nerve

in the brain. It transmits information from the intestine to the brain but also from the brain to
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the intestine. Therefore, the vagus nerve could be the physical support underlying the
propagation of alpha-synuclein aggregates from the intestine to the brain. However, these
studies do not prove that PD starts in the periphery. As it has been shown that alpha-
synuclein could be transported in both directions through the blood brain barrier (Sui et al.,
2014), it is still possible that PD characteristic lesions first appear in the brain and propagate

to the enteric nervous system (Sui et al., 2014).

Figure 7: Alpha-synuclein inclusions in the peripheral nervous system of PD patients.
A) alpha-synuclein staining within a peripheral nerve in the fundic adventitia. B-D) Globular
and fibrillary alpha-synuclein inclusions in the Auerbach plexus of a PD patient (from Braak
et al., 2006).

2.1.3. Braak’s staging hypothesis
Braak and colleagues studied the presence and the localization of Lewy bodies and

Lewy neurites in the brain of 41 PD patients, 69 subjects with Lewy body pathology but no
clinical sign of PD and 58 age- and gender-matched controls (Braak et al., 2003). Based on
the observations undertaken after the staining of the brains for alpha-synuclein inclusions, -
amyloid plaques and neurofibrillary tangles, they documented the pattern of progression of
the disease, known as Braak’s staging. Based on the severity of the lesions, referred to as
Lewy pathology, and their localization in the brain, these neuropathologists identified six
stages in PD progression (Fig. 8). For all stages described, Lewy neurites seem to appear
before Lewy bodies. At stage 1, Lewy neurites are observed in the dorsal motor nucleus of
the vagus nerve and the intermediate reticular zone. At stage 2, Lewy neurites are more
numerous in these initial areas and are also found in some neurons of the caudal raphe
nuclei and the reticular formation. Stage 3 is characterized by the aggravation of the lesions
described for stages 1 and 2, i.e. more Lewy neurites in the concerned areas of the brain and

the appearance of Lewy bodies, as well as the propagation of the lesions to melanin-
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containing neurons of the SN. Several projection neurons in the basal forebrain are also
affected and Lewy neurites are observed in the compact portion of the pedunculopontine
tegmentum nucleus. At the same stage, Lewy bodies are observed in the tuberomammillary

nucleus.
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Figure 8: Suggested pattern of progression of PD-specific alpha-synuclein inclusions
in the brain of PD patients. The uninvolved areas are presented in white. The involved
areas are presented with different shades of red depending on the quantities of lesions
observed, the darker areas being the most affected ones. Black arrows represent
connections between the brain areas. Braak’s staging hypothesis divides the progression of
PD-related lesions, i.e. globular and fibrillary inclusions composed of alpha-synuclein, in 6
stages. Stages 1-3 correspond to the presymptomatic stages of the disease and would be
characterized by the progression of Lewy bodies and Lewy neurites from the dorsal motor
nucleus to SN pars compacta (SNc). Stages 4-6 represent the symptomatic stages of PD
during which the lesions spead from the SNc to the cortex. (From Braak et al., 2004)

Stage 4 is differentiated by an important degeneration of melanin-containing neurons
within the SNc, which can be observed macroscopically, and the appearance of Lewy
neurites and Lewy bodies in the anteromedial temporal mesocortex. A severe impairment of
the magnocellular nuclei of the basal forebrain and the anterior olfactory nucleus is also
observed while Lewy bodies are observed in the stria terminalis, some parts of the amygdala

and the claustrum.
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At stage 5, a massive loss of dopaminergic neurons of the SN is accompanied by a
loss of neurons in the dorsal motor nucleus of the vagus nerve, the intermediate reticular
zone, the reticular formation and the locus coeruleus. Sensory association areas of the
neocortex, anterior cingulate cortex and prefrontal areas start to present Lewy pathology
also. Finally, stage 6 represents a wide distribution of Lewy pathology throughout the brain
including the entire neocortex (Braak et al., 2003). Braak and colleagues therefore reported a
stereotypical pattern of progression of Lewy pathology within the brain of PD patients starting
in the the dorsal motor nucleus of the vagus nerve, innervating peripheral organs such as the
intestine and the lungs, at stage 1 and propagating to the SN at stage 4. Stage 4 is supposed
to correlate with the appearance of the motor symptoms. Lately, Lewy neurites and Lewy
bodies propagates to the cerebral cortex where they could cause the non-motor symptoms of
advanced PD-like dementia. This staging hypothesis, although needing to be confirmed and
correlated with clinical data, provides new insights into the progression of PD-related lesions
and could be of great interest in the search for therapeutic strategies able to stop this

progression.

2.1.4. Other neuropathological hallmarks
Lewy pathology is not the only lesion found in the brain of parkinsonian patients.

Indeed, tau-positive neurofibrillary lesions and extracellular neuritic plaques composed of
amyloid beta (AB) accumulation, characteristic lesions of Alzheimer's disease, can be
observed at the autopsy (Braak and Braak, 1990; Irwin et al., 2013; Kalaitzakis et al., 2008).
Whether they represent less common lesions due to PD or they highlight a misdiagnosis is
not clear Whether they represent less common lesions due to PD itself, or whether they
highlight the co-occurrence of both PD and Alzheimer’'s disease in the same patients, or
whether they indicate a misdiagnosis is not clear. Thus, as the clinical phenotype of PD
varies greatly between patients, it would be possible than, apart from the characteristic
neuronal death and the Lewy pathology within the SN, some atypical parkinsonian patients
present other types of lesions. In fact, neurofibrillary tangles were described in the brain of
patients diagnosed with post-encephalitic parkinsonism, progressive supranuclear palsy and
Parkinson-dementia complex of Guam (Geddes et al., 1993). The accumulation of alpha-
synuclein, AB peptide or tau were further described in the cortex of demented PD patients
(Braak and Braak, 1990; Kotzbauer et al., 2012). Interestingly, the localization of these
lesions did not allow the diagnosis of a concomitant Alzheimer’s disease (Braak and Braak,
1990). The existence of common lesions between the two most frequent neurodegenerative
diseases suggests that, despite differences in the implicated brain areas and the clinical
symptoms, Alzheimer’'s disease and PD could arise from common deregulated molecular

and cellular mechanisms. In addition, the study of these less described lesions in the brain of
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PD patients might contribute to a better understanding of PD-linked neuropathological

modifications and more largely lead to a better understanding of the causes of the disease.

Neuroinflammation associated with glial cell activation is another common feature of
PD (Brochard et al., 2009; Long-Smith et al., 2009). Indeed, cytotoxic T cells have been
observed in the SN of a parkinsonian patients. More precisely, the quantity of CD4+ and
CD8+ T cells has been described as ten times higher in the SNc of PD patients compared to
controls (Brochard et al., 2009). Moreover, astrogliosis is observed during post-mortem
evaluation of PD brains using antibodies against glial fibrillary acidic protein and the
concentrations of pro-inflammatory mediators such as tumor necrosis factor-a (TNFa),
interferon-y and interleukin-1p are increased in the cerebrospinal fluid and the striatum of PD
patients (Damier et al., 1993; Leal et al.,, 2013; Mogi et al., 1996; Nagatsu et al., 2000).
Whether inflammation is one of the causes or the consequence of SN dopaminergic cell
death is still controversial (Hirsch et al., 2005; Tansey and Goldberg, 2010). Indeed, glial
cells are known to release neurotrophic factors and protect neurons from oxidative stress
(Bélanger and Magistretti, 2009; Desagher et al., 1996). However, in pathological conditions,
activated migroglia express pro-inflammatory cytokines which could be deleterious for the SN
dopaminergic cells (Nagatsu et al., 2000; Orr et al., 2002). Although this latter hypothesis has
not been confirmed in humans, anti-inflammatory treatment has shown interesting
neuroprotective action in animal models of parkinsonism and seem to decrease the risk to
develop PD (Breidert et al., 2002; Chen et al., 2003).

In summary, the two main neuropathological hallmarks of PD have now been
extensively characterized and allow the definite diagnosis of the disease. However, several
other neuropathological changes, which have been less studied, are observed in the brain of
PD patients. Among them, the presence of beta-amyloid plaques and neurofibrillary tangles
suggest a common mechanism between Alzheimer's disease and PD. Finally, the
neuroinflammatory processes observed in the brain of PD patients and animal models of
parkinsonism has aroused the interest of researchers as a potential target for the
neuroprotection of the SN neurons. The study of neuropathological changes linked to PD is
therefore crucial in the understanding of the potential causes of the disease and in the

search for a cure.
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2.2. Functional consequences
2.2.1.  Anatomy of basal ganglia®
The precise orchestration of voluntary movements is allowed by brain structures called basal

ganglia. These subcortical nuclei are composed of the caudate and the putamen, which
together form the dorsal striatum, as well as the globus pallidus, the SN and the subthalamic
nucleus (Fig. 9). First named locus niger or “tache noire” by the French neuroanatomist Vicq-
D’Azyr in 1805 (Vicq-d’Azyr and Moreau, 1805) due to the presence of melanin inside its
neurons, the SN can be divided in two major parts differing in their function and respective
connections with other basal ganglia structures: the pars compacta and the pars reticulata
(SNr). The SNr contains 70% GABAergic neurons and 30% dopaminergic neurons (Nair-
Roberts et al., 2008). Together with the internal part of the globus pallidus, it represents the
main inhibitory output of the basal ganglia, projecting on the ipsilateral motor thalamus to
inhibit its signaling to the motor cortex (see Fig. 9). The SNc is mainly composed of
dopaminergic neurons but also contains 29% of GABAergic neurons. The ventral tier sends
projections to the dorsal striatum via the so-called nigrostriatal pathway whereas its dorsal
tier is contiguous to the ventral tegmental area and therefore connected to limbic-related
regions which do not participate in the nigrostriatal pathway per se (Haber and Fudge, 1997).
According to the canonical basal ganglia model, when a voluntary movement is initiated, the
motor cortex sends a glutamatergic excitatory signal to striatal GABAergic neurons, which
will result in the release of the thalamic excitatory glutamatergic output on the motor cortex,
thus allowing the selection of the adapted motor program. This cortical activation is however
tightly modulated by nigral dopaminergic inputs through the direct and indirect pathways to
enable a smooth and nicely coordinated movement (Albin et al., 1989; Calabresi et al., 2014;
DeLong, 1990). Indeed, through the direct pathway, nigral dopaminergic neurons will
enhance the activation of the striatal GABAergic output, thus further amplifying the selection
of the adapted motor program and facilitating the movement initiated by the cortical input. In
parallel, nigral dopaminergic neurons will also activate, through the indirect pathway,
successive GABAergic outputs from the striatum and the external part of the globus pallidus
which will in turn activate the inhibitory output from the SNr/globus pallidus internalis, thus
preventing undesired movements. This classical model explains how information flows
through the basal ganglia back to the cortex with opposite effects for the proper execution of
a movement initiated by the motor cortex (Albin et al., 1989; DeLong, 1990; Lanciego et al.,
2012; Fig. 9). Such opposite effects within the nigrostriatal pathway rely on a differential

sensitivity to dopamine within the striatum. Indeed, two types of dopamine receptors are

2 This paragraph is largely inspired by the Review “Is there a role for ghrelin in central dopaminergic systems?
Focus on nigrostriatal and mesocorticolimbic pathways”. Alicia Stievenard, Mathieu Méquinion, Zane B.
Andrews, Alain Destée, Marie-Christine Chartier-Harlin, Odile Viltart, Christel C. Vanbesien-Mailliot. In press in
Neuroscience & Biobehavioral Reviews. Annex 5 .
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expressed by striatal GABAergic neurons: the D1-type, including D1 and D5 receptors, and
the D2-type composed of D2, D3 and D4 receptors (Missale et al., 1998). On one hand, the
binding of dopamine onto D1-type receptors within the striatum activates the direct pathway
and leads to a disinhibition of the ipsilateral thalamus, thus facilitating the contralateral

movement initiated by the cortex.
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Figure 9: Schematic representation of the main functional organization of the basal
ganglia. To initiate a voluntary movement, the motor cortex sends glutamatergic excitatory
projections to the striatum whose resulting GABAergic outputs aimed at releasing the
thalamic excitatory glutamatergic projections onto the cortex are modulated by nigral
dopaminergic inputs. Indeed, within the direct pathway, dopaminergic signals from the
substantia nigra pars compacta (SNc) activate the striatal inhibitory projections to the
substantia nigra pars reticulata (SNr) / internal part of the globus pallidus (GPi), thus
removing their basal inhibitory output to the thalamus. This results in the activation of
thalamic glutamatergic (excitatory) signals to the ipsilateral motor cortex, allowing the
selected movement to be appropriately performed by the contralateral part of the body. In
parallel, within the indirect pathway, nigral dopaminergic outputs inhibit striatal GABAergic
projections to the external part of the globus pallidus (GPe), which releases its inhibition of
the subthamic nucleus (STN). As a result, the glutamatergic (excitatory) action onto the
SNr/GPi will be increased, therefore reducing thalamic glutamatergic signals to the ipsilateral
motor cortex and suppressing undesired movements. This ultimately contributes to the
realization of a smooth and nicely coordinated move. D1R, dopamine type 1 receptors; D2R,
dopamine type 2 receptors. (From Stievenard et al., in press)?

3 This figure corresponds to the figure 5 of the review « Is there a role for ghrelin in central dopaminergic
systems? Focus on nigrostriatal and mesocorticolimbic pathways. Alicia Stievenard, Mathieu Méquinion, Zane
B. Andrews, Alain Destée, Marie-Christine Chartier-Harlin, Odile Viltart, Christel C. Vanbesien-Mailliot. In press
in Neuroscience & Biobehavioral Reviews. Annex 5.
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On the other hand, the binding onto D2-type receptors results in the inhibition of the indirect
pathway thus preventing involuntary movements (Da Cunha et al., 2015; Guatteo et al.,
2009; Haber, 2014). This classical model has recently been challenged by the identification
of regulatory loops at several levels within the basal ganglia suggesting a direct interaction
between both pathways (Cazorla et al., 2014; Lanciego et al., 2012; Watabe-Uchida et al.,
2012). In summary, the nigrostriatal pathway, and more particularly the SNc, holds a central
role in the basal ganglia system and is essential for the selection of the appropriate motor

program and the realization of finely coordinated movements.

2.2.2. Basal ganglia dysfunction in PD*
PD is the most emblematic disorder affecting the nigro-striatal pathway. Its

characteristic dopaminergic neuronal death within the SN leads to modifications of the basal
ganglia motor circuits. Indeed, as presented previously, in physiological condition dopamine
is essential to balance the activation between the direct and the indirect pathway. This
neurotransmitter is able to prevent inadequate movement and to facilitate the adapted
sequence of movement. In PD patients, the amount of dopamine produced by the neurons of
the SN and released in the striatum is decreased. This dopamine depletion induces an
imbalance in the basal ganglia motor circuits. On one hand, dopamine depletion in the
striatum induces a lower activation of the D1-type receptors present in the striatum, therefore
leading to a lower inhibitory signal to the SNr/ globus pallidus internalis which in turn will
send stronger inhibitory signal to the thalamus, thus leading to a weaker signal from the
thalamus to the cortex. This sequence of modifications finally induces a decrease in the
motor function of the patient in the contralateral side of the body. On the other hand, the
dopamine depletion in the striatum leads to a higher activation of the indirect pathway,
starting with a stronger inhibitory signal from the striatum to the external part of the globus
pallidus which in turn inhibits the subthalamic nuclei to a lesser extend, therefore inducing a
more important signal from the subthalamic nuclei to the SNr/ globus pallidus internalis. As it
is the case for the modulation of the direct pathway, the dopamine depletion in the striatum
leads also to a weaker activation of the thalamus and a decrease in motor function (Fig. 10;
Albin et al., 1989; DelLong, 1990). It is estimated that PD characteristic motor symptoms
appear only after more than 50% of the dopaminergic of the SN are dead, suggesting that
during the pre-motor stages of the disease, the feedback networks present in the basal

ganglia circuits allow a compensation of the slight decrease in the dopamine content.

4 This paragraph is largely inspired by the Review “Is there a role for ghrelin in central dopaminergic systems?
Focus on nigrostriatal and mesocorticolimbic pathways”. Alicia Stievenard, Mathieu Méquinion, Zane B.
Andrews, Alain Destée, Marie-Christine Chartier-Harlin, Odile Viltart, Christel C. Vanbesien-Mailliot. In press in
Neuroscience & Biobehavioral Reviews. Annex 5.
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Figure 10: Schematic representation of the main functional organization of the basal
ganglia in Parkinson’s Disease. The ongoing degeneration of dopaminergic neurons of the
substantia nigra in Parkinson’s disease (PD) directly impacts the proper functioning of basal
ganglia, which is at the origin of the motor symptomatology observed in PD patients. In
particular, as a result of this nigral dopaminergic degeneration, striatal neurons involved in
the direct pathway send weaker inhibitory projections to the substantia nigra pars reticulata
(SNpr) / internal part of the globus pallidus (GPi) compared to healthy conditions. As a
consequence, these signals are insufficient to fully release the basal inhibitory output onto
the thalamus. In turn, the thalamus excitatory signal to the ipsilateral motor cortex is weaker
and does not enable a proper initiation of the movement in the contralateral part of the body.
In parallel, within the indirect pathway, due to the lower dopamine input from the SNc,
GABAergic striatal neurons are not enough inhibited anymore and thus exert a stronger
inhibitory output to the external part of the globus pallidus (GPe), which in turn does not
inhibit the subthalamic nucleus (STN) enough. As a result, the STN sends increased
excitatory projections to the SNr/GPi, whose GABAergic control over the thalamus will
therefore also be reinforced. This further prevents the thalamic motor cortex activation. The
end-result is a weaker selection of the proper motor program by the cortex, which leads to
the bradykinesia observed in PD patients. The thickness of the arrows corresponds to the
functional state of a given connection between two structures: thicker and thinner arrows
show respectively over-active and hypo-active circuits compared to healthy conditions. D1R,
dopamine type 1 receptors; D2R, dopamine type 2 receptors. (From Stievenard et al., in
press)®

However, as the neurodegeneration progress within the SN, this compensation
becomes inefficient and the classical motor symptoms appear. In order to apply potential

neuroprotective agents, it will thus be important to detect and diagnose the disease before it

5 This figure corresponds to the figure 6 of the review « Is there a role for ghrelin in central dopaminergic
systems? Focus on nigrostriatal and mesocorticolimbic pathways. Alicia Stievenard, Mathieu Méquinion, Zane
B. Andrews, Alain Destée, Marie-Christine Chartier-Harlin, Odile Viltart, Christel C. Vanbesien-Mailliot. In press
in Neuroscience & Biobehavioral Reviews. Annex 5.
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reaches this threshold of compensation. The knowledge of the neuroatanomical structures
involved in PD is also essential to design surgical therapies that will be presented in chapter
184.3.

2.2.3. Potential for neuroimaging investigations
Although PD definite diagnosis can only be made after brain autopsy, the knowledge of

the neuropathological condition of the brain of a living patient could facilitate PD clinical
diagnosis. Indeed, the well-known neurodegeneration of the dopaminergic neurons of the SN
and the consequent biochemical modifications which precede the clinical diagnosis of PD
have been the focus of imaging approaches to refine PD diagnosis. These techniques
include magnetic resonance imaging, transcranial B-mode-Doppler-sonography and
functional imaging with radiotracers. Such techniques could be used to detect asymptomatic
persons with a high risk to develop PD and propose neuroprotection while the
neurodegeneration is not too advanced, i.e. before the onset of motor symptoms (Godau et
al., 2012).

Figure 11: Dopamine transporter imaging in PD. Dopamine transporter binding, assessed
using DaTSCAN™  is reduced in PD patients (A) compared to healthy controls (B). (Tzoulis
etal., 2013) ®

Among the functional imaging techniques with radiotracers, positron emission
tomography, DaTSCAN™ or single photon emission computed tomography have been used
to study the uptake of 6-[*®F] fluoro-L-dopa which is changed into dopamine and stored in
synaptic vesicles, the density of dopamine transporters or vesicular monoamine transporters.
Indeed, in the brain of parkinsonian patients, even before the appearance of motor

symptoms and the clinical diagnosis, the uptake of fluoro-L-DOPA is asymmetrically reduced

5 DaTSCAN™ is a specialized imaging technique involving the injection of a radiopharmaceutical agent
specifically entering the dopaminergic neurons which will be observed with single photon emission computed
tomography. DaTSCAN™ is used to assess a potential reduction of the number of dopaminergic cells within the
SN.
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in the putamen of asymptomatic twins and has shown dopaminergic impairments in
asymptomatic subjects with a familial history of PD but no mutation described (Piccini et al.,
1999; Sawle et al., 1992). A similar pattern has been observed with dopamine transporters
ligands and is available in clinic to help neurologists in their diagnosis (Booij et al., 2001,
Mutez et al., 2011). However, despite the huge potential for neuroimaging techniques in the
diagnosis of PD, it has to be noted that these techniques have a huge cost. Some authors
then advised to consult other specialists and colleagues instead of choosing such techniques
(Morrish, 2005).

3. Aetiology
3.1. Environmental factors
The etiology of PD is complex, multifactorial and involves genetic factors, environmental

factors, and their interactions.

3.1.1. Environmental risk factors for Parkinson’s disease
3.1.1.1. Von Economo disease
Shortly after the naming of PD by Charcot, a pandemy of encephalitis spread across

Europe, characterized by somnolence, fever, ophtalmoplegia and accompanied in some
patients by aphasia or hemiplegia. Many surviving subjects quickly developed a post-
encephalitic parkinsonism, also called von Economo disease, giving weight to the hypothesis
according to which PD could result from a viral infection or the exposure to an infectious
agent (Rail et al., 1981).

3.1.1.2. MPTP
Six decades later, the environmental hypothesis of PD was further supported by the

development of severe PD characterized by a frozen behavior with incapacity to walk or to
speak in a 23 years old student after self-injection of MPTP, an inhibitor of complex | of the
mitochondrial respiration chain (Davis et al., 1979). The induced bradykinesia was only
improved after treatment with L-DOPA. MPTP is a derivative in the production of a drug of
abuse called 1-methyl-4-phenyl-4-propionpiperidine (MPPP). Several years later, this
phenomenon happened in four other students who developed parkinsonism after intra-
venous injection of MPTP (Langston et al., 1983). To better understand the link between
MPTP exposure and the development of PD, injections of MPTP were undertaken in
monkeys. The studies showed that few seconds after its injection, MPTP crosses the blood-
brain barrier, is then oxidized by monoamine oxydase-B (MAO-B) in glial cells and
serotoninergic cells and further transformed in 1-methyl-4-phenylpyridinium (Chiba et al.,
1985, MPP+; 1984). MPP+ is released in the extra cellular space and enters dopaminergic
neurons via a dopaminergic transporter (Bezard et al 1999). Once inside the neurons, MPP+

accumulates in the synaptic vesicles and the mitochondrial matrix and inhibits the complex |
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of mitochondria (Davey et al., 1992; Hoppel et al., 1987; Liu et al., 1992) leading to an
increase in reactive oxygen species (ROS; Rossetti et al., 1988). Autopsy performed 1.5
years after the initial exposure of students to the MPTP revealed damages of the
dopaminergic neurons of the SN and activation of the microglia but no alpha-synuclein

inclusions (Davis et al., 1979; Langston et al., 1999).

(a) (b) () oH (d)

CH

Figure 12: Chemical structure of some PD-related environmental factors. (a) MPTP, (b)
MPP+, (c) Rotenone, and (d) Paraquat. Note the high chemical similarity between MPTP,
MPP+ and Paraquat. (From Keane et al., 2011)

3.1.1.3. Rotenone and paraquat

The high similarity between the chemical structures of MPTP, MPP+ and the herbicide
paraquat, as illustrated figure 12, led to further investigations of the hypothesis of a link
between pesticides and PD. Several pesticides have been investigated, among which
rotenone and paraquat have been associated with the development of PD with an odds ratio
of 2.5 (Elbaz et al., 2016; Tanner et al., 2011a). While rotenone and MPTP both interact with
dopamine transporters and inhibit the mitochondrial complex |, paraquat acts in a different
way, potentially through the production of oxidative stress (Richardson et al., 2005; Schuler
and Casida, 2001; Tanner et al., 2011a). The mechanisms involved in the development of
PD after exposure to MPTP, rotenone and paraquat have been further explored in animal

models of parkinsonism and will be detailed in chapter 2 below.

3.1.1.4. Brain injury
The exposure to environmental molecules is not the only environmental factor linked

to the development of PD. Indeed, the practice of fighting sport causing repeated traumatic
brain damage has been suggested to increase the risk to develop PD. This association
between brain injury and PD is still controversial. It seems that brain injury with loss of
consciousness in the early life increases the risk to develop PD with an odds ratio of 1.57.
Similarly, a study undertaken in subjects aged of 55 years or more and hospitalized in
California for traumatic brain injury showed a 1.7% increased risk to develop PD in the

following years compared to 1.1% for the falls without brain injury (Gardner et al., 2015).
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3.1.2. Environmental factors inversely correlated to Parkinson’s disease
Many factors inversely correlated to PD therefore called “protective factors” have been

reported in the last decade including cigarette smoking, caffeine drinking or tea drinking
(Elbaz et al., 2016). Indeed, an inverse correlation between smoking and PD has been
described in the last thirty years in men and women with a 60 % lower risk to develop PD in
smokers compared to persons who had never smoked. This inverse correlation was stronger
in subjects smoking more than 10 packs per year and even stronger for the ones who had
been smoking since a longer time (Hernan et al., 2002). This could be due to an inhibition of
MAO-B in dopaminergic neurons of smokers (Fowler et al., 1997) or an antioxidant effect of
nicotine (Ross and Petrovitch, 2001). Moreover, coffee consumptions was linked to a 30%
lower risk to develop PD and up to a 40% lower risk in subjects who drink at least three cups
of coffee per day (Hernan et al., 2002; Saaksjarvi et al., 2008). This association was stronger
in men than in women taking postmenauposal hormone therapy (Ascherio et al., 2003). In
the same way, tea consumption has been linked to a lower risk of developping PD, with a
mean odds ratio of 0.85 (Li et al., 2012). More precisely, black tea consumption and green
tea consumption have been inversely correlated to the development of PD (Tan et al., 2008).
The discovery of the link between these environmental factors and PD prove again, if
necessary, that the etiology of the disease is complex and involves many factors, including

some factors encountered and consumed in the daily-life.

3.2. Genetic factors
The “genetic” history of PD began in the 1980s when researchers tried to determine a

genetic factor explaining the familial cases of the disease. Indeed, it had been shown that 2%
of first degree relatives of PD patients were parkinsonian patients compared to 1% in the
general population, suggesting some inheritance of the disease in the family or a shared
environmental exposure (Marder et al., 1996). As, it is often the case in epidemiology, the
first studies were undertaken in monozygotic and dizygotic twins, searching for a common
factor associated with PD in both monozygotic adults. The studies revealed no difference in
the rate of PD between monozygotic twins compared to dizygotic twins. However, they
included only a few number of subjects and the duration of the studies were short with no
follow-up during the aging of the subjects (Duvoisin et al., 1981; Eldridge and Ince, 1984;
Ward et al., 1983). The hypothesis of a genetic cause of PD was then abandoned until the
suggestion, by Sommer and Rocca, that a mutation in a prion-analogue-protein could cause
its accumulation in the neurons and the degeneration observed in the brain of PD patients as
it is the case in prion diseases (Sommer and Rocca, 1996). This hypothesis was later
confirmed after the improvement and modernization of linkage analyses techniques that

allowed the identification of several monogenic forms of PD and genetic risk factors linked to
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the development of the disease when combined with environmental or other genetic risk
factors. The main PD-related genes identified so far in monogenic forms of the disease are
summarized in Table 2. Nowadays, monogenic forms of PD are separated in two categories:
the autosomal dominant mutations inducing a loss of function of the encoded protein and the
autosomal recessive mutations inducing a gain of function of the encoded protein. Among
the dozens of monogenic mutations which have been linked to the development of PD, only
six are now officially acknowledged as disease-causing mutations: the autosomal dominant
mutations in the SNCA, LRRK2 and Vacuolar protein sorting-associated protein 35 (VPS35)
genes, and the autosomal recessive mutations in the PARK2, P-TEN-induced putative
kinase 1 (PINK1) and DJ-1 genes (Kalinderi et al., 2016).

Mutations and multiplications of SNCA gene were the first autosomal dominant-
inheriting disease-causing mutations discovered. Indeed, in 1996, a genome scan approach
revealed for the first time a link between PD and the chromosomic 4g21-23 region
(Polymeropoulos et al., 1996). This genomic sequence notably includes the SNCA gene,
coding for a protein named alpha-synuclein. Later on, a missense mutation changing the
alanine in position 53 of the protein sequence into a threonine (A53T) was identified in
several families suffering from PD but not in controls (Nussbaum and Polymeropoulos, 1997;
Polymeropoulos, 1998). Further studies failed to identify this mutation in hundreds of
parkinsonian patients in the United States and in Europe (Muioz et al., 1997) suggesting a
rare distribution among the population. In the months following the discovery of this mutation,
histological experimentations highlighted the presence of alpha-synuclein in the pathological
hallmarks of PD, the Lewy bodies (Mezey et al., 1998; Spillantini et al., 1998). The clinical
evaluation of PD patients with the A53T mutation of SNCA showed a younger age of onset
(10.8 years earlier), a tremor less present and a longer duration of the disease than in
sporadic patients with no familial history of the disease. However, the other clinical motor
symptoms of the disease, including rigidity, bradykinesia and postural instability were not
different between the two groups (Papapetropoulos et al., 2001). Later on, four others
mutations in alpha-synuclein have been described in PD patients: the A30P (Kruger et al.,
1998), the E46K (Zarranz et al., 2004), the G51D (Lesage et al., 2013) and H50Q (Appel-
Cresswell et al., 2013) as well as multiplications of this gene (Bradbury, 2003; Chartier-Harlin
et al., 2004; Ferese et al., 2015; Singleton et al., 2003). The clinical examination of PD
patients with multiplications of SNCA suggested that the disease severity was correlated with
the number of SNCA copy found in the genome of the patients. Thus, the more SNCA copy,

the earlier the disease started and the most severe were the symptoms (Ibafiez et al., 2009).

As of today, 23 loci, named PARK loci, have been associated with PD. The discovery

of these monogenic forms of the disease with Mendelian inheritance led to important
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advances in the understanding of the molecular mechanisms involved in PD development.

However, these monogenic forms are estimated to be present in only 5-10% of PD patients

(Verstraeten et al., 2015). The scarcity of these genetic causes of the disease confirm the

importance of understanding other risk factors as well as of the interplay between

environmental risk factors and genetic susceptibilities.

Locus Gene Protein Chromosome | Tr. Mutation LP References
(Krtiger et al., 1998;
Lesage et al., 2013;
A53T, A30P,
PARK1 SNCA alpha-synuclein 4g21-923 AD + Polymeropoulos,
E46K, G51D
1998; Zarranz et al.,
2004)
. . (Kitada et al., 1998;
PARK2 PARK2 parkin 6q25.2-q27 AR deletions +
Matsumine, 1999)
PARK3 ND ND 2p13 AD ND ND (Gasser et al., 1998)
(Chartier-Harlin et al.,
PARK4 SNCA alpha-synuclein 4p14-16.3 AD multiplication + 2004; Farrer et al.,
1999)
Ubiquitin ¢ terminal
PARKS UCHL1 4p14 AD S18Y + (Leroy et al., 1998)
hydrolase
Pten-induced
PARKG PINK1 o 1p35-p36 AR | G309D, W437X | + (Valente et al., 2004)
putative kinase 1
(Taipa et al., 2016;
1p36.33 - L166P and
PARK?7 PARK? DJ-1 AR + van Duijn et al.,
p36.12 deletion
2001)
Leucine-rich repeat | 12p11.23- (Funayama et al.,
PARKS LRRK2 AD >80 mutations +
kinase 2 q13.11 2002)
Lysosomal type 5 (Hampshire et al.,
PARK9 | ATP13A2 1p36 AR truncating
ATPase 2001)
PARK10 ND ND 1p32 RF ND ND (Hicks et al., 2002)
GRB interacting . (Pankratz et al.,
PARK11 GIGYF2 . 2q36-q37 AD 9 mutations
GYF protein 2 2003)
X- (Pankratz et al.,
PARK12 ND ND Xq21-g25 ND ND
linked 2003)
HTRA serine
PARK13 | HTRA2 . 2p12 AD ND ND | (Strauss etal., 2005)
peptidase 2
PARK14 | PLA2G6 Phospholipase A2 18q11 AR missense (Gao et al., 2009)
PARK15 | FBXO7 F-box only protein 7 | 22q12-q13 AR truncating ND | (Shojaee etal., 2008)
PARK16 ND ND 1932 RF ND ND (Satake et al., 2009)
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Vacuolar protein (Vilarifio-Guiell et al.,
PARK17 | VPS35 16q11.2 AD D620N ND
sorting 35 2011)
Eukaryotic , .
S . (Chartier-Harlin et al.,
PARK18 EIF4G1 translation initiation 3q27.1 AD 5 mutations + 2011)
factor 4 gamma 1
DNAJ/HSP40
_ splice site / (Edvardson et al.,
PARK19 | DNAJC6 | homolog subfamily 1p31.3 AR . ND
truncating 2012)
C member 6
PARK20 SYNJ1 Synaptojanin 1 21922.11 AR R258Q ND (Olgiati et al., 2014)
DnaJ Heat Shock
Protein Family Vilarifio-Guell et al.,
PARK21 |DNAJC13 3922 AD N855S +
(Hsp40) Member 2014
C13
Coiled-Coil-Helix-
Coiled-Coil-Helix (Funayama et al.,
PARK22 | CHCHD2 . o 7p11.2 AD T611, R145Q ND
Domain-Containing 2015)
protein 2
Vacuolar Protein
PARK23 | VPS13C | Sorting 13 Homolog 15922.2 AR truncating + (Lesage et al., 2016)
C

Table 2: Genetic loci and genes associated with monogenic forms of parkinsonism
(PARK loci). Tr. Type of transmission, AD: autosomal dominant, AR: autosomal recessive,

RF: risk factor, LP: Lewy pathology, ND: not determined.

3.2.1. Genetic risk factors
Apart from the above-described PD-causing mutations, genomic variants with low

penetrance have been described to play a role in the risk of developing PD in sporadic
patients. These variants, common in the genome of PD patients compared to controls, are
considered as risk factors and could lead to the development of the disease when combined
with other factors such as other genetic risk factors or environmental risk factors (Kalinderi et
al., 2016). They however do not lead to the development of the disease alone. Genome-wide
association studies (GWAS), which study millions of markers along the genome without a
priori, confirmed the major role of SNCA in the development of the disease but also revealed
many genomic regions containing variants associated with PD (Nalls et al., 2014). Contrary
to PD-causing mutations, these variants have shown small effects and do not modify the
disease phenotype. To date, 21 susceptibility loci have been described (Labbé and Ross,
2014). Among them, three variants, present in the SNCA gene, the Human Leucocyte
Antigen (HLA) gene and the microtubule-associated protein tau (MAPT) have been

considered as genomic variants linked to PD in several studies (Do et al., 2011; Edwards et
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http://www.omim.org/geneMap/15/233?start=-3&limit=10&highlight=233

al., 2010; Simén-Sanchez et al., 2009; Zimprich et al., 2004). Later on, GWAS have
suggested other common variants in the following genes: GBA, coding for the enzyme
glucocerebrosidase, HLA locus, and GAK, coding for a cyclin G—associated kinase (Holmans
et al., 2013; Pankratz et al., 2009). The progress in science and the available techniques to
study genetic modifications in large cohorts of patients and controls should still provide

important insights in PD molecular deregulations.

4, Currently available therapeutic options
Most therapeutic strategies currently applied in PD tend to manage the motor

symptoms of the disease by a compensation of the striatal dopamine depletion. As illustrated
figure 13, this aim can be reached by modulating either the synthesis, or the release, or the
turnover of dopamine by directly activating the dopaminergic receptors even in absence of

dopamine itself or by electric stimulation of the basal ganglia.

Glial cell /
astrocyte

Pre-synaptic
neuron

Post-synaptic
neuron

Figure 13: Schematic representation of dopamine synthesis and metabolism.
Dopamine is synthetized from the amino acid L-phenylalanine, provided by food. This amino
acid is later converted into L-tyrosine which is converted into L-DOPA by the enzyme
tyrosine hydroxylase (TH). L-DOPA is further transformed into dopamine by the 3,4-
dihydroxyphenylacetic acid carboxylase (DDC). Dopamine, here represented as green
circles, is stored in synaptic vesicles and later released in the synaptic cleft to activate
dopamine receptors (DRD) in the pre- and post-synaptic neurons. Dopamine can enter the
neurons through dopamine transporters (DAT) present in the pre- and post-synaptic
terminals. Monoamine oxidase (MAQO) and catechol-O-methyl transferase (COMT) degrade
dopamine into 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA) or 3-
methoxytyramine (3-MT). (Quaak et al., 2009).
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4.2. Pharmacological therapies

4.2.1. The L-DOPA replacement therapy
The main current drug treatment for PD was discovered in the sixties concomitantly

with the discovery of dopamine and its depletion in the striatum of PD patients (Carlsson et
al., 1957; Ehringer and Hornykiewicz, 1960). Indeed, Carlsson and colleagues demonstrated
that L-DOPA, the precursor of dopamine, was able to restore motor function in akinetic
animals after an exposure to reserpine (Carlsson et al., 1957). As PD was also characterized
by an akinetic state, and was apparently due to a depletion of dopamine, researchers
decided to treat PD patients with L-DOPA in order to restore the coordination of direct and
indirect pathways within the basal ganglia. Several years were necessary to determine the
effective dosage but since 1967, L-DOPA has proven its efficacy in the treatment of motor
symptoms (Cotzias et al., 1967; Fahn, 2015). Now used for more than fifty years, L-DOPA is
still the gold standard in the treatment of PD and the most powerful treatment against the
motor symptoms of the disease. L-DOPA can cross the blood-brain barrier and, in healthy
individuals, enters dopaminergic neurons where it is transformed into dopamine by the L-
DOPA decarboxylase. The simultaneous use of decarboxylase inhibitors, which block the
transformation of L-DOPA into dopamine in the periphery but not in the brain, enhance the
availability and the efficacy of L-DOPA within the central nervous system. In most PD
patients, this pharmacological therapy is so efficient to alleviate motor symptoms in the first
years after the diagnosis that the length of time following its first delivery to the patient is
called honeymoon period. However, as the number of dopaminergic neurons diminishes over
time in PD, in more advanced stages of the disease, L-DOPA will preferentially be taken up
by serotoninergic neurons of the basal ganglia and transformed into dopamine (Carta et al.,
2008; Ng et al., 1971, 1970; Svenningsson et al., 2015). The dopamine released from such
activated serotoninergic neurons is thought to stimulate post-synaptic dopamine receptors in
an uncontrolled manner, thus participating in the development of abnormally regulated
movements. Therefore, prolonged DOPA-therapy induces strong side effects including
dyskinesia or motor fluctuations, i.e. a period with a decreased benefit of L-DOPA against
motor symptoms (LeWitt, 2015; Sharma et al., 2015). It is estimated that 89% of PD patients
develop dyskinesia after 10 years of L-DOPA therapy (Fabbrini et al., 2007). Moreover, L-
DOPA worsens PD-related gastro-intestinal disorders (Ozge et al., 2003; Poewe, 2008).
These side effects can be more debilitating than PD symptoms. It is therefore important to

find another treatment to delay or replace L-DOPA therapy.

4.2.2. The use of dopamine agonists
Among the other available pharmacological strategies for PD, the direct stimulation of

dopaminergic receptors with dopamine agonists has shown its efficacy (Blandini and
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Armentero, 2014). Although less effective than L-DOPA to treat PD motor symptoms
(Blandini and Armentero, 2014), dopamine agonists provide a continuous stimulation of
dopaminergic neurons, thus avoiding the rhythmic peak and decrease in the release of
dopamine causing the motor fluctuation phases of L-DOPA treatment. Indeed, when used in
first instance during the early phases of clinical PD, dopamine agonists have been shown to
induce less dyskinesia than L-DOPA therapy (Holloway et al., 2004). Dopamine agonists
are used in monotherapy as a first treatment in patients aged of 65-70 years (Parkinson
Study Group, 2000). Two to five years after the appearance of PD initial motor symptoms, L-
DOPA is often added to dopamine agonists to better manage motor symptoms. However, the
intake of dopamine agonists has been linked to the development of impulse control disorders
in 14% of PD patients compared to 1.1-1.6% in the general adult population (Callesen et al.,
2013; Poletti et al., 2012; Probst and van Eimeren, 2013). Impulse control disorders include
pathological gambling, hypersexuality, compulsive buying or compulsive eating that
negatively impact the quality of life and can be as debilitating for the patient as PD itself. It is
therefore essential for PD patients to pay attention and to report quickly every possible
behavioral trouble to their neurologist to modulate the dosages or change for a different
treatment.

4.2.3. The use of inhibitors of dopamine catabolism
A third pharmacological option to compensate PD-related striatal dopamine depletion is

to reduce the degradation of dopamine, thus increasing the concentration of dopamine in the
synaptic cleft via an inhibition of the MAO. Two types of MAO are described: the type A,
called MAO-A , deaminating tyramine, serotonin and noradrenaline, and the type B, called
MAO-B which deaminates b-phenylethylamine (Johnston, 1968). Both forms of the MAO
metabolize dopamine. However, dopamine has a higher affinity for MAO-B in the human
brain (Oreland, 1991). This strategy has been used for several decades. Indeed, inhibitors of
monoamine oxidase (IMAQO) have been used alone or in combination with L-DOPA in many
PD patients. Although showing low therapeutic benefit when given alone, IMAO increase the

efficacy of L-DOPA when administered simultaneously (Riederer and Wuketich, 1976).

In summary, pharmacological interventions in PD have proven good therapeutic
strategies but they lose efficacy over time and induce many side-effects. It is therefore crucial
to find new non-invasive therapeutic strategies able not only to prevent the dopaminergic
neuronal death within the SN but also to alleviate PD non-motor symptoms from the earliest
stages of the disease. Such novel treatment options would undoubtedly contribute to

increased quality of life for PD patients.
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4.3. Surgical therapies
Surgical therapeutic options, essentially deep brain stimulation, are available for

patients who develop severe motor complications with pharmaceutical interventions and
would therefore need higher doses of dopaminergic treatment, accompanied by their side-
effects, to achieve effective modulation of motor symptoms. These therapeutic options

involve long and difficult surgical procedures which cannot be performed in all patients.

4.3.1. Dopaminergic cell grafts
The better knowledge of PD-induced neuropathological alterations as well as of basal

ganglia functional neuroanatomy paved the way for alternative surgical therapies involving
dopaminergic cell grafts. Indeed, the neuronal death within dopaminergic populations of the
SN is the known cause of motor symptoms of PD. Therefore, dopaminergic neuronal grafts
were expected to replace the missing dopaminergic cells in the brain of PD patients. This
experimental therapeutic strategy proved its efficacy against PD motor symptoms (Lindvall
and Bjorklund, 2004), however, fetal grafted cells developed Lewy body-inclusions over time
as reported at the autopsy in several patients after 11-16 years post-graft (Kordower et al.,
1995; Li et al.,, 2010). As Lewy pathology seems to slowly appear in grafted neurons,
mesencephalic grafts could still provide the benefit of many years of motor improvement to
the patients before a potential aggravation of the situation. So far, the transplant of
dopamine-producing neurons derived from stem cells has been undertaken in rodents and
monkeys and led to an improvement of some motor features of mice (Barberi et al., 2003;
Kriks et al., 2011; Studer et al., 1998). However, several years will be necessary before the
first clinical trials in humans bring conclusive results regarding the efficacy and the safety of
this promising technique in the treatment of PD. Until then, another surgical therapeutic

option is currently available on a routine basis for PD patients: deep brain stimulation.

4.3.2. Deep-brain stimulation
From 1940 on, Wilder Penfield and Herbert Jasper used destruction of brain areas to

treat medicamentous-resistant forms of severe epilepsy, an approach refered to as the
Montreal procedure (Amberson, 1954; Avoli, 2012). During the surgical procedure, they used
electrical stimulations of the brain of conscious subjects to better determine the target area
and to reduce side effects of the procedure. Similar procedures targeting various structures
of the basal ganglia have been applied as the only treatment of PD motor symptoms until the
sixties. Thus surgical ablation of the motor cortex and premotor areas or pyramidotomy have
been used to reduce the tremors in the contralateral side despite an important mortality rate
and few long-term improvements for the patient (Gross et al., 1999). With the progressive
better knowledge of the extrapyramidal system and nuclei of the basal ganglia, Russell

Meyers decided to test the partial ablation of the caudate nucleus and the putamen and
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observed an improvement of tremor and rigidity in the patients (Gildenberg, 2006). This
procedure has been reproduced during the following years and largely improved through the
use of stereotaxic apparatus (Fenelon, 1955a, 1955b; Guiot and Brion, 1953). The discovery
of L-DOPA and its powerful effect against motor symptoms drastically changed the treatment
of parkinsonian patients during decades. However, the progressive modernization of imaging
techniques, the better understanding of basal ganglia circuits and the discovery of
neuropathological hallmarks of the disease brought the surgery back into the list of available
strategies in the treatment of PD motor symptoms. Deep-brain stimulation (DBS) is a high
frequency stimulation (100Hz-200Hz) of specific brain nuclei to modulate their activity within
the basal ganglia loops. Thus, the stimulation of the internal globus pallidus or the
subthalamic nucleus aims to compensate the neuronal consequences of striatal dopamine
depletion by reducing the inhibitory signal from Gpi and SNpr (Fig. 10). This therapeutic
strategy modulates PD motor symptoms but is not able to stop the progression of the
disease nor to reduce non-motor symptoms (Obeso et al.,, 1997). DBS was first used in
patients planned to undergo surgical ablation of the thalamic nucleus ventralis intermedius in
order to identify the target area through a temporary improvement of resting tremor (Benabid
et al., 1987). Indeed, DBS is a reversible treatment as its effects stop as soon as the
stimulation is turned off. DBS was next used in patients with unilateral lesions in order to
complement the effect of the contralateral ablation without the side effects of a bilateral
ablation (Benabid et al., 1987). The efficiency of this reversible stimulation on tremor in the
absence of histological modifications was later preferred to the ablation of a brain area but
was however unable to improve PD other symptoms such as muscle rigidity and
bradykinesia (Benabid et al., 1991). Neurologists and researchers thus tried to stimulate
different areas of the brain in animal models of PD and in PD patients in order to identify the
ideal target area to improve all motor symptoms of PD and showed that the stimulation of
sub-thalamic nuclei (STN) was successful in this respect (Benabid et al., 1994; Limousin et
al., 1998, 1995; Pollak et al., 1993). The data obtained in the hospital of Lille in 100 patients
with DBS in the STN confirmed the improvement of all motor symptoms characteristics of PD
one year after the surgery (Tir et al., 2007). Indeed, compared to patients without
pharmaceutical treatment during the motor evaluation, patients with 1 year of stimulation
presented a 43% decrease in the UPDRS Il score evaluating the severity of PD motor
symptoms and a 34% decrease in the Schwab & England score evaluating the impact of PD
on the activities of daily life (Tir et al., 2007). These data confirm the efficacy of DBS in the
treatment of PD motor symptoms. In another cohort of patients, such an improvement of
motor symptoms was still detected five years after bilateral DBS of subthalamic nuclei (Krack
et al., 2003). Nowadays, DBS is proposed to patients younger than 75 years of age

presenting with severe motor complications, no adequate response to pharmaceutical
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treatment, a satisfying cognitive state and a good general health condition to avoid surgery-

related problems (Destée A. personal communication, Lille, 2016).

4.4. Alternative therapies
Several alternative therapies are available for PD patients and aim at complementing

or delay conventional pharmaceutical and surgical therapies and their related side effects. In
2001, almost 40% of PD patients used alternative therapies in the United States. This
proportion rises to 76% in Eastern counties (Kim and Jeon, 2012; Rajendran et al., 2001).
These alternative solutions include acupuncture, speech therapy, dance, cognitive therapy or
physiotherapy among others (Bega and Zadikoff, 2014; Bloem et al., 2015). Most of them are
designed to improve PD patients’ quality of life through the management of motor and non-
motor symptoms which are not completely responsive to the conventional treatments and do
not aim at slowing or stopping the progression of the disease. It has to be noted that,
although alternative therapies may improve the patient’s quality of life and his/her motor
function, they are not as effective as pharmaceutical and surgical treatments of motor
symptoms. However, PD is characterized by many non-motor symptoms that are not
improved under conventional therapies and most neurologists agree with the use of
alternative therapies to complement the conventional therapies. Multidisciplinary approaches
proposing an adapted program of speech, cognitive, physical and social therapies and the
help of trained coaches could increase the benefit of alternative therapies and the general

well-being of both patients and caregivers.

In conclusion, since its description in 1817 by James Parkinson in a handful of
persons, PD has emerged as the second most frequent neurodegenerative disease in
the world. It affects people from all countries and all social levels and its social and
economic burden is expected to dramatically increase in the next decades. During the
last century, researchers have studied the anatomopathological origin of PD, the
motor and non-motor symptoms developed by patients and the genetic and
environmental factors implicated in its etiology to understand and target the molecular
and cellular mechanisms leading to the degeneration of dopaminergic neurons within
the SN. Unfortunately, despite these discoveries, we are still not able to fully
understand how PD starts, progresses and leads to a total lack of autonomy in the
advanced stages. Indeed, the treatment currently proposed to the patient are designed
to alleviate the symptoms of the disease but are not yet able to cure PD or to stop its
progression. It is thus essential to maintain the efforts of research in this field starting
with studies in adapted models of parkinsonism which should enable the discovery of
new therapeutic strategies either disease-modifying or curative ones to be used from

the very beginning of the degenerative process.
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CHAPTER 2: RELEVANCE AND CONTRIBUTION OF
EXPERIMENTAL MODELS OF PARKINSON’S DISEASE IN
UNDERSTANDING THE UNDERLYING PATHOPHYSIOLOGICAL
MECHANISMS.

1. What is an animal model?’
The main challenge in collecting significant or at least relevant results in a laboratory

resides in the appropriate choice of the experimental model used to investigate a scientific
guestion. In various fields of experimental biology, it has been essential to develop animal
models of human disorders, notably due to evident ethical concerns in conducting some
studies in human beings. The term ‘model’ encompasses however two symmetrical and
opposed meanings. Indeed, on one hand, it is used for a concept or an object which is the
representation of another one, such as the reduced-scale model; the scientific model falls in
this first category. On the other hand, this term is also used to designate a real object that
one tries to perfectly reproduce such as the model for the painter®. These two meanings
implicitly refer respectively to the tool and the example. Such a dual meaning for the same
term might explain the classical lexical confusion encountered among scientists when it
comes to animal models. This confusion has ultimately led to the misinterpretation too often
encountered in the medical field according to which the results obtained in an animal model
should entirely be translatable to the human being: the laboratory animal would thus get the
status of a laboratory for the production of future medications. The subsequent
disappointments were scaled to those false hopes, as reminded in a number of recent
papers (Begley and Ellis, 2012; Perrin, 2014).

1.1. The definition of a model in experimental sciences
In experimental sciences, and especially since Claude Bernard’s seminal work and

shaping of the field of Biology, a model is a simplified representation of the reality. When the
reality refers to an object with relatively well-defined frontiers, such as the conformation of a
protein, it is rather easy and straightforward to define the elements to be represented in the
model and to reproduce them. However, when it comes to more complex phenomena such
as cell growth or uncontrollable proliferation as encountered in cancer, it is rather difficult to
distinguish their exact delimitations. The choice of the elements to be put in a model is

therefore an essential step in its construction. This choice is most often based on a theory

7 This paragraph has been largely inspired by a review currently under redaction. Vanbesien-Mailliot,
Stievenard, et al. “Modeling early stages of Parkinson’s disease in vivo: are we there yet?” and Viltart O,
Vanbesien C, Méquinion M, Chauveau C. (2015) Modeéles animaux et anorexie mentale, in "L'anorexie mentale,
des théories aux prises en charge." JL Nandrino et al (Editor). Dunod (Paris) NB: ISBN = 978-2-10-072184-9)

8 Definition according to the Dictionnary of Mr. Littré, http://www.littre.org/
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which emphasizes some aspects of the reality and even deliberately ignores others. The
ultimate goal of this simplification step is to give a precise and objective form to hypothetical
links between elements of the reality, often through the mean of experimentations or the use
of datasets. In this view, the model may describe a whole as a subset of elements and their
interactions, or it may not possess all properties of the original but only those interesting the
researcher, or even it may not display a ‘natural’ relationship with the original but only an
instrumental one. Nevertheless, the experimental model will respectively serve
representative, reductionist or subjective functions (Stachowiak, 1973). Therefore, the animal
model corresponds to an experimental situation developed in animal species to study a
phenomenon originally displayed in another species (McKinney, 1984). Keeping this in mind,
one can thus understand why the data generated in one animal model must be interpreted in
respect to its initial aim and use. As a consequence, an animal model which has been
developed in a specific context should never systematically be used in any other biomedical

study without this mandatory preliminary verification.

1.2. Internal validity criteria
The choice of an experimental model by a research team to study a pathological

phenomenon relies on strict internal and external validity criteria. The internal validity of an
experimental model, often associated to its reliability, corresponds to the coherence,
consistency and stability with which the variable of interest is measured; such a criterion
therefore entirely relies on the experimental plan chosen (Belzung and Lemoine, 2011).
Indeed, it corresponds to the capacity to objectively measure the variable of interest, the low
intra- and inter-individual variability of the measures, as well as the reproducibility of the
phenomenon of interest in similar conditions. One has however to keep in mind that
variations in a dataset are not always errors and might rather have sometimes a tremendous
interest in research. The lack of variation could even be the result of manipulations of data
sets. Other methodological requirements greatly enhance the internal validity of any
experimental model and thus also apply to animal models. First, randomization enables
avoiding selection biases of individuals included in a cohort, ensuring the reliability of
measures and observations between different experimenters and is therefore expected to
contribute to a better internal validity. Second, the choice of control groups is crucial; mainly
for cost reasons, most studies only include a control of the compound tested whereas the
procedures and technical gestures —such as surgery- should also be controlled. Moreover,
the choice of the sex of the animals used can direct research towards a result which would
not be applicable to the other sex. Indeed, most experiments undertaken in rodents have
used male animals to study diseases which often affect both men and women. Third, double-

blinded experimentations, a thorough validation of all reactives used and the implementation
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of an adequate statistical design to analyze the data should be more carefully examined by
the scientific community. Such internal validity criteria are not specific of animal studies but
rather apply to all strategies implemented in experimental sciences. In addition, they can be
used to carefully examine preclinical studies which would not reach their promises as
recently highlighted by Steve Perrin, chief scientific officer at the ALS Therapy Development
Institute in Cambridge, Massachusetts, USA (Begley, 2013a; Perrin, 2014).

1.3. External validity criteria
Beyond its internal validity, an experimental model should also display a strong

external validity. This is a more complex notion, which questions the capacity to transfer to
the target population the results obtained on a usually small sample in a different species. In
the context of models of psychiatric disorders, this concern led to the definition of particularly
demanding criteria: construct, face and predictive validities (Belzung and Lemoine, 2011;
Willner, 1984).

1.3.1. Construct validity
The construct validity, also called theoretical validity, literally refers to how the model is

initially built. This criterion considers the elements used to generate the model and therefore
assesses the reliability with which the latter measures what it has been designed to measure
(Abramson and Seligman, 1977). In the biomedical field, this criterion is used to evaluate the
similarity between the triggering conditions of the natural phenomenon (i.e. the disease to be
modeled) and the ones used to generate a similar but not identical phenomenon in the model
(see 81 p.56); it is thus often referred to as the etiological validity of the experimental model.
In this context, it is appropriate to base the construction of the experimental model on
epidemiological studies conducted in human cohorts to introduce (at least partially) in the
experimental model the suspected causes of the disease studied in the experimental model.
However, when the etiology of complex multifactorial human disorders is not fully
understood, as it is often the case with neurological diseases, it will be difficult for any

experimental model to fully meet this criterion.

1.3.2. Face validity
Face validity refers to the phenotype observed in the animal model compared to the

phenotype of the patients. In this regard, scientists have to be aware that one unique
underlying cause might lead to different symptoms in different species (Hinde, 1976). The
possibility to perfectly reproduce a human phenotype in the chosen species is weak and this
aspect should be taken into account in the creation of the experimental model. It is for
example easier to study a paralysis phenotype, obvious at the first look to the animal, than to
study a psychiatric phenotype such as hallucinations or addictive-compulsive behaviors. In

addition, face validity mainly relies on the observation of qualitative variables and a
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descriptive analysis of behaviors. It is therefore highly dependent on the skills of the
experimenter, on his/her training and abilities and is subsequently highly subjective. While
creating or choosing their animal model, scientist should thus rather rely on quantifiable
variables such as those obtained from blood test or behavioral tests with performance scales
while keeping in mind that they are working with animals which are not human beings and

thus do not react as humans (Jacob, 1996).

1.3.3. Predictive validity
The understanding of an entire phenomenon allows the prediction of its evolution.

Predictive validity corresponds to the capacity of a test to predict a criterion of interest, i.e. a
human phenomenon, from an animal model with good face and construct validities. In the
biomedical field, this criterion corresponds to the similarity in the response to treatments, to
the reversibility of disorders and dysfunctions present in the animal model by using
therapeutics that have shown good efficacy in humans. Due to differences in the metabolism
between species, this criterion is the hardest to fulfil. Indeed, some medications efficient in
humans can have no effect on mice or rats because they are degraded by the liver before
they reach their target or in the contrary they can induce strong side effects in mice and be
inoffensive in humans. This is probably one of the reasons explaining why so many

promising treatments developed in animals failed to treat analogous symptoms in humans®.

If we consider these external and internal validity criteria, which allow to assess the
validity of an animal model to the scientific question to be addressed, it is therefore easy to
understand the difficulty to reproduce human-specific diseases such as PD. In the next
paragraphs, the criteria used to create animal models of parkinsonism will be described as
well as some of the most widely used PD animal models which, despite their imperfections,
provided important insights in some aspects of the pathophysiology of this

neurodegenerative disease.

1.4. What criteria for modelling Parkinson’s disease?
PD is a complex multifactorial human specific disorder, which has never been

described as a spontaneous condition in animals. As such, there will never be a single
animal model fully reproducing all the symptoms of the human disease. However, the
progress in research highlighted many new aspects in the etiology, the symptomatology, the
molecular alterations and the neuropathological hallmarks of PD which should be used to

increase the external validity and create more accurate models of PD. Indeed, several

° For a broader discussion on this topic, see the blog “The scandal of medications which heal mice but
not humans” written by the French scientific journalist Pierre Barthelemy at
http://passeurdesciences.blog.lemonde.fr/2014/04/13/ces-medicaments-testes-sur-la-souris-mais-qui-
ne-soignent-pas-humain/
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etiological aspects, such as the age, environmental and genetic factors as well as their
interactions should be included in the construct validity of animal models of PD. In the
contrary, most animal models of PD developed so far involve the use of young animals
(Betarbet et al., 2000; Lee et al., 1996). Moreover, to have good face validity, an animal
model of PD should present with the classical motor symptoms of PD, bradykinesia, resting
tremor, rigidity and postural instability as well as the neuropathological hallmarks of the
disease. Bradykinesia and muscle rigidity can indeed be observed in some models. They are
however often accompanied by ataxia in animals, which is not characteristic of the human
phenotype (Mougenot et al.,, 2011; Saigoh et al., 1999). Moreover, the classical motor
symptoms of PD are preceded and accompanied by non-motor symptoms and the latter
should also be reproduced in animals. Regarding the neuropathological hallmarks of the
disease, only few animal models of PD created so far reproduce the progressive neuronal
death within the SN and the appearance of Lewy body-like inclusions (Blesa et al., 2012).
More importantly some models should be able to reproduce the early stages of the disease
during which molecular alterations and non-motor symptoms appear at a time when the
central dopaminergic degeneration within the SNpc is not important enough to induce motor
symptoms while other models should reproduce the more advanced stages of the disease
characterized by the presence of Lewy bodies, a huge neuronal death in the SNpc and
severe motor symptoms. Finally, a good animal model of PD should present a good
predictive validity, meaning present a phenotype which is reversed by the current

symptomatic treatments used in PD patients such as L-DOPA or dopamine agonists.

No animal model fulfilling all these criteria has been created so far. Despite these
limitations, several experimental analogues of PD have proven their usefulness in the study
of the development of the disease, PD-induced molecular and cellular modifications, the
spreading of the Lewy pathology or the development of treatments and will be shortly

presented here.

2. Currently available models of Parkinson’s disease
2.1. Invitro models
Several cellular models have been used to investigate the pathogenic mechanisms and
the biochemical pathways involved in PD (Falkenburger et al., 2016). As every model,
cellular models are limited in the reproduction of this complex and multifactorial disease
(Falkenburger and Schulz, 2006). However, they represent useful, fast and reproducible
tools which allow the investigation of specific mechanisms, the screening of numerous drug
candidates as well as transcriptomic approaches (Alberio and Fasano, 2011). A cellular
model of early stages of parkinsonism must satisfy the following molecular and cellular

criteria: moderate neuronal death (as a reminder, motor symptoms appear when 50% of the
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dopaminergic neurons of the SN are dead) caused by the expression of one or several
genetic factors or the exposure to an environmental factor known to induce PD in human, a
dysfunction of mitochondrial complex I, a modification of the degradation systems for
misfolded proteins (which could lead to the development of alpha-synuclein aggregates) and
a glial activation. Cellular models of parkinsonism are divided in two categories: established

cell lines and primary cells.

2.1.1. Established cell lines
Established cell lines are populations of cells which have been produced from a unique

cell, share the same genetic background and possess the capacity to undergo mitosis to
proliferate or be differentiated into a neuron-like state. Moreover, cells lines are often
characterized by the accumulation of genetic aberrations such as chromosomic duplications
(Kim et al.,, 2001; Spengler et al., 2002). Such models therefore present per se a weak
construct validity as they do not reproduce the limited life expectancy of post-mitotic
dopaminergic neurons of the SNc. However, these established cell lines can be differentiated
into neuronal cells which therefore increases their construct validity. Among the available
established cell lines, SH-SY5Y cells, PC-12 cells and LHUMES cells are the most used to
model PD.

SH-SY5Y cells are human cells derived from the bone marrow of a patient with
neuroblastoma (Biedler et al., 1973). SH-SY5Y cells are adrenergic cells but also express
the dopamine transporter 1, dopaminergic receptors and the vesicular monoamine
transporter type 2 (Korecka et al., 2013; Lopes et al., 2010). They also express PD-related
genes (Krishna et al., 2014). They can be cultivated in their proliferative state or in a neuron-
like differentiated state after exposure to retinoic acid or 12-O-tetradecanoylphorbol-13-
acetate (Lopes et al., 2010). In their proliferative state, their expression of dopaminergic
receptor is higher and thus allow a greater entry of toxins targeting dopaminergic cells such
as the 6-hydroxydopamine (6-OHDA) or MPP+ and the study of the subsequent oxidative
stress and neuronal death (Lopes et al., 2010; Schiile et al., 2009).

PC-12 cells are derived from a rat pheochromocytoma (Goodman and Herschman,
1978). They thus exhibit the morphology, the biochemistry and the physiology of adrenal
chromaffine cells. When cultivated with neurotrophic factors, they can differentiate into
sympathetic neurons and release neurotransmitters such as dopamine, norepinephrine or
acetylcholine (Shafer and Atchison, 1991). Moreover, they are sensitive to toxins and
mitochondrial inhibitors including 6-OHDA, paraquat, rotenone and MPP+. Therefore, they
represent a good in vitro model to study the molecular pathways implicated in PD-related
neurodegeneration (Grau and Greene, 2012; Hirata and Nagatsu, 2005; Nakamura et al.,
2000; Sherer et al., 2003; Walkinshaw and Waters, 1994; Yang and Sun, 1998).
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Lund Human Mesencephalic cells, or LUHMES cells, are subclones of human primary
cells from the developing mesencephalon which overexpress the myc-family transcription
factor (Lotharius et al., 2002). They express functional dopamine transporter, TH and
vesicular monoamine transporter type 2 and can be differentiated into dopaminergic neurons
with electrophysiological properties when cultivated with tetracycline, glial cell line-derived
neurotrophic factor and N®,2'-O-Dibutyryladenosine 3',5'-cyclic monophosphate sodium salt
(Lotharius et al., 2002). When differentiated and exposed to environmental factors linked to
the development of PD such as MPTP, LUHMES cells are a useful model to test anti-

parkinsonian therapeutics (Zhang et al., 2014).

2.1.2.  Primary neuronal cells
Primary cells are directly isolated from non-cancerous living tissues and grown in vitro.

Due to their post-mitotic status, they cannot proliferate and their lifespan is limited,
complicating their use compared to established cell lines. However, their heterogeneity, due
to the co-isolation of other cell types such as glial cells, makes them more physiological

models of what happens in the three-dimensional organs of the patients.

o Animal-derived primary cells

Primary cultures from embryonic mesencephalic cells have been widely used as an in
vitro model of PD to study the sensitivity of dopaminergic cells to environmental factors
linked to the development of PD and test possible therapeutics to protect these cells against
neuronal death (Radad et al., 2009; Tolosa et al., 2013; Ténges et al., 2012). Most protocols
isolate such cells from the mesencephalon of rodents. The percentage of cells producing TH,
therefore representing the number of catecholaminergic neurons, including dopaminergic
neurons, is really low, around 5-10%, and without treatment to inhibit the growth of glial cells,
these cultures are mostly heterogeneous (Falkenburger et al., 2016; Ikemoto et al., 1998).
However, as it is the case in the human brain, glial cells also provide primary neurons with
the support they need to defend themselves against infectious threats, oxidative stress and
could even play a role in the protection against alpha-synuclein aggregation (Brick et al.,
2016; Lee et al., 2010). The in vitro models of PD using primary mesencephalic cells are thus
an adaptated tool to investigate the cascade of molecular events triggering SNc neuronal

death in PD patients.

o Patient-derived cells
As detailed in § 3.2.1. of chapter 1, the discovery of genetic forms of PD has provided
new insights in the molecular pathogenesis of the disease. However, the familial cases are
rare and although some mutations are present in both familial and sporadic cases of PD, the

molecular and cellular dysfunctions leading to the development of PD are not fully
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understood yet. Thus, the study of cells issued from familial PD patients is a great

opportunity in the search for undiscovered genetic mutations and the screening of drug

candidates.
Construct validity Face validity Predictive
Soacie validity References
s Conditions DD |LP | Mt|DS| Inf. | OS
overexpression of SNCA | ND | + [ND|ND| ND | ND | np | (esegamactal,
Diff. 004)
SH-SY5Y
overexpression of SNCA | ND | + |[ND| + | ND | ND ND (Kim et al., 2015)
Human Rotenone + |ND|ND| + | ND| ND| ND (ang fst)a"’
SH-SY5Y , .
Expression of SNCA (Smith et al.,
(WT, A30P, As3T) | NP | * | ND|ND| ND | ND | ND 2005)
Diff. PC12 cells Expressionofp25a | ND | + [ND| + | ND | ND | ND (Ejlergg?\:/s)e el
Expression of human WT (Poehler et al
Rat SNCA or aggregation- | ND | + |ND|ND| ND | ND ND 2014) N
. prone SNCA-T
Primary —
hippocampal | Mouse + | +|ND|ND| ND | ND | np | (Volpicelli-Daley
cells exogenous human etal., 2011)
Mouse alpha-synuclein o
Snca protofibrils ND | + [ND|ND| ND | ND | Np | (Volpiceli-Daley
KO etal., 2014)
Overexpression of SNCA (Koch et al.,
. Rat ="t Asop,as3T) | - | ND|ND| *+ | ND | ND | ND 2015)
primary .
mesecephalic | Chicke MPP+ + InolnoIND ! ND | ND ND (Tolosa et al.,
cells n 2013)
(Radad et al.,
Mouse Rotenone + |[ND| + [ND| ND + ND 2009, 2008)

Table 3: Example of cellular models of parkinsonism with their respective external
validity criteria. Diff.: differentiation of the cells, DD: dopaminergic death, LP: Lewy-like
pathology, Mt: mitochondrial impairment, DS: degradation system impairment, Inf:
inflammation, OS: oxidative stress, ND: not determined.

Since primary cells obtained from post-mortem brains of patients have a short lifespan
in vitro and, obviously, obtaining SN neurons from living patients is complicated from an
ethical and a medical point of view, researchers have focused their work on peripheral
tissues and more precisely the skin and the blood. Indeed, fibroblasts can be isolated from
skin biopsies and maintained in culture for short-term studies, as they become senescent in
the long term (Munro et al., 2001). Such cells possess the genetic background of the patient,
including potential PD-causing mutations. Their use and investigation could lead to the era of
individual treatment of PD / personalized medicine as they will allow the search for treatment

specifically effective in the donor patient (Hoepken et al., 2008).
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In vitro models of PD have been fundamental in the last decades in the study of alpha-
synuclein conformation and pathogenicity, the dissection of the molecular pathways altered
during PD neuronal degeneration as well as in the large-scale testing of therapeutics. Most of
them present good face validity from a molecular point of view as they exhibit neuronal death
among the dopaminergic population and aggregates of alpha-synuclein. They are however
inadequate for the study of clinical phenotypes or the investigation of the disease spreading
in the brain as they are composed of isolated cells. It is also possible to obtain a good
construct validity in cellular models using PD-related environmental or genetic factors to
induce neuronal death. As the main drug treatment of PD is symptomatic, the evaluation of
predictive validity is impossible for the moment. Cellular models of PD therefore do not

provide a full reconstitution of what happens in a living brain undergoing degeneration or

Lewy pathology.

2.2. Invivo models
Although PD is a human-specific disease which has never been spontaneously

observed in non-human animals, many different experimental analogues of PD have been
generated and described in the previous decades, each modeling some aspects of the
disease (Javier Blesa et al., 2012). According to the most important PD etiological
hypotheses, we will distinguish in the following pages environmentally-induced experimental

analogs of PD from PD genetic models.

2.2.1. Genetic models of Parkinson’s disease
Since the discovery of the monogenic familial forms of PD, many researchers have

tried to reproduce the disease in animals with genetic mutations or overexpression of the
genes of interest (Blesa and Przedborski, 2014; Jagmag et al., 2016). Among mammals,
rodents are the most used animals due to their short life span, small size and large litters.
Pigs are also used to generate genetic models of PD as their physiology is closer to the
physiology of humans. Many genetic models of PD have also been created in non-
mammalian animals such as flies or the nematode Caenorhabditis elegans. Indeed, despite
the fact that these animals do not have a SN, they possess dopaminergic neurons, exhibit
complex motor behaviors, express homologs of most PD-related genes and have the
essential advantage to be easily reproduced, therefore allowing the large scale screening of
potential therapeutics (Sakaguchi-Nakashima et al., 2007; Samann et al., 2009; Springer et
al., 2005). The summary of the principal genetic animal models created so far and their

respective external validity criteria are presented in Table 4.

In conclusion, many animal models have been created by mutation, overexpression or
deletion of genes linked to monogenic forms of PD. However, apart from some transgenic

alpha-synuclein models, no convincing parkinsonian-like phenotype has been observed. It is
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thus important to further characterize the few existing genetic animal models of PD and

reproduce every experiment in several models before concluding on the effect of a potential

new therapeutic strategy for PD.

Construct Validity Face validity Predictive
Species o References
Gene | Gene form Pr. SN | LP MS | NMS | validity
Thy1 or (Chesselet et al., 2012;
Mouse SNCA* WT + |+ + + -
PDGR-B Masliah et al., 2000)
Mouse SNCA* WT Prp - - ND ND
Mouse SNCA* | A53T Pp |ND| + + | ND| ND (Lee etal., 2002)
Rat SNCA" WT CBA + |+ + ND ND (Kirik et al., 2002)
WT
Rat SNCA* A30P PGK + | 4 ND | ND ND (Lo Bianco et al., 2002)
A53T
WT
Rat SNCA* S87A BND + | 4 + ND ND (Oueslati et al., 2012)
S87E
WT
elav-
Drosophila SNCA" A30P GAL4 + |+ + ND ND (Feany and Bender, 2000)
A53T
WT 71-82 elav-
Drosophila SNCA" - ND | ND ND (Periquet et al., 2007)
removed GAL-4
Mouse LRRK2" WT - | ND - ND ND
mLRRK2 (Lietal., 2009)
Mouse LRRK2* | R1441G - + ND ND
CMVE- (Chen et al., 2012; Ramonet
Mouse LRRK2* | G2019S + | ND + ND ND
PDGFB etal., 2011)
Mouse LRRK2" | R1441C | ROSA26 | - - ND (Tsika et al., 2014)
Rat LRRK2" WT - ND | ND ND
SYN1 (Dusonchet et al., 2011)
Rat LRRK2* | G2019S + ND | ND ND
Drosophila LRRK2* WT - | ND - ND ND
G2019S, elav-
(Ng et al., 2009)
Drosophila LRRK2* | Y1699C, GAL-4 + | ND + ND ND
G2385R
PARKIN Exon 3
Mouse - ND + ND ND (Goldberg, 2003)
# del.
PARKIN
Mouse " Ex 2 del. - ND | ND ND (Perez and Palmiter, 2005)
PARKIN | Truncated,
Mouse DAT + + ND + (Lu et al., 2009)
# Q311X
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WT (KO-

Rat PARKIN - | ND - ND ND (Dave et al., 2014)
Exon 4)
P21
Drosophila PARKIN* | insertion - ND | ND | ND ND (Pesah et al., 2004)
(nulr)
4-7 Exon
Mouse PINK1 # . - ND | ND + (Kitada et al., 2007)
mutation
WT (KO-
Rat PINK1 ° + | ND + ND ND (Dave et al., 2014)
Exon 4)
UTR +
Drosophila PINK1 * part of + | ND + ND ND (Park et al., 2006)
exon 1
Mouse DJ-1# |Ex3-5del. - | ND + ND ND (Kim et al., 2005)
Mouse DJ1# Ex7 - ND + ND ND (Manning-Bog et al., 2007)
Mouse DJ1# Ex 2 del. ND | ND + ND ND (Chandran et al., 2008)
Mouse DJ-1# | Ex1stop + | ND + ND ND (Rousseaux et al., 2012)
WT (KO-
Rat DJ° + | ND + ND ND (Dave et al., 2014)
Ex 5)
Drosophila DJ-1* | DJ-1B del. - | ND + ND ND (Park et al., 2005)
DJ-1a
Drosophila DJ-1* RNA - ND + ND ND (Lavara-Culebras and
[
Paricio, 2007)
Drosophila DJ-1* DJ-1B null - ND + ND ND

Table 4: External validity of genetic models of parkinsonism in animals. Pr.: promotor,

SN: degeneration within the substantia nigra, LP: Lewy pathology, MS: motor symptoms,
NMS: non-motor symptoms, ND: not determined, “: human gene, *: fly homolog, °: rat
homolog, #: mouse paralog, del.: deletion, Ex: exon.

2.2.2.

Environmentally-induced experimental analogs of Parkinson’s disease

Many environmental factors have been linked to the development of PD in humans, as

discussed previously (cf chapter 1 83.1.). Although the mode of action of these

environmental agents is known, like the inhibitory action of rotenone on the complex | of

mitochondrial respiratory chain for example, the molecular cascades linking a first exposure

to a deleterious environmental compound to the full PD phenotype is still not fully

understood. In order to fill this gap, animals have been exposed to environmental or chemical

factors known to induce PD-like neuronal damages into the SN, motor impairments or non-

motor dysfunctions which could mimick some aspects of PD. The face validity criteria of the

main environmental models of PD are presented in table 5, as well as their principal

disadvantages and their main usefulness.
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Behavioral Synuclein
Model svmptoms Nigrostriatal damage aggregation/Lewy body | Uses of the model | Disadvantages
ymp formation
Rotational Screen theraples _ Require
. . ' that may improve intracerebral
behavior after | Loss of DA innervation at . . -
6-OHDA : c . No inclusions PD symptoms. injection, very
uilateral injection site (striatum) . . .
L Study mechanisms | little synuclein
injection .
of cell death incolvement
Loss of DA neurons Inclusions not prevalent.
Motor . .
A , dependent on dosing Few cases of synuclein .
impairments in . . o o Screen therapies .
. regimen, reaching 95% aggregation in . Nonprogressive
primates. Less X . . that may improve
. in acute high-dose nonhuman primates, as model of cell
MPTP | obvious motor , . PD symptoms. ;
S .| conditions. Reduced DS well as increased . death. Inclusions
impairments in Lo ; Study mechanisms
levels in striatum synuclein are rare.
acute rodent PR . T of cell death
concurrent with midbrain immunoreactivity in
models
DA neuron loss rodents
Reports of Loss of DA neurons Subgtgntlal
. . . Test morbidity and
decreased | accompanied by reduced | Synuclein aggregation in . .
Rotenone o . L neuroprotective mortality. Labor
motor activity DA innervation in DA neurons ;
. ; compounds and time
in rodents striatum . .
intensive
. . Not extensively
. No mclusmns presen tbut Test tested. Effects on
No clear motor | Decreased striatal TH increased suclein . .
Paraquat . . - . N neuroprotective either
deficits immunoreactivity immunoreactivity in DA . .
strategies neurotransmitter
neurons of the SN
systems.

Table 5: Main characteristics of neurotoxin-induced animal models of parkinsonism.
(From Javier Blesa et al., 2012).

2.2.1.1. Reserpine
Reserpine has been used to create interesting models of PD. This alkaloid is a

monoamine depleting agent inhibiting the vesicular monoamine transporter type 2 (Erickson
et al.,, 1995). Such depletion results in the accumulation of dopamine in the synapses and
increased oxidative stress in the brain (Caudle et al., 2008). At doses ranging from 1 to
10mg/kg, reserpine induces akinesia, limb rigidity and jaw movements also called oral tremor
in rats (Baskin and Salamone, 1993; Colpaert, 1987). Repeated subcutaneous injections of
low doses of reserpine (0.1mg/kg) to rats lead to the development of progressive motor
dysfunctions, striatal oxidative stress and decrease in the number of TH-positive cells in the
SN preceded by short-term memory impairments (Fernandes et al., 2012; Santos et al.,
2013). Reserpine models of PD have been used to assess the efficacy of many treatments of
PD now currently used for PD patients such as L-DOPA and apomorphine (Carlsson et al.,

1957; Goldstein et al., 1975). The reserpine model thus possesses strong face and predictive
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validities regarding motor symptoms and cognitive impairments. However, as reserpine has

never been linked to the development of PD in human, its construct validity is very low.

2.2.1.2. 6-hydroxydopamine
6-hydroxydopamine is a chemical agent killing catecholaminergic neurons which

include dopaminergic, adrenergic and noradrenergic neurons. When injected with a selective
inhibitor of noradrenergic uptake, 6-OHDA induces a huge death of dopaminergic neurons,
possibly through the production of ROS and the inhibition of the mitochondrial respiratory
chain complexes | and IV (Glinka et al., 1997; Luthman et al., 1989; Soto-Otero et al., 2000).
Three days after 6-OHDA injections in the SNc, striatal dopamine is decreased by more than
80% while five weeks after the injection, the rate of degeneration within dopaminergic cells
reaches 90% (Przedborski et al., 1995). This model is thus useful to study the therapeutic
potential of candidate drugs against massive dopaminergic degeneration. However, it has to
be noted that the administration of L-DOPA in 6-OHDA-lesioned rodents led to unpredictable
results on the rotating behavior, therefore decreasing the predictive validity of this model
(Kaariainen et al., 2012). Since injections can be performed in one hemisphere of the brain,
the other hemisphere can be used as a “control”, taken into account that even if the brain is
separated into two hemispheres, it functions as a whole and altering of side could lead to
alterations in the other side through the corpus callosum. This model also exhibits other
drawbacks. Indeed, the motor behavior associated to 6-OHDA exposure, a stereotypic
rotating behavior, does not resemble the motor disorders observed in PD patients and Lewy
bodies have not been reported in this model (Blesa and Przedborski, 2014; Dunnett and
Lelos, 2010). Moreover, since this toxin does not cross the blood-brain barrier, it has to be
injected directly into the brain in order to trigger neuronal death (Ungerstedt, 1968), therefore
being far from the mode of exposure of humans to toxic environmental compounds. The 6-
OHDA-induced animal model of PD therefore possesses poor construct validity, as it has
never been linked to the development of PD in humans, moderate face validity, as it mimics
the dopaminergic neuronal death but does not reproduce the characteristic motor symptoms
of the disease, and moderate predict validity as contradictory results have been reported
after the administration of L-DOPA (K&ariainen et al., 2012).

2.2.1.3. MPTP
As detailed in chapter 1 83.1.1.2., the identification of MPTP/MPP+ as the toxic agent

which damaged SNc dopaminergic neurons in young drug-abusers established the
environmental origin of PD. In the years following this discovery, several teams developed
experimental analogues of PD by exposing different animal species to MPP+: rodents
(Alvarez-Fischer et al., 2008), monkeys (Eidelberg et al., 1986) or even worms (C. Elegans,

Braungart et al.,, 2004) and flies (Drosophila, Meulener et al., 2005). Several species
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developed strong parkinsonism while others seemed to be more resistant. In rats, injections
of MPTP induced only transitory symptoms resembling the ones observed in PD or
neurodegeneration in the SN and motor alterations depending on the studies (Chiueh et al.,
1984; Prediger et al., 2009, 2006). However, injections of MPTP in monkeys produced a
permanent parkinsonian phenotype associated with a degeneration of mesencephalic cells
(Blesa et al., 2012). In mice, the effects of MPTP depend on the strain, the gender, the age
and the weight of the mouse as it seems to be more efficient in males of at least 8 weeks
weighing more than 22g (Petzinger and Jakowec, 2005; Sedelis et al., 2000). The dose and
the interval between injections will also modulate the effects of MPTP on rodents’
dopaminergic neurons. Thus, two protocols are usually distinguished: the acute regimen and
the sub-acute regimen.

The acute regimen involves 4 injections of 20mg/kg with intervals of two hours and
leads to a 90% depletion of striatal dopamine and a death of SN dopaminergic neurons
reaching 70% (Jackson-Lewis et al., 1995) while the sub-acute regimen induces a more
progressive degeneration through daily intraperitoneal injections of 30mg/kg during five days
(Tatton and Kish, 1997). The striatal dopaminergic depletion reaches 40-50% and the
neuronal death 30 to 40%. The dopaminergic lesion stabilizes in the weeks following the last
MPTP injection (Petzinger and Jakowec, 2005). MPTP-induced primate models of
parkinsonism therefore possess a good construct validity as MPTP exposure is known to
induce parkinsonism in humans, although this kind of exposure is rare. Moreover, the face
validity of such models is good, since the animals exposed to MPTP develop resting tremor,
rigidity, bradykinesia and postural instability. However, such exposure does not reproduce
the Lewy pathology even ten years after the last injection (Halliday et al., 2009) as it was the
case in MPTP-exposed humans, therefore differing from the characteristic Lewy pathology

observed in sporadic and most of genetic forms of PD (Lewy, 1912).

Recently, a new MPTP model was designed by exposing mice to 3 subcutaneous
injections of 20mg/kg per week, every week during three months (Mufioz-Manchado et al.,
2016). This exposure leads to a progressive degeneration of the SN neurons over 3 months
and a striatal dopaminergic depletion paralleled with alterations of the motor coordination.
This more progressive appearance of the phenotype increases the face validity of the MPTP
model, although still lacking the development of Lewy pathology (Mufioz-Manchado et al.,
2016). Added to a good construct validity and predictive validity, these characteristics make

the MPTP model one of the best animal model of advanced PD in non-human primates.

2.2.1.4. Paraquat
Due to its high structural similarity with MPP+, N,N=-dimethyl-4,4=-bipyridinium

dichloride, or paraquat, has also been used to reproduce the PD phenotype in animals (Fig.
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14; Woolley et al., 1989). Paraquat is a herbicide widely used in Europe until 2007 which
modulates oxidative stress by increasing the levels of ROS in the cells (Day et al., 1999).
The transport of paraquat to the brain is still a matter of debate. Some studies showed that it
reaches the brain via dopamine transporters but cannot cross the blood-brain barrier
(McCormack and Di Monte, 2003; Shimizu et al., 2001) while, when injected systematically
into mice, this herbicide induces neuronal death within the SNpc and a dose-dependent loss
of dopaminergic fibers in the striatum (Brooks et al., 1999). Twenty four doses of paraquat
(10mg/kg), injected 2-3 times per week, are necessary to induce a significant decrease in
striatal dopamine levels (Prasad et al., 2009) while the first injection is enough to induce the
activation of microglial cells (Wu et al., 2005). Thioflavine S-positive alpha-synuclein fibrils
are found in dopaminergic neurons two days after the third injection (Manning-Bog et al.,
2002). This model thus possesses a good construct validity, as exposure to paraquat has
been linked to the development of PD and a good face validity, as neuronal death and alpha-
synuclein aggregates are reproduced in the mice. However, the predictive validity of the

paraquat model has not been assessed yet.

2.2.1.5. Rotenone
The pesticide rotenone is a potent inhibitor of mitochondrial complex | which has long

been used as a pesticide in Europe until its ban in 2008 by decision of the European
commission (Directive 2008/58/EC) for security reasons. Indeed, this molecule has also been
used to induce parkinsonism in different animal species. Different procedures of rotenone
exposure have been tested in rats and mice, trying to reproduce the cardinal features of PD.
The results obtained varied a lot between the different models. Indeed, intravenous and
subcutaneous injections of 10-18mg/kg of rotenone did not affect the SN in rodents (Ferrante
et al., 1997; Thiffault et al., 2000) whereas continuous systemic exposure through osmotic
minipumps delivering 2-3mg/kg of rotenone in the jugular vein of rat induced major striatal
denervation and neuronal degeneration within the SN as well as alpha-synuclein aggregates
in the nigral neurons (Betarbet et al., 2000). Moreover these animals developed motor
impairments such a hypokinesia and postural instability which were improved by
apomorphine (Betarbet et al., 2000). However, intra-venous and subcutaneous exposures
are both far from the way humans could be exposed to rotenone while eating food exposed
to low doses of rotenone or inhaling rotenone during pesticide spreading in the fields for
example. To overcome these limitations, Dr. Pan-Montojo used chronic oral exposure of low
doses of rotenone (5mg/kg 5d/week) in one year aged mice (Pan-Montojo et al., 2010). After
2 months exposure to such a regimen, mice start developing intestinal motility alterations and
inclusions of alpha-synuclein in the neurons of the enteric nervous system. At this stage, the

alpha-synuclein inclusions are restricted to the enteric nervous system and no neuronal
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death is observed in the SN. After 3 months of exposure, alpha-synuclein aggregates and a
decrease in the number of TH-positive cells are found in the SN neurons and mice exhibit
motor dysfunctions (Pan-Montojo et al., 2010). This progression of alpha-synuclein lesions
from the peripheral nervous system to the SN was prevented by hemivagotomy therefore
supporting Braak’s staging hypothesis (Braak et al., 2006; Pan-Montojo et al., 2012). This
last animal model therefore presents a strong construct validity per se, by using one year old
mice (age being the most important risk factor for PD) and a pesticide that is known to induce
parkinsonism-like symptoms in humans (Tanner et al., 2011a). In addition, it presents a good
face validity as mice sequentially developed gastro-intestinal troubles followed by motor
impairments as well as alpha-synuclein aggregates and neuronal death within the SN. The
predictive validity of this animal model has not been assessed so far. This model is therefore
a valuable asset in the study of the early stages of PD, the research for biomarkers of these
stages as well as the search for potential neuroprotective medication able to delay or stop

the progression of the disease.

In conclusion, in the last decades, many animal models of parkinsonism have
been created based on the known genetic and environmental factors involved in the
etiology of PD. To our knowledge not a single one was able to fully reproduce the
human disease. However, some of these models have shown interesting features.
Among them, mice overexpressing the human wild-type SNCA gene and mice
chronically and orally exposed to low doses of the pesticide rotenone present the best
external validities (Chesselet, 2008; Chesselet et al., 2012; Pan-Montojo et al.,, 2012,
2010). Indeed, they both reproduce the progressive development of non-motor and
motor alterations, the neuronal death and the presence of alpha-synuclein aggregates
within the SN. Such models are therefore essential tools in the search for biomarkers
of the disease progression or disease-modifying strategies as well as in the

understanding of the molecular mechanisms underlying the development of PD.

3. Contribution of PD experimental models to the understanding of
underlying molecular mechanisms
All above mentioned experimental analogues of PD, whether cellular or animal models,

have been highly instrumental in deciphering PD-related pathophysiological mechanisms.
Indeed, for obvious ethical reasons, the dissection of molecular pathways deregulated in PD
is complicated or impossible in patients. Therefore, despite their limitations which have
largely been discussed in chapter 2 82, such tools have been essential to elucidate the
molecular and cellular events contributing to the neurodegeneration of dopaminergic neurons
of the SNc.
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3.1. Mitochondrial dysfunction and oxidative stress
Mitochondria are essential organelles which provide energy to the cells through aerobic

respiration whose final objective is to create ATP using oxygen. However, such a process
also generates ROS which, if they are not adequately eliminated by the cell, can damage alll
cellular components including RNA, DNA and proteins. Due to its high consumption of
energy, the brain is very sensitive to mitochondrial dysfunctions. Such dysfunctions have

been associated with aging and neurodegenerative diseases (Navarro and Boveris, 2010).

The first evidence of a link between PD and mitochondrial dysfunctions arose from the
study of humans developing atypical parkinsonism after the exposure to the inhibitor of the
mitochondrial complex | MPTP. Although this exposure induced a rapid debilitating motor
impairment which did not resemble the slow and progressive evolution of PD, the autopsies
of the subjects revealed an important neuronal death within the SN looking like the one
observed in PD brains (Langston et al., 1999, 1983). This hypothesis was later reinforced by
the discovery of the involvement of the pesticide rotenone, another inhibitor of the
mitochondrial complex I, in the etiology of PD. Many research therefore focused on the study
of mitochondrial dysfunctions and the subsequent production of high levels of ROS in PD
patients and models of parkinsonism. Due to oxidation of dopamine by monoamine oxidase,
generating oxidative stress by itself, and poor antioxidative system, dopaminergic nigral
neurons present a high sensitivity to oxidative stress (Braak et al., 2004; Wang and
Michaelis, 2010) therefore explaining, at least partially, the important neuronal death in SNc
whereas some other parts of the brain are less affected in PD. Mitochondrial impairment
leads to the production of ROS which further cause lipid peroxidation and damage of the
structure and function of proteins, including alpha-synuclein (Dias et al., 2013). Corroborating
the hypothesis of an involvement of mitochondrial dysfunctions and oxidative stress in PD,
oxidative damage to DNA, proteins and lipids as well as a decrease in mitochondrial
complex | activity have been described in post-mortem SN samples from PD patients (Dauer
and Przedborski, 2003; Greenamyre et al., 2001). Moreover, mutations in mitochondrial DNA
polymerase gamma (POLG) have been linked to the development of parkinsonism with
neuronal death within the SN but no Lewy pathology (Luoma et al., 2004) and the
accumulation of multiple mitochondrial DNA deletions have been reported in the post-mortem
SN of aged subjects and sporadic PD patients (Bender et al., 2006; Kraytsberg et al., 2006).
In addition, several genetic forms of PD led to the identification of genes such as PARKIN,
PINK1, DJ1 or ATP13A2 encoding proteins involved in mitochondrial functions, therefore
reinforcing the hypothesis of the involvement of mitochondrial dysfunctions in PD (Hampshire
et al., 2001; Matsumine et al., 1997; Valente et al., 2004; van Duijn et al., 2001). Based on

these discoveries, researchers hypothesized that the mitochondrial impairment observed in
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PD patients might be caused by a deficient clearance of damaged mitochondria. Indeed, in
physiological condition, Pink1 recruits parkin to the membrane of damaged or unfunctional
mitochondria where it will ubiquitinate mitochondrial proteins in order to facilitate their
identification by the autophagosome (Narendra et al., 2008). This process is called
mitophagy. As PARKIN and PINK1 genes have been implicated in mitophagy and PD,
studies have been conducted in cellular and animal models of PD to better understand the
molecular modifications involved in the development of the disease and therefore develop
therapeutic strategies. In induced pluripotent stem cells generated from PINK1-mutated PD
patients, PINK1 was not able to recruit PARKIN to the membrane of impaired mitochondria,
therefore altering the targeting by PARKIN and their subsequent degradation (Seibler et al.,
2011). Similarly, induced pluripotent stem cells-derived neurons isolated from patients with
LRRK2 R1441C mutation showed mitochondrial fragmentation, increase in ROS production
and decrease in energy production (Bahnassawy et al.,, 2013) while the transfer of PD
mitochondrial DNA into neuroblastoma cells depleted of their own mitochondrial DNA
induced the formation of Lewy body-like structures within the cells (Trimmer et al., 2004)
therefore demonstrating that mitochondrial dysfunctions contribute largely to the

pathogenesis of PD.

Further in vitro and in vivo investigations of the potential mitochondrial dysfunction in
PD have highlighted the importance of alpha-synuclein and LRRK2 in the development of
mitochondrial impairment. Indeed, mice overexpressing alpha-synuclein showed stronger
impairment after exposure to the mitochondrial complex | inhibitors MPTP and rotenone than
Snca knock-out mice, potentially due to a better management of oxidative stress in Snca
knock-out mice (Klivenyi et al., 2006; Ryan et al., 2014; Thomas and Beal, 2007). Such an
impairment was dependent on the brain areas studied since overexpression of alpha-
synuclein induced a decrease in the activity of complexes I, Il, IV and V in the midbrain while
complexes IV and V only were altered in the striatum (Subramaniam et al., 2014). Moreover,
oligomers of alpha-synuclein, but not fibrils, decreased calcium storage into the mitochondria
leading to the loss of mitochondrial membrane potential (Luth et al.,, 2014). In addition,
G2019S-LRRK2 expressing SH-SY5Y are characterized by a 80% higher oxygen
consumption and a decrease in the mitochondrial membrane potential (Papkovskaia et al.,
2012). These studies suggest a common impairment between mitochondrial production of
ROS and mitonchondrial membrane potential stress in response to mutations in two different

genes linked to the development of the disease.

72



@ Cell death
Cytochrome Co
B f - release $ -
efective
mitophagy '\
Cytosol
PlNK i {LRRK2

OMM

;S “*(HTRA2) HTRA
* o
IMM Ca2+ RAP (o} m\' GB E . @
uniport o \ATP
Matrix o Complex |
Ca2*Ca2*CaZ* ° deficiency Bloenergetlc
° Cyt.c
2+ Y
Ca2e\ C ™ oo
= X
@ Respirator @
Sustained \ dzfect .
Ca?+entry

Figure 14: Mitochondrial dysfunction in PD. Several mitochondrial impairments have been
observed in PD patients and models of parkinsonism. Such impairment includes inhibition of
the complex | of the respiratory chain (a), high levels of reactive oxygen species (ROS) b),
mitochondrial DNA damages (d), cytochrome c release (e), impaired mitophagy (f) and
sustained calcium entry (g). Several PD-related genes including SNCA, LRRK2, PINK1 and
PARKIN genes have been involved in the regulation of mitochondrial function. CL,
cardiolipin; Cyt. ¢, cytochrome c; HTRA2, high temperature requirement A2; IMM, inner
mitochondrial membrane; IMS, intermembrane space; LRRK2, leucine-rich-repeat kinase 2;
OMM, outer mitochondrial membrane PINK1, phosphatase and tensin homolog-induced
kinase 1; ROS, reactive oxygen species; TRAP1, tumor necrosis factor receptor-associated
protein 1; a-syn, alpha-synuclein. (From Perier and Vila, 2012)

In summary, mitochondrial dysfunction and oxidative stress are essential elements of
the molecular cascade leading to the neuronal degeneration within the SN and the formation
of alpha-synuclein inclusions. The understanding of the proteins involved in this cascade in
cellular and animal models of PD led to a better apprehension of what happens in the brain
of PD patients therefore offering the keys for the development of future anti-parkinsonian

drugs.

3.2. Degradation of misfolded protein: autophagy and ubiquitin
proteasome system
As described chapter 1 §2.1.2., Lewy bodies are aggregates of misfolded proteins

which progressively accumulate in surviving neurons of the SNc of PD patients. Their
presence and hypothetic mechanisms of formation suggest a deficiency in the dopaminergic
neurons degradation processes such as autophagy and ubiquitine-proteasome system

(UPS). In physiological conditions, short half-life misfolded proteins are targeted by the
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addition of ubiquitine, unfolded, and incorporated into the proteasome core through a small
pore where they will be degraded (Pasquali et al., 2009). The autophagy system, whose
importance has just been acknowledged through the attribution of the Nobel price in
Medicine and Physiology to the Japanese researcher Yoshinori Ohsumi, degrades the long-
half-life proteins. This degradation system is enhanced in stressful conditions and is able to
compensate UPS dysfunctions (Hideshima et al., 2005; Klionsky and Emr, 2000; Levine and
Klionsky, 2004; Olanow and McNaught, 2006). Three types of autophagy mechanisms have
been described so far: macroautophagy, microautophagy and chaperone-mediated
autophagy (CMA, Fig. 15). The study of PD brains as well as studies undertaken in models
of PD have shown the implication of dysfunctions in the cellular degradation processes in
PD. First, Lewy bodies are mainly composed of misfolded alpha-synuclein proteins which are
normally degraded by autophagy and UPS in healthy subjects (Cuervo et al., 2004; Webb et
al., 2003). In addition, autophagosomes and lysosomal depletion have been observed in the
nigral neurons of PD patients (Anglade et al., 1997; Dehay et al., 2010). Moreover, some of
the monogenic forms of the disease are caused by mutations within genes involved in the
degradation systems such as UCHL1, ATP13A2, or GBA.
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Figure 15: Autophagy-lysosome degradation pathways: macroautophagy,
microautophagy and chaperone-mediated autophagy. Macroautophagy involves the
degradation of entire regions of the cytosol containing organelles and proteins via the
formation of a phagopore in the trans-golgi network, which leads to the formation of a double-
membraned autphagosome. The latter will merge with lysosomes containing acid hydrolases.
Microautophagy involves the direct entrance of misfolded proteins in the lysosome where
they will be degraded. Chaperone-mediated autophagy (CMA) involves the specific
recognition of misfolded proteins by a KFERQ motif signal which will be recognized by the
heat-shock cognate 70 chaperone and transported to the lysosome where they will be
degraded. (From Pan et al., 2008)

The involvement of impairments of the UPS and the autophagy system in the

development of PD has been further studied in in vitro and in vivo models of parkinsonism
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(Fig. 16; Spencer et al.,, 2009). Such studies revealed that mutated alpha-synuclein was
recognized by heat-shock cognate 70 and brought to CMA receptor at the lysosomal
membrane where it stayed attached, which prevented its degradation by the CMA but also
the degradation of other substrates of the CMA (Bandyopadhyay et al., 2007; Cuervo et al.,
2004; Xiong et al., 2013; Zhang et al., 2012). The accumulation of these misfolded proteins
could lead to a cellular stress causing the neuronal death within the SN (Trojanowski and
Lee, 2000; Yang et al., 2009). The experiments undertaken in models of PD revealed an
involvement of the degradation systems during the early stages of the disease. These
studies suggest that autophagy could be a protective mechanism which would later be
overwhelmed by the quantity of misfolded proteins to degrade, therefore leading to their
accumulation into aggregates and neuronal death (Gonzalez-Polo et al., 2007a, 2007b;
Marin and Aguilar, 2011; Meredith et al., 2002; Oztag and Topal, 2003).

Normal/early stage Late/failure stage

Compensatory stage

Oligomers and
aggregates

@ j :croamphagy @ﬁi

Accumulation of autophagic vesicles and aggregates

Figure 16: Involvement of degradation processes dysfunctions in neurodegenerative
disease. In physiological condition, most soluble misfolded proteins are degraded through
the ubiquitine proteasome system (UPS). The accumulation of misfolded proteins impacts
the UPS and the chaperone-mediated autophagy (CMA). At this stage, named compensatory
stage, the misfolded proteins assemble into larger aggregates which are degraded by
macroautophagy. In the late stage, the important quantity of misfolded proteins overwhelm all
the degradation processes (From Martinez-Vicente and Cuervo, 2007).
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Based on this evidence, several studies have been conducted to activate autophagy,
therefore improving the clearance of misfolded proteins and delaying or preventing their
accumulation (Pagan et al., 2016). Many other therapeutic strategies have been assessed in
cellular and animal models of PD, which are further described by Martinez-Vicente and
colleagues (2015). However, it has to be noted that autophagy and UPS are essential
systems in the cells which do not only lead to the degradation of misfolded alpha-synuclein
but also degrade intracellular regulators of proliferation whose increased degradation could

lead to the development of cancers (Pan et al., 2008).

In summary, dysfunctions in the degradation systems of misfolded protein are
strongly suggested to be implicated in the development of PD (Cheung and Ip, 2009;
Pan et al., 2008). However, the essential role of the degradation processes in the cells
complicates the development of therapeutic strategies for PD. Several long-term
experiments will thus be necessary before we can conclude on the therapeutic
potential of autopagy-modifying molecules.

3.3.  Alpha-synuclein: conformation and aggregation
Since the discovery of the role of mutations in the SNCA gene and the presence of

alpha-synuclein within the Lewy bodies, researchers have tried to understand the molecular
modifications implicated in the formation of Lewy bodies. The conformation of alpha-
synuclein in control and in pathological conditions has been studied. Under physiological
conditions, alpha-synuclein is a 14kDa protein of 140 amino acids which is found in a a-
helical conformation when binding to synaptic vesicles or in a disordered conformation in the
cytosol (Auluck et al.,, 2010; Spillantini and Goedert, 2000). In the brain of PD patients
however unfolded alpha-synuclein proteins gather into high-molecular weight aggregates
(Forman et al., 2004; Spillantini et al., 1998). To understand the process leading misfolded
proteins to aggregate, researchers studied the alpha-synuclein at different stages of the
formation of aggregates and separated it into three global conformations: monomers,
oligomers and fibrils (see Fig. 17; Dettmer et al., 2015). Monomers represent alpha-synuclein
in its native disordered form. Monomers with helicoidal conformation can regroup into
multimeric assemblies, notably in helix-rich tetramers in order to maintain the solubility of the
protein and prevent its aggregation (Dettmer et al., 2015). In a physiological condition,
oligomers are unstable structures which rapidly disassemble (Lashuel et al., 2013). During
aging or in pathological conditions involving an accumulation of ROS, multiple oligomers can
assemble into more stable multimers named protofibrils which can lead to the formation of
mature fibrils (Kalia et al., 2013). Indeed, oligomers can associate together or with monomers

along the axis of a fibril in order to form amyloid fibrils with B-sheet conformation of several
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megadaltons, and a stable hydrophobic core (Eichner and Radford, 2011; Knowles et al.,
2014; Lorenzen et al., 2014; Tuttle et al., 2016).
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Figure 17: Schematic representation of alpha-synuclein aggregation. In pathological
conditions, such as after exposure to genetic and environmental factors, misfolded
monomers of alpha-synuclein assemble intro prefibrillar oligomers which will form protofibrils.
The assembly of protofibrils create mature fibrils composing the Lewy bodies in PD. (From
Forman et al., 2004)

The different alpha-synuclein assemblies with specific structural characteristics named alpha-
synuclein strains are suggested to be the cause of the different phenotypes among
synuclein-based diseases such as PD and multiple system atrophy (Peelaerts et al., 2015;
M. G. Spillantini et al., 1998). Moreover, the comparative analysis of assembly process of
fibrils of WT alpha-synuclein and alpha-synuclein with A53T, A30P, H50Q or E46K mutations
revealed different assembling profiles into aggregates, therefore partially explaining the
clinical diversity of phenotypes among PD patients (Lemkau et al., 2013, 2012; Porcari et al.,
2015).

The study of alpha-synuclein sequence and its different conformation states not only
led to a better understanding of the molecular deregulations observed in the brain of PD
patients but also provided information which could be essential in the search for a treatment
of PD able to delay the propagation of the aggregates of alpha-synuclein. Indeed, a recent
structural analysis showed that the core of the fibrils was too protected to be targeted by
potential radiotracers or drugs, contrary to the extremities of its B-sheet structure which might

be accessible to the binding of small molecules (Tuttle et al., 2016).

77



3.4. Proximal cell-to-cell alpha-synuclein spreading and the “prion-like”
hypothesis
Following the publication of the Braak staging hypothesis, suggesting that PD could

start in the peripheral nervous system and the olfactory bulbs and progress to the SN
following a stereotypical pattern (cf. chapter 1 §2.1.3.), and the discovery of Lewy pathology
in grafted neurons of PD patients more than a decade after the graft, many studies have
been conducted to assess the hypothesis of a prion-like propagation of alpha-synuclein
(Braak et al., 2006, 2004; Kordower et al., 2008). The use of experimental analogues of PD
has also been crucial in this field of research to ascertain this hypothesis. Desplats and
colleagues were the first to describe the transfer of alpha-synuclein from neurons to
embryonic stem cells in vitro and in vivo and demonstrated that this induced neuronal death
and inclusions of alpha-synuclein (Desplats et al., 2009). Later studies confirmed these
results and showed the implication of exocytosis or exosomes to secrete alpha-synuclein,
endocytosis or direct cell-to-cell transmission for the entry of misfolded alpha-synuclein in
neighboring cells and for the seeding of aggregation of endogenous native alpha-synuclein
(Angot et al., 2012; Auli¢ et al., 2014; Dunning et al., 2012; Tyson et al., 2015). Based on
this knowledge, a new therapeutic strategy has been tested, based on the specific binding of
antibodies raised against the C-terminal part of recombinant human alpha-synuclein. Indeed,
as alpha-synuclein transfer from one cell to another seems to be the cause of the
propagation of the disease, the clearance of extra-cellular alpha-synuclein could limit its
transmission to other cells, therefore delaying or stopping its pathological progression. This
immunotherapy has shown interesting promises in an alpha-synuclein transgenic animal
model of PD with improvement of behavioral function such as motor performance and
memory, reduced Lewy pathology in the neocortical neuropil and neuronal degeneration in
the SN (Masliah et al., 2011; Tran et al., 2014; Valera and Masliah, 2013). However, the
current knowledge on the exact role of alpha-synuclein extracellular forms is too limited to
determine which forms of alpha-synuclein would be eliminated and what could be the
consequences of such removal on neuronal function, or neurotransmitter release for which

alpha-synuclein in involved.

These transmission mechanisms have been studied in vivo using animal models of PD.
The intra-peritoneal injection of alpha-synuclein fibrils to mice overexpressing the human
A53T mutated alpha-synuclein led to the development of alpha-synuclein aggregates in the
brain (Breid et al., 2016). Moreover, injections of brain homogenates of A53T alpha-synuclein
overexpressing mice led to the development of a “paralysis of the hindlimbs and the
impairment of the rotation to upright posture” (Mougenot et al., 2012). Many other models of

alpha-synuclein spreading have been created (lljina et al., 2016; Rey et al., 2016; Watts and
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Prusiner, 2014). Among them, the model of Dr. Pan-Montojo is of particular interest as it
does not involve exposure to alpha-synuclein. As described in chapter 2 §2.2.1.5., in this
mouse model, oral exposure to low doses of rotenone induced a local effect on mitochondrial
complex | in the gastro-intestinal tract without any impact on muscles, blood or brain (Pan-
Montojo et al.,, 2010). Interestingly, this mode of exposure generated alpha-synuclein
inclusions in the intestinal neuronal plexuses of the mice which propagated to the brain
through the vagus nerve (Pan-Montojo et al., 2012). This study brought the proof that alpha-
synuclein misfolding and spreading could happen in WT animals orally exposed to the
pesticide rotenone, a mode of exposure closer to what could happen in humans than any

other model created so far, therefore further increasing the face validity of this animal model.

Altogether these studies, showed common mechanisms between alpha-
synucleinopathies and the prion diseases (PrP*°). Prion diseases are characterized by the
aggregation of a misfolded protein which propagates to neighboring cells and induce the
misfolding of endogenous native proteins. Prion diseases are recognized by a long
incubation period, an important neuronal death leading to a spongeous aspect of the brain
without inducing an inflammatory response!®. As described above (cf. chapter 2 §83.3.), in
physiological conditions, alpha-synuclein presents a a-helical conformation when bound to
synaptic vesicles and a B-sheet-enriched conformation leading to the formation of oligomers
and fibrils in PD. As in prion diseases, oligomeric misfolded forms of alpha-synuclein are
thought to be responsible for neuronal death (Peelaerts et al., 2015; Stein and True, 2014).
Moreover, the presence of misfolded alpha-synuclein in one neuron is able to induce
misfolding and aggregation of endogenous WT alpha-synuclein in neighboring neurons
(Olanow and Prusiner, 2009).

In conclusion, each model has intrinsic advantages and limits. As discussed in
Chapter 2 81.1., and according to the reductionist principles of the scientific method,
experimental tools are simplified representations of the reality. This is further
reinforced by the fact that PD is a human-specific disease which has never been
spontaneously observed in other animal species. Although some cases of
spontaneous motor deficits have been described in rodents (Saigoh et al., 1999), they
however do not fully meet the criteria of parkinsonism. Therefore, the results obtained
in one species must be verified in other species before any definite conclusion can be
reached. Knowing these limits and the characteristics of each model should enable
scientists to better select appropriate tools to address their specific questions.
Nevertheless, such models are adapted tools to discover new therapeutic targets

aiming to delay, stop or reverse the progression of the disease, provided they have

10 http://www.cdc.gov/prions/
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been fully proofed for their construct, face and predictive validities using rigorous
experimental designs. Among the currently tested therapeutic strategies, some have
shown huge potential in the prevention of alpha-synuclein spreading or degeneration
of nigral neurons at the origin of the motor symptoms of the disease (Masliah et al.,
2011). However, as we do not know yet if alpha-synuclein aggregation in the peripheral
nervous system and extra nigral areas of the brain is at the origin of PD non-motor
symptoms, only few of these strategies are expected to treat both motor and non-

motor symptoms of the disease.
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CHAPTER 3: THE POTENTIAL OF THE OREXIGENIC PEPTIDE
GHRELIN IN PARKINSON’S DISEASE!!,

1. Ghrelin: a pleiotrophic hormone?
1.1. Origin and biosynthesis

The orexigenic hormone ghrelin has initially been discovered in rat stomach extracts
and is implicated in numerous functions as detailed below in §2.3. (Kojima et al., 1999;
Méquinion et al., 2013; Muller et al., 2015; Zigman et al., 2016). The gene encoding ghrelin
has been identified in numerous species and its sequence is highly conserved among
mammals such as humans, rhesus monkeys, rats, mice, cows, pigs, sheep, dogs and gerbils
(Angeloni et al.,, 2004; Tomasetto et al., 2001). The human GHRL gene is located on
chromosome 3 at position 3p25-26 which is composed of six exons (ExO — Ex5), including
three non-coding exons (Ex0, Ex1 and Ex5). The transcription of the GHRL gene produces a
511bp RNA whose translation generates a 117 amino acid-long preprohormone, named
preproghrelin (Fig. 18; Seim et al., 2007). This precursor is cleaved into obestatin and
proghrelin, a 94 amino acid-long peptide (Kojima and Kangawa, 2005). In the endoplasmic
reticulum, proghrelin will undergo acylation through the action of the enzyme ghrelin-
octanoyl-acyltransferase which enables the transfer of an octanoyl group from the octanoyl-
coenzyme A to the hydroxyl group of the proghrelin third N-terminal serine (see Fig. 18;
Bayliss et al., 2016a; Kojima and Kangawa, 2005; Labarthe et al., 2014; Zhu et al., 2006).
Proghrelin is further cleaved by the prohormone convertase 1/3 into a 28 amino acid-long
peptide named ghrelin (Zhu et al., 2006). Ghrelin is released into the bloodstream in two
biologically distinct states, acyl- and desacyl-ghrelin, the latter being the major form (Takagi
et al., 2013). A large proportion of acyl-ghrelin is indeed rapidly converted to desacyl-ghrelin
in the plasma by 1'acyl-protein thioesterase 1' "(APT1)/lysophospholipase 1 (Satou et al.,
2010).

11 This paragraph is largely inspired by the Review “Is there a role for ghrelin in central dopaminergic systems?
Focus on nigrostriatal and mesocorticolimbic pathways”. Alicia Stievenard, Mathieu Méquinion, Zane B.
Andrews, Alain Destée, Marie-Christine Chartier-Harlin, Odile Viltart, Christel C. Vanbesien-Mailliot. In press in
Neuroscience & Biobehavioral Reviews. Annex 5.
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Figure 18: Synthesis and post-translational processing of ghrelin precursor peptides:
from the GHRL gene to acyl-ghrelin. A) The human ghrelin gene (GHRL) is located on
chromosome 3 at position 3p25-26 indicated by the red bar. B) Enlargement of the 3p25-26
chromosomic region showing the eight currently identified GHRL variants as listed in the
UcCsC database genome browser (https://genome.ucsc.edu/cgi-
bin/hgTracks?db=hg38&lastVirtModeType=default&lastVirtModeExtraState=&virtModeType=
default&virtMode=0&nonVirtPosition=&position=chr3%3A10285675%2D10292947&hgsid=50
4045775 _bG7QQtnAISUTI9KS40bAsPrCC4ia, accessed on July 23rd 2016). As shown on
the upper line, the human ghrelin gene contains six exons (Ex0 — Ex5), including three non-
coding exons (Ex0, Ex1 and Ex5) represented by the black boxes. GHRL codes for
preproghrelin, a peptide composed of 117 amino acids including a signal peptide (SP, light
green boxes), the ghrelin peptide (dark green boxes) partly encoded by exons 2 (Ex2) and 3
(Ex3), as well as a C-terminal peptide named obestatin (blue boxes) encoded by part of Ex3
and the exon 4 (Ex4). Preproghrelin is first processed to remove the signal peptide, which
generates a 94 amino acids-long peptide named proghrelin. This precursor is then acylated
(red symbol) by the ghrelin O-acyltransferase (GOAT) within the endoplasmic reticulum and
further cleaved by the prohormone convertase 1/3 (PC1/3). The resulting peptides are then
secreted and released in the blood, where acyl-ghrelin is rapidly desacylated in the plasma
by endogenous esterases such as acyl-protein thioesterase 1 (APT1) /lysophospholipase 1
or butyl choline esterase (Satou et al., 2010). (From Stievenard et al., in press)*?

12 This figure corresponds to the figure 2 of the review « Is there a role for ghrelin in central dopaminergic
systems? Focus on nigrostriatal and mesocorticolimbic pathways. Alicia Stievenard, Mathieu Méquinion, Zane
B. Andrews, Alain Destée, Marie-Christine Chartier-Harlin, Odile Viltart, Christel C. Vanbesien-Mailliot. In press
in Neuroscience & Biobehavioral Reviews. Annex 5.
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Ghrelin is mainly expressed in the stomach by X/A-like oxyntic gland cells of the gastric
fundus mucosa (Kojima et al., 1999; Miller et al., 2015). It is also expressed at lower levels
in many other tissues including the intestinal tract, the pancreas, the gall bladder, the liver,
the gonads or the breast (Gnanapavan et al., 2002). Ghrelin is however not expressed in the
brain. The initial report of ghrelin expression within the hypothalamus (Cowley et al., 2003)
was in fact based on non-specific antibody staining as demonstrated later (Furness et al.,
2011). Similarly, other authors have not been able to find any preproghrelin mRNA in this
brain structure (Francois et al., 2015). Despite the lack of centrally produced ghrelin and the
limited capacity of ghrelin to cross the blood-brain barrier (Banks, 2002; Cabral et al., 2013;
Schaeffer et al., 2013), ghrelin receptors have been described in the SNc and ventral
tegmental area (Andrews et al., 2009; Mani et al., 2014; Wellman and Abizaid, 2015; Zigman
et al.,, 2006), suggesting that brain cells expressing ghrelin receptors might respond to
ligands other than centrally produced ghrelin. Nevertheless, SNc neurons expressing ghrelin
receptors readily respond to ghrelin in slice preparations (Abizaid et al., 2006; Andrews et al.,
2009).

1.2.  Ghrelin receptors
Ghrelin is the only known endogenous ligand of the growth hormone secretagogue

receptor (GHSR) (Gutierrez et al., 2008; Howard et al., 1996). It was identified in 1996 as an
orphan receptor encoded by the GHSR gene (Howard et al., 1996). Two splicing variants
were further isolated (Kojima et al.,, 1999) and give rise to two forms of the receptor:
GHSR1la and GHSR1b, which belong to the family of G protein-coupled receptor. Acyl-
ghrelin binds GHSR1a, the full length receptor with seven transmembrane domains, through
its 10 N-terminal amino acids (Kojima et al., 1999). The GHSRla activates several
intracellular cascades in different cell types and tissues, including Extracellular signal-
regulated kinase 1/2 (ERK 1/2), Phosphatidylinositol-4,5-bisphosphate 3-kinase
(PISK)/Akt/mTOR and 5' adenosine monophosphate-activated protein kinase (AMPK)
signaling pathways, thus mediating the different physiological functions of ghrelin. In
particular, within the central nervous system and anterior pituitary, the binding of acyl-ghrelin
onto GHSR1a increases growth hormone release via the increase of intracellular calcium
following the activation of the inositol 1,4,5-trisphosphate (IP3) / diacyl glycerol pathway (Fig.
19; Camiiia et al., 2007; Ghigo et al., 2005). In addition, in the arcuate nucleus of the
hypothalamus, GHSR1a activation triggers the phosphorylation of both AMPK, a sensor of
energy homeostasis, and of mammalian target of rapamycin (mTOR), thus leading to an
increase of brain-specific homeobox (BSX), c-AMP response element-binding protein
(CREB) and forkhead box O1 (FoxO1) transcription factors (Lage et al., 2010; Martins et al.,

2012). The activation of these signhaling cascades results in the synthesis of the orexigenic
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NPY (neuropeptide Y) / AgRP (Agouti-related protein) neuropeptides therefore triggering
food intake (Fig. 19). More precisely, this signaling pathway simultaneously inhibits acetyl
coenzyme A carboxylase and increases the activity of carnitine palmitoyltransferase 1
therefore activating fatty acid -oxidation within mitochondria and the resulting production of
ROS. This activates, in turn, the mitochondrial uncoupling protein 2 (UCP2), which
neutralizes ROS and promotes mitochondrial biogenesis in order to maintain the activation of
NPY/AgRP neurons (Andrews et al., 2008). Conversely in the liver and adipose tissues, acyl-
ghrelin inhibits AMPK, therefore increasing the expression and activity of acetyl coenzyme A
carboxylase and fatty acid synthase, thus controlling lipid metabolism and therefore glucose
homeostasis in these tissues (Theander-Carrillo et al., 2006). In other non-neuronal tissues
and cell types, the binding of acyl-ghrelin to GHRS1a activates either the phospholipase
Clinositol trisphosphate or the adenylate cyclase/protein kinase A pathways, resulting in an
increase in intracellular calcium levels (See Fig. 20). As a result, the calcium calmodulin
kinase kinase, a sensor of intracellular calcium, activates the Akt/MAPK pathways, thus
modulating proliferation and apoptosis (Baldanzi, 2002; Granata et al., 2007; Kim et al.,
2004; Yang et al., 2013).

GHSR1b is a C-terminal truncated receptor with only five transmembrane domains
located in the endoplasmic reticulum (Chow et al., 2012). It seems to exert a dominant
negative effect on GHSR1a trafficking and its ability to modify its conformation in order to
activate the above-described downstream cellular cascades (Mary et al.,, 2013). The
GHSR1a receptor is distributed in various organs both in the periphery (Guan et al., 1997)
and in different parts of the rodent brain including the hypothalamus, the SNc, the ventral
tegmental area, the hippocampus, the amygdala and the olfactory bulb (Andrews et al.,
2009; Mani et al., 2014; Zigman et al., 2006). However, a definitive proof of the presence of
GHSR1a in the human brain is still lacking.
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Figure 19: Schematic representation of ghrelin-dependent signaling pathways. Acyl-
ghrelin binding to GHSR1a triggers G protein-coupled signaling cascades and activates
both phospholipase C (PLC) and adenylate cyclase (AC). PLC hydrolyses
phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG). IP3 induces the release of calcium (Ca?*) from endoplasmic reticulum
storages while AC and DAG respectively activate the protein kinase A (PKA) and the
protein kinases B (Akt) / C (PKC) cascade, thus resulting in the entry of extracellular Ca2+
through calcium channels. In all cases, the resulting increase in intracellular Ca2+
concentrations in the brain activates calmoduline and calmoduline-dependent protein
kinase kinase (CamKK), and modulates its action on B-oxidation through AMPK
phosphorylation. Ghrelin binding to GHSRl1la also activates the PI3K/Akt and
PKCl/extracellular signal-regulated kinases 1/2 (ERK1/2) pathways, thus inducing the
release of growth hormone from pituitary cells. The activation of these cascades upon
ghrelin binding has also been observed in cancer cells and leads to increased proliferation
and prevention of apoptosis (Majchrzak et al.,, 2012). In hypothalamic neurons, ghrelin
binding to its receptor triggers the AMPK and mammalian target of rapamycin (mTOR)
pathways, which increase brain-specific homeobox (BSX), c-AMP response element-
binding protein (CREB) and forkhead box O1 (FoxO1) transcription factors (Lage et al.,
2010; Martins et al., 2012). This results in an orexigenic signal mediated by the
neuropeptide Y (NPY) and agouti-related protein (AgRP) neuropeptides. Note that only the
main partners within the discussed signaling pathways are represented on the figure. Plain
arrows represent direct interactions. Dotted arrows indicate indirect actions where
intermediate molecules have been omitted for clarification purposes. Created with
illustrations from Servier Medical Art (used under the following agreement: Creative
Commons Attribution 3.0 France). (From Stievenard et al., in press)*

13 This figure corresponds to the figure 3 of the review « Is there a role for ghrelin in central dopaminergic
systems? Focus on nigrostriatal and mesocorticolimbic pathways. Alicia Stievenard, Mathieu Méquinion, Zane
B. Andrews, Alain Destée, Marie-Christine Chartier-Harlin, Odile Viltart, Christel C. Vanbesien-Mailliot. In press
in Neuroscience & Biobehavioral Reviews. Annex 5.

85



GHSR1a also displays a high constitutive activity in the absence of its ligand (Holst et
al., 2003). A rare GHSR1a missense mutation (A204E) prevents the constitutive activity of
the receptor while preserving its ability to bind ghrelin and is associated with a familial short
stature (Pantel et al., 2006). Therefore, the constitutive activity of the GHSR1a receptor could
contribute to growth hormone secretion and/or body weight regulation (Mear et al., 2013). In
addition, GHSR1a is able to adopt homodimer and heterodimer conformations, notably with
the melanocortin-3 receptor, the serotonin 2C receptor, the dopamine 1 receptor (D1R), the
dopamine 2 receptor (D2R) and the somatostatin receptor subtype 5 (for review, see 2015).
Such heterodimers have mainly been described in vitro using co-immunoprecipitation and
resonance energy transfer-based techniques (Kern et al.,, 2012; Rediger et al.,, 2012;
Schellekens et al., 2013; Wellman and Abizaid, 2015). These heterodimers affect receptor
signal properties by changing G protein-coupled signaling cascades, as well as modifying the
trafficking and internalization of both partners of the dimer complex, either in the presence or
in the absence of ghrelin (Wellman and Abizaid, 2015). For instance, in the presence of both
dopamine and ghrelin, GHSR1a amplifies dopamine-induced cAMP accumulation via D1R in
human embryonic kidney (HEK) 293 cells (Jiang et al., 2006). However, in the absence of
ghrelin but presence of dopamine, GHSR1a/D2R dimerization in hypothalamic neurons
increases intracellular calcium levels independently of the GHSR1a constitutive activity (Kern
et al., 2012). Therefore, dopamine alone is able to activate GHSR1a at least in vitro, which
might be of particular interest within the central nervous system, more precisely in
dopaminergic brain areas where the receptor is highly expressed and where ghrelin is not
locally produced. This dimerization capacity of GHSR1a needs however to be further
confirmed in vivo. In summary, the large distribution of GHSR1a throughout the brain, its high
constitutive activity and its propensity towards heterodimerization highlight the functional
importance of this receptor within the brain beyond the sole binding of ghrelin.

1.3. Functions of ghrelin*
Ghrelin targets various brain structures and peripheral organs (Fig. 20). Its first role has

been demonstrated in pituitary somatotropic cells as a secretagogue of the growth hormone
acting in synergy with the hypothalamic peptide growth hormone releasing hormone (for
review, see Steyn et al., 2016). Ghrelin also modulates food intake behavior, body weight,
energy expenditure, glucose and lipid homeostasis, neurogenesis, blood pressure, heart rate
and gastro-intestinal motility (Kojima and Kangawa, 2005). In addition, ghrelin increases
gastric acid secretions in a dose-dependent manner by a mechanism implicating the vagus
nerve (Date et al., 2001).

1 This paragraph presents a summary of ghrelin’s major functions; for further details, please refer to
Méquinion et al., 2015; Delporte et al., 2013.
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Figure 20: Main physiological functions of ghrelin. Ghrelin is involved in numerous
functions. In the central nervous system, acyl-ghrelin acts in the hypothalamus (top left) to
induce food intake and to increase growth hormone (GH) secretion from somatotrophs cells
in the pituitary gland. It also plays an important role in the hypothalamo-pituitary-adrenal axis
(HPA); in particular it modulates glucocorticoid release and is therefore involved in
adaptation to stress and anxiety. In dopaminergic neurons of the ventral tegmental area
(VTA, top right, green area), ghrelin has been shown to regulate reward and motivation
processes whereas in the substantia nigra (SN, top right, red area) of animal models it is
suggested to act as a neuroprotective agent against toxic compounds-induced neuronal
death. Ghrelin also regulates goal-directed actions via its effects on both VTA and SN. In the
gastro-intestinal tract (bottom part of the figure), ghrelin activates the secretion of gastric
acid, gastric emptying and intestinal motility (left-hand side). Ghrelin also modulates energy
metabolism through a regulation of insulin pancreatic secretion and lipogenesis (right-hand
side). Its main role is however to increase glucose production from the liver (bottom center of
the figure), especially under conditions of energy deficit like severe caloric restriction
(Goldstein et al., 2011). Created with illustrations from Servier Medical Art (used under the
following agreement: Creative Commons Attribution 3.0 France). (From Stievenard et al., in
press)®

15 This figure corresponds to the figure 4 of the review « Is there a role for ghrelin in central dopaminergic
systems? Focus on nigrostriatal and mesocorticolimbic pathways. Alicia Stievenard, Mathieu Méquinion, Zane
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This hormone also modulates gastric emptying and intestinal transit time (Levin et al.,
2006). Furthermore, plasma ghrelin levels depend on the metabolic state, the food
consumption and the physical activity (Lemarié et al., 2016; Méquinion et al., 2015; Nishi et
al., 2013). In healthy subjects, plasma ghrelin concentrations are elevated just prior to meal
initiation and decrease after food intake (Cummings et al., 2001). Therefore, inter-meal levels
of ghrelin display a diurnal rhythm which can be further amplified through fast/food restriction
protocols. In addition, a single injection of acyl-ghrelin enhances food intake in both rodents
and humans (Cummings et al., 2001; Wren et al., 2001). Ghrelin is thus considered as the
main signal for the initiation of the meal, acting notably through a finely tuned regulation of
both hypothalamic and brainstem neurons. More precisely, within the arcuate nucleus,
ghrelin activates orexigenic NPY/AgRP cells. These neurons project onto various
hypothalamic nuclei such as the paraventricular and dorsomedial nuclei, and the lateral
hypothalamus to regulate the feeding behavior (Delporte, 2013; Olszewski et al., 2008). This
orexigenic action of ghrelin on hypothalamic NPY/AgRP neurons is further amplified through
their GABA-ergic inhibitory outputs targeting arcuate anorexigenic pro-opiomelanocortin
(POMC) neurons (Cowley et al.,, 2003; Kojima and Kangawa, 2005). Yet, the effects of
ghrelin on energy metabolism also involve non-hypothalamic structures implicated in the food
intake : the ventral tegmental area activating the reward system, the hippocampus facilitating
learning and memory, and the central nucleus of amygdala modulating emotional arousal

and cue-potentiated feeding (Bali and Jaggi, 2016; Diano et al., 2006; Miiller et al., 2015).

However, it has to be noted that most studies investigated ghrelin independently of its
acylation state. Only few studies distinguished the effects of acyl- and desacyl-ghrelin
(Andrews et al.,, 2009; Bayliss et al., 2016a; Bayliss and Andrews, 2013; Broglio et al.,
2004a; Delhanty, 2006; Delhanty et al., 2014; Zizzari et al., 2011). Desacyl-ghrelin as long
been thought to be a degradation product of acyl-ghrelin because of its incapacity to bind
GHSR1a at physiological concentrations. However, evidence progressively accumulated for
a role of desacyl-ghrelin by itself, in combination or in opposition with acyl-ghrelin (Delhanty
et al., 2013, 2014). Indeed, when injected with acyl-ghrelin, desacyl-ghrelin is able to
counteract its effect on glucose production and insulin release but had no effect when
injected alone (Broglio et al., 2004a). Moreover, in obese patients, acyl-ghrelin
concentrations are either similar or higher than healthy subjects while desacyl-ghrelin
concentrations are lower (Barazzoni et al., 2007; Rodriguez et al., 2009). Desacyl-ghrelin is
also able to decrease gastric emptying and food intake in rats and to increase glucose

metabolism in healthy human subjects (Asakawa et al., 2005; Benso et al., 2012; Zhang et

B. Andrews, Alain Destée, Marie-Christine Chartier-Harlin, Odile Viltart, Christel C. Vanbesien-Mailliot. In press
in Neuroscience & Biobehavioral Reviews. Annex 5.
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al., 2008). Morevoer, recent studies using GHSR1a knock-out mice and cells which do not
express GHSR1a showed that acyl- and/or desacyl-ghrelin induced adipogenesis in bone
marrow, impaired atrophy of skeletal muscles after fast, increased glucose intake in
myoblasts, enhanced mitogenesis in osteoblasts and increased glucogenesis in the liver
(Callaghan and Furness, 2014; Costa et al., 2011; Gauna et al., 2005; Gershon and Vale,
2014; Porporato et al., 2013; Reano et al., 2014; Thompson et al., 2004). Altogether, these
data suggest that acyl-ghrelin, like desacyl-ghrelin, could play physiological roles
independently of GHSR1a.

2. Ghrelin / dopamine interactions in the nigrostriatal pathway and
therapeutical potential in PD
As presented above, the study of the role of ghrelin in the brain has long focused on

areas related to food intake modulation and reward-based activities. However, several in
vitro and in vivo studies having shown neuroprotective potential of ghrelin in several types of
injuries such as ischemia or oxygen deprivation as well at its effects on peripheral functions

impacted in PD, its potential benefit in PD was logically investigated.

2.1. Diagnostic potential of ghrelin in PD
As described in chapter 1 8§ 3.2. the progress in the science and the development of

technics allowing the study of the genome of PD patients and healthy subjects revealed
many genes linked to PD. Their discovery raised the hope that they could be used as
biomarkers to facilitate the diagnosis of the disease. However, apart from the rare familial
forms of the disease, the genetic factors revealed by these studies do not reach the
expectancies of ideals biomarkers. Indeed, the Corielle Institute for Medical Research
defines an ideal biomarker as a biomarker with a good sensitivity and specificity for the
disease of interest or for one stage of progression of this disease in order to be used in the
diagnosis or the prognosis of the disease. It should be easily assayed with standardized
procedures available at low cost in clinics. More important, the ideal biomarker should be
obtained with low-risk and low-pain procedures, such as blood sampling or urine sampling
more than biospies. Recent studies have suggested ghrelin as a biomarker of the early

stages of PD.

Indeed, plasma ghrelin concentrations are known to decrease with aging. In particular,
plasma ghrelin concentrations after fast are lower in healthy elderly subjects than in young
non-obese individuals (Rigamonti et al., 2002). As aging is a well-known PD risk factor (Elbaz
et al., 2016), lower ghrelin plasma concentrations would be expected in PD patients. Indeed,
plasma acyl-ghrelin concentrations after fast tend to decrease in PD patients compared to

patients suffering from other non-neurodegenerative diseases (Fiszer et al., 2010). But, these
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results fail to reach statistical significance due to the small size of the cohort studied and the
absence of a standard meal before blood sampling. Similarly, a slower increase of plasma
total ghrelin concentrations between two standard meals has been reported in PD patients
and patients suffering from RBD, a non-motor symptom preceding the diagnosis of PD and
often associated with pre-motor stages of the disease, compared to healthy subjects (Unger
et al., 2011). Therefore, altered plasma concentrations of acyl-ghrelin after a standard meal
could be used as a biomarker of early PD stages. Such studies need however to be
replicated in larger cohorts of patients and should systematically assess the two main forms
of ghrelin; they should also take into account sex differences both in PD itself as well as in
circulating concentrations of ghrelin and in GHSR1a expression as reported in rodents
(Kamegai et al., 1999). Moreover, the dosage of ghrelin can easily be performed on blood
samples with assay kits already available in the market. Taken together, these observations
suggest that ghrelin could be a valuable biomarker of PD, especially in its early stages: in this
view, the ratio of acyl-ghrelin versus desacyl-ghrelin appears as an adapted indicator of
potential disease-related alterations either in the synthesis or the release of ghrelin, or in its
action on target cells/tissues. However, such evidence is only at early stages and, due to the
pleiotropic functions of ghrelin, its sensitivity and specificity for PD still has to be
demonstrated. Many research still need to be done. Most particularly, the use of animal
models to study the potential of ghrelin as a biomarker is for now limited as the pattern of
secretion of ghrelin after food intake or fast for example has not been studied in rodents,
therefore complicating the design of standardized blood sampling procedures in these

animals.

2.2. Therapeutic potential of ghrelin against PD non-motor symptoms
Most PD patients lose weight during the progression of the disease (Abbott et al.,

1992). While L-DOPA-treated patients keep losing weight, PD patients under deep brain
stimulation regain weight in the year following surgery without modifying their food intake
habits (Perlemoine et al., 2005). Such a weight gain after deep brain stimulation is paralleled
by an increase in circulating ghrelin concentrations (Markaki et al., 2012). Therefore, not only
could ghrelin levels reflect such weight variations, but ghrelin could also be a direct actor of
PD-related weight modifications. The assessment of plasma ghrelin concentrations in
patients undergoing deep brain stimulation and/or L-DOPA therapies has however generated
controversial results. On one hand, plasma concentrations of total ghrelin during fast are
unchanged either by L-DOPA alone or by deep brain stimulation alone when evaluated up to
12 months after the surgery. On the other hand, when applied together, deep brain
stimulation and L-DOPA reduced the levels of plasma ghrelin (Corcuff et al., 2006). Further

studies on larger cohorts of patients are therefore needed to clarify these data. In addition, a
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detailed evaluation of circulating acyl- and desacyl-ghrelin concentrations in PD patients
under deep brain stimulation after fast and better study designs, with the intake of a standard
meal and stratifications by sex, stage of the disease and medication status, should help

resolving such contradictory results, especially in a longer follow-up setting.

The potential role of ghrelin in anxiety, often described by PD patients, is still
controversial. Indeed, the study of plasma ghrelin concentrations in depressed patients and
healthy controls did not reveal any difference (Schanze et al., 2008). The link between
ghrelin and mood disorders has been further studied in animals. Unfortunately, opposite
results have been obtained so far. Indeed, the injection of ghrelin led to anxiolytic-like
responses in mice as evaluated by the elevated plus maze test (Asakawa et al., 2001) while
an intra-cerebral injection of ghrelin led to anxiety-like behaviors in rats as assessed in the
same test (Carlini et al., 2002). These opposite results could be explained by differences in
the protocol of ghrelin administration, assessment of anxiety levels or species. Further
studies, using identical procedures are therefore essential to determine to role of ghrelin in

anxiety behaviors and its potential use in the treatment of this non-motor symptoms in PD.

Finally, since ghrelin agonists have shown beneficial effects on the delayed-gastric
emptying in diabetes (Ejskjaer et al., 2013, 2010; McCallum et al., 2013; Shin et al., 2013;
Wo et al.,, 2011), ghrelin and its agonists were explored in PD-related gastro-intestinal
disorders using well-validated rodent models of parkinsonism. In rats injected with 6-OHDA,
injections of ghrelin or Rikkunshito, a herbal medicine stimulating the secretion of ghrelin and
its orexigenic effect, or HM01, a ghrelin agonist, prevent the L-DOPA-induced decrease in
gastric emptying (Karasawa et al., 2014; Takeda et al., 2012b, 2012a, Wang et al., 2014,
2012). This effect is partially reversed by a co-injection of d-Lys(3)]-GHRP-6, an inhibitor of
ghrelin receptor, suggesting that GHSR1a could also be a target for the treatment of delayed-
gastric emptying in PD (Wang et al., 2014, 2012). Such benefits of ghrelin or ghrelin agonists
on PD-related gastrointestinal symptoms are likely to be exerted at the peripheral level.
Additional studies should further investigate this local effect of ghrelin especially on the
enteric nervous system in animal models with documented early gastro-intestinal alterations.
In summary, both human-based and animal studies highlighted ghrelin therapeutic potential
against the non-motor symptoms of PD. However, such studies must be reproduced in
adequate animal models of parkinsonism and human cohorts using comparative procedures

in to validate this potential.

2.3. Therapeutic potential of ghrelin as a disease-modifying agent in PD
Based on the neuroprotection potential of both acyl- and desacyl-ghrelin after

transient focal ischemia/reperfusion (Hwang et al., 2009) or in microglial cell cultures

exposed to AB peptide (Bulgarelli et al., 2009), as well as neuroprotection of growth hormone
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secretagogues against cerebellar cell death in aged rats (Pafeda et al.,, 2003), the
neuroprotective actions of ghrelin in PD have been studied both in vivo and in vitro. Indeed,
intraperitoneal injections of acyl-ghrelin in mice protect SN dopaminergic neurons against
MPTP-induced neuronal death (Andrews et al., 2009; Bayliss et al., 2016a). Interestingly, this
neuroprotective effect is particularly evidenced after mice have been submitted to a mild form
of food restriction in which ghrelin was injected immediately before the dark phase and food
was removed overnight; the following morning each mouse was given 85% of its standard
ration. Therefore, ghrelin can restrict the SN dopaminergic neuronal loss and subsequent
striatal dopamine depletion in this PD mouse model only when circulating ghrelin levels are
boosted at the time when endogenous ghrelin is naturally induced (Andrews et al., 2009;
Bayliss et al.,, 2016a). Moreover, this neuroprotection effect is specific of acyl-ghrelin
(Andrews et al., 2009; Bayliss et al., 2016a) and involves an increase in the concentration of
TH and the dopamine turnover in the striatum, as well as an upregulation of UCP2-
dependant mitochondrial mechanisms (see §1.2., Fig.19 ; Andrews et al., 2009; Bayliss et al.,
2016a). Similarly, 30% caloric restriction for 6 months in adult rhesus monkeys protects
against the MPTP-induced striatal dopamine depletion (Maswood et al., 2004). Indeed,
chronic caloric restriction elevates plasma ghrelin concentrations as demonstrated in humans
suffering from restrictive anorexia nervosa and in rodent models of chronic food restriction
(Germain et al., 2010, 2009, Méquinion et al., 2015, 2013). In support of this, a recent study
showed that ghrelin mediated the neuroprotective capacity of caloric restriction in a mouse
model of PD: the protective action of ghrelin was mediated by AMPK activation in dopamine
neurons since acyl-ghrelin failed to increase neuroprotection in mice lacking AMPK subunits
only in dopamine neurons (Bayliss et al., 2016b). Furthermore, MPTP injections in
homozygous knock-out mice lacking ghrelin or its receptor induced a higher rate of neuronal
death compared to wild-type mice, suggesting a protective role of endogenous ghrelin
against MPTP toxicity (Andrews et al., 2009; Bayliss et al., 2016a). Therefore, chronically
increased plasma ghrelin concentrations, whether endogenously produced or from
exogenous origin, might mediate this neuroprotective action in animal models of
parkinsonism. This neuroprotective effect of ghrelin and growth hormone secretagogues
extends well beyond neurodegenerative conditions, as reviewed by Frago and colleagues
(2011). Cellular and molecular mechanisms underlying the neuroprotective effect of ghrelin
involve anti-inflammatory and anti-apoptotic mechanisms as well as regulation of
mitochondrial function as shown both in vivo and in vitro. For instance, in mouse models of
parkinsonism induced by exposure to MPTP, ghrelin decreased the expression of pro-
inflammatory agents such as TNF-q, interleukine 1B, and the activation of inducible nitric
oxide synthase and prevented the activation of macroglia (Moon et al., 2009). Moreover, the

protective action of ghrelin has been shown to involve UCP2 which regulates the redox state
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of mitonchondria, as well as ROS production and mitochondrial biogenesis in mice exposed
to MPTP (Andrews et al., 2009). Similar in vitro experiments undertaken in rat primary
mesencephalic cells exposed to MPTP showed that ghrelin suppresses MPTP-induced
microglial activation and reduces the expression of microglia-derived pro-inflammatory
cytokines such as TNF-a and interleukin-13 two cytokines which are up-regulated in PD
(Hwang et al., 2009; Mogi et al., 1996; Nagatsu et al., 2000; Sawada et al., 2006). Ghrelin
also prevents the MPTP-induced apoptosis in MES23.5 cells, an effect which is paralleled by
the inhibition of lactase dehydrogenase release, the nuclei fragmentation, the reduction of
the mitochondrial membrane potential and the activation of caspase 3 (Dong et al., 2009).
Similar anti-apoptotic mechanisms are triggered upon ghrelin exposure in MES23.5 cells
exposed to rotenone, another potent inhibitor of mitochondrial complex 1 known to induce
parkinsonism in animals and humans (Tanner et al., 2011a; Yu et al.,, 2016). However,
MES23.5 cells were created by the somatic fusion of neuroblastoma-glioma mouse cells and
primary mesencephalic rat cells. Although they express TH and GHSR1a, their physiology
might not fully reproduce the one of natural dopaminergic cells of the SN. These results
should thus be reproduced in other in vitro PD models before being fully validated. Similarly,
future experiments should address the neuroprotective mode of action of ghrelin in order to
assess whether peripherally injected ghrelin acts only at the peripheral level, the central
neuroprotection then being an indirect effect, or both at central and peripheral levels. In this
view, despite the lack of evidence that ghrelin crosses the blood-brain barrier in healthy
organisms (Banks, 2002; Cabral et al., 2013; Schaeffer et al., 2013), it is interesting to note
that a transient opening of the blood-brain barrier might occur in PD. Indeed, blood-brain
barrier dysfunctions have been reported in living PD patients (Bartels et al., 2008; Gray and
Woulfe, 2015; Kortekaas et al., 2005) and CD8+ and CD4+ T cells have been observed at
autopsy within the PD brain parenchyma in the vicinity of midbrain dopaminergic neurons
(Brochard et al., 2009), suggesting that peripheral molecules and/or cells could reach central

dopaminergic regions in a context of PD-induced neurodegeneration.

Altogether these studies highlight the importance of ghrelin in PD. The
therapeutic potential of this orexigenic peptide being now largely recognized in the
treatment of several non-neurological conditions, it deserves to be further explored in
PD to confirm its potential as a biomarker of early stages of the disease as well as a
disease-modifying agent. If validated, the latter aspect could be rapidly translated in
everyday clinical practice, for ghrelin is already currently used as a therapy against

cachexiain ageing and cancer (Molfino et al., 2014).
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OBJECTIVES OF THE Ph.D. WORK

As detailed in the introduction, PD is the second most common neurodegenerative
disease worldwide. Its onset is insidious and its progression can be divided in three stages:
1/ an asymptomatic stage where molecular and cellular modifications happen in absence of
clinical symptoms, 2/ a pre-clinical/prodromal stage during which the patients often
experience non-motor symptoms such as depression, anosmia or gastro-intestinal troubles,
and 3/ a clinical stage corresponding to the period following the appearance of motor
symptoms. The latter corresponds to the time when the clinical diagnosis of the disease is
established by a neurologist and a symptomatic treatment is installed (Stern and Siderowf,
2010). The clinical stage is itself subdivided in 3 periods according to the evolution of PD
clinical symptoms: the honeymoon period when patients experience a relief of motor
symptoms thanks to medical therapy, the complication stage when medications are not
sufficient enough to counterbalance motor symptoms, therefore leading to increased
medication dosages for a lower therapeutic benefit and thus favoring motor fluctuations and
dyskinesia, and the advanced/end stage of the disease. PD multifactorial etiology has
become better understood over the past years and involves environmental and genetic
factors as well as their interactions (de Rijk et al., 1997; Elbaz et al., 2016; Nussbaum and
Polymeropoulos, 1997). Moreover, PD neuropathological hallmarks are now well
characterized and definite criteria have long been established and acknowledged for PD
post-mortem diagnosis (Mackenzie, 2001). Yet the earlier stages of the disease, when few or
even no motor symptoms are evident for the neurologist but when some non-motor
symptoms are already largely present and might interfere with the patients’ daily life
activities, still remain to be deciphered. Moreover, it is estimated that 50% of the SN neurons
are already dead when the first motor symptoms appear (Bernheimer et al., 1973; Riederer
and Wuketich, 1976). The clinical diagnosis of PD, relying on the presence of such motor
symptoms, is thus established really late in the course of the disease compared to its
molecular and cellular evolution. As a consequence, it is essential to better understand the
molecular modifications underlying the development of the disease and its progression from
this pre-motor stage to the clinically-diagnosed stage. This would ultimately ease the finding
of biomarkers which could be used to specifically diagnose early stages of PD, therefore
allowing an optimal design of clinical trials for the development of disease-maodifying drugs
(Kim et al., 2014). In parallel, huge efforts have been made by the scientific and medical
communities to improve existing PD therapeutic options and discover new ones essentially
aimed at alleviating PD motor symptoms which have long been considered as the most
debilitating ones. However, none of these currently available strategies apply to the

treatment of non-motor symptoms and they have not yet proven successful to cure PD, nor
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to stop it (Oertel and Schulz, 2016). Interestingly, the recent discovery of Lewy body-like
inclusions in the intestine of PD patients (Aldecoa et al., 2015; Lebouvier et al., 2010b;
Stokholm et al., 2016), corroborating Braak’s staging hypothesis according to which, within
the brain, PD-specific lesions would first appear in the dorsal motor nuclei of the vagus, an
area of the brain strongly connected to the peripheral nervous system, suggested that PD
could start in the peripheral nervous system and slowly progress towards the brain. This
hypothesis could explain why PD patients often complain about gastro-intestinal non-motor
symptoms many years before noticing the first motor symptoms (Poewe, 2008). This could
also be a reason why current therapeutic options, mainly aimed at compensating the striatal
dopamine depletion, are unable to improve non-motor dysfunctions. Braak’s staging
hypothesis also suggests that, if PD is identified in its earlier stages, PD progression could
be delayed or stopped with the use of efficient neuroprotective strategies at a stage when the
degeneration of the SNc has no motor consequences (Oertel and Schulz, 2016; Stern and
Siderowf, 2010). In this regard, recent research have therefore focused on the discovery of

not only biomarkers of PD early stages but also of neuroprotective strategies.

In the last decade, several molecules related to PD pathogenesis have been reported
as potential biomarkers of the disease (Xu and Pu, 2016). However, as discussed in the
introduction, such diagnostic tools should present a good sensitivity, i.e. being detected in
most PD patients tested but not in the subjects with another disease, and a good specificity,
i.e. being positive in PD patients compared to controls. In addition, a “good” biomarker of PD
early stages should also be easily accessible using non-invasive techniques. Based on these
criteria, decreased concentrations either of dopamine metabolites, including
dihydroxyphenylacetate and homovanillic acid, or of total alpha-synuclein as well as of ABR1-
42, phosphorylated-tau, total-tau, and total-tau/AB1-42, have been described in the
cerebrospinal fluid of PD patients compared to either healthy controls or patients suffering
from atypical parkinsonism (Andersen et al.,, 2016; Kang et al., 2013; Xu and Pu, 2016).
However, none of these potential biomarkers has been validated as a diagnostic tool yet
(Halbgebauer et al., 2016). Moreover, most studies describing potential new biomarkers of
PD were undertaken in clinically-diagnosed parkinsonian patients already presenting with
motor symptoms, therefore excluding the earliest stages of the disease (Andersen et al.,
2016). Interestingly, many researchers recommend combining several potential biomarkers
instead of focusing on a single molecule fulfilling all above-mentionned criteria. Indeed,
combining several potential biomarkers should provide a signature of PD early stages with
much higher specificity and sensitivity (Schapira, 2013). As far as potential disease-
modifying agents are concerned, current studies are often limited by the small size of the

cohorts of patients used and the misdiagnosed patients included. Nevertheless, promising
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drugs have been identified in cellular and animal models of parkinsonism and translated into
clinical trials. For instance, Deferiprone, an iron chelator, has been shown to reduce the
accumulation of iron in the SN and improve motor performances in PD patients as evaluated
with the Unified Parkinson’s Disease Rating Scale (Devos et al., 2014). Recently, another
molecule, named ghrelin, has raised interest not only for its potential neuroprotective action
in cellular and animal models of parkinsonism but also for its potentials in the treatment of
PD gastro-intestinal non-motor symptoms and as a biomarker of PD early stages (Andrews
et al., 2009; Moon et al., 2009; Unger et al., 2011; Wang et al., 2012). However, the studies
conducted so far either lacked of power and generated controversial data (as reviewed in
chapter 3 82.1.) for patients-based investigations (Fiszer et al., 2010; Unger et al., 2011) or
have been obtained in PD cellular and animal models exhibiting rapid and massive loss of
dopaminergic neurons or cancer cells (Dong et al., 2009; Moon et al., 2009; Yu et al., 2016).
Such models are not adapted to the study of neuroprotection therapies as they do not
reproduce the progressive aspect of the disease and the specific sensitivity of SN

dopaminergic neurons to deleterious insults.

In this scientific context, the aim of my thesis work was to clarify the potential roles of
ghrelin in PD using cellular and animal models adapted for the study of early stages of the
disease. This question was investigated following two specific objectives. The first aspect of
my work was indeed to study the role of ghrelin in a cellular model of parkinsonism
reproducing a moderate and progressive neuronal death among the dopaminergic population
of the SN. We have therefore chosen to study the effect of different doses of ghrelin on the
survival of primary mesencephalic cells exposed to an environmental agent triggering
mitochondrial dysfunction, namely the pesticide rotenone. The second specific objective of
my thesis consisted in the investigation of the potential of ghrelin as a biomarker of PD early
stages. The initial goal was to use blood samples collected from PD patients in order to
clarify the contradictions found in the literature. We have thus used a dataset generated from
a transcriptomic analysis conducted on peripheral blood mononuclear cells of PD patients
using expression microarrays and conducted further analyses on PD patients Epstein Barr
virus (EBV) transformed lymphoblastoid cell lines. In parallel, we designed a study in an
experimental model of early parkinsonism using C57BL/6J mice. The first step of this in vivo
approach was to validate this experimental analogue of PD in our animal facility in Lille. The
results generated during my thesis work will be exposed in the next pages according to these

two specific objectives.
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CHAPTER 4: MATERIAL AND METHODS

1. In vivo experiments
1.1.  Animal model of early parkinsonism
1.1.1. Rotenone exposure
All animal studies were carried out in accordance with international standards, the
French Animal Protection Law, and all protocols have been approved by the Nord/Pas-de-
Calais Ethical Committee (CEEA 75 N’: 0535.01). Thirty male C57BL/6J mice (Janvier, St.
Germain-sur-L’Arbresle, France) aged of one year were housed in a specific and
opportunistic pathogen-free (SOPF) animal facility at 5 per cage in a dark/light cycle (12
hours /12 hours) with ad libitum access to food and water. Mice were divided in three groups
(n=10/group) according to their exposure regimen. Control mice did not receive anything: the
gavage needle was just gently introduced in the esophagus of the mouse and immediately
removed; in the solvent group, mice received an oral gavage with a solution composed of 2%
carboxymethylcellulose and 1.25% chloroform five days per week during 1.5 months; in the

rotenone group, mice received an oral gavage with 5mg/kg/d rotenone resuspended in the

solvent solution five days per week during 1.5 months. All animals were handled and
weighted five days per week in order to adjust the rotenone dose administered to daily

weight variations. A timeline of the experimental procedure is presented figure 21 below.

Quarantine Basal measgrfements Gavage + Weighting Euthanasia
and training
- |
| | 1 | 1 1 1 1 1 1
I 1 1 1 1 1 1 1 1 1 —
3 -2 1 0 1 2 5 6 Time (Weeks)

tm 111 3

IM SA BT IM SA BT IM SA BT
Post-mortem analyses:
Blood Blood IHC (int.estine, brain, spinal cord)
Sampling Sampling Transcriptome (duodenum)

Ghrelin dosage

Figure 21: Schematic representation of the time course of the experimental
procedure applied in C57BL/6J mice. At their arrival in the animal facility, 30 male mice
aged of 1 year were placed in quarantine for one week. After the quarantine, mice were
assigned to the different experimental groups (control, solvent- and rotenone-exposed
groups). The next week, basal measurements and trainings were performed for the
intestinal motility test (IM), the spontaneous activity test (SA) and the challenging beam
traversal test (BT). Blood sampling were performed for all mice before the start of the
experimental procedure (TO) to evaluated basal plasma ghrelin variations for each
individual mouse, as well as after 5 weeks of experimental procedure. After 1 month and
1.5 months of exposure, behavioral tests including intestinal motility, spontaneous activity
and beam tests were performed. After 6 weeks of exposure, animals were euthanized and
organs were collected for post-mortem analyses.
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1.1.2. Non-invasive intestinal motility test

In order to study the intestinal motility without euthanizing the animals, we adapted a
test from Wang et al. (2008). On the morning of the tests, mice were individually housed for 2
hours, between 08h30 and 10h30, in a cage equipped with a grid on the bottom to prevent
coprophagy. This new environment activates the autonomic nervous system, triggering
intestinal transit, and induces an exploratory behavior. The humber of excreted feces was
counted for each mouse every 15 min for 1 hour, and after 2 hours. 15 animals were
submitted to the test at the same time, and 3 different experimenters were scoring 5 animals
each, checking one another for accuracy of counting. The number of excreted feces was
later calibrated for 30 grams of body weight. All measures are expressed as mean + standard
error of the mean (SEM) of the number of feces excreted by each mouse of the same group
after 15, 30, 45, 60 and 120 min in the cage for each time-point of the exposure: TO before

the beginning of the exposure, T1 after one month and T1.5 after 1.5 months of exposure.

1.1.3. Spontaneous activity cylinder test

The spontaneous activity cylinder test, initially developed by Fleming et al. (2004), was
used to assess the spontaneous motor behavior of mice in a new environment. The mice
were individually placed for 3 min in a glass cylinder (Fig. 22). A mirror placed under the
cylinder allowed the precise observation of the movements made by the mouse with its fore-
and hindlimbs. Each session was recorded using a camera (Sony DCR-SX30), and later
analyzed in slow motion by several experimenters among whom one was blind to
experimental groups. The number of rearings, the time spent grooming, and the number of
steps with fore- and hindlimbs were counted. A rearing was defined as a vertical movement
with both forelimbs off the floor so that the mouse was standing only on its hindlimbs and
stretched its back. A step was counted when an animal sequentially moved both forelimbs
across the floor in one consecutive movement. A step was not counted if the time between
the movement of one limb and the other limb was longer than 5 sec. This test was performed
during the morning between 08h00 and 12h00, once before the beginning of the exposure
(TO), after 1 month (T1, Day 23) and after 1.5 months of the experimental procedure (T1.5,
Day 34). All data are presented as mean = SEM.
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Figure 22: Representation of the experimental
setting used for assaying spontaneous activity
in mice. A glass cylinder (height: 15.5 cm;
diameter: 12.7cm) was placed on a transparent
elevated surface under the safety cabinet in the
SOPF animal facility. A mirror was placed under the
cylinder to allow recording the animal’s movements
with a camera (Sony DCR-SX30).

1.1.4. Challenging beam traversal test
The fine motor coordination between fore- and hindlimbs was assessed using the
challenging beam traversal test (Fleming et al., 2004). The beam test was constructed out of
Plexiglas, and consisted of four sections. Each section of 25 cm in length decreased in width,
starting from 3.5 cm and narrowing by 1 cm at each section (see Fig. 23). Before starting the
exposures, i.e. at TO, the mice were initially trained for 2 days to walk the length of the beam

starting at the widest part of the beam and ending at the narrowest section in their home

cage.
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Figure 23: Schematic representation of the beam used for assaying skilled motor
behavior in C57BL/6J mice. A) The beam test was constructed out of Plexiglas, and
consisted of four sections. Each section of the beam measured 25 cm in length. The width of
the beam decreased of 1 cm at each section, starting from 3.5 cm and finishing to 0.5 cm. B)
On the test day, a mesh wired grid (1.2 cm? squares) was placed 1 cm above the beam and
the mice had to walk over the grid.

e
35cm1:

No further training was necessary throughout the duration of the experiment. On the test
days, a mesh wired grid (1.2 cm? squares) was placed 1 cm above the beam and the mice
had to walk over the grid. Each test session consisted of 5 beam traversals per mouse. The
sessions were recorded using a camera (Sony DCR-SX30), and each video was later
analyzed in slow motion by several experimenters among whom one was blind to

experimental groups. The number of missteps, called errors, the time needed for crossing
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and the number of steps needed to cross the beam were counted. A misstep through or
outside the grid was considered an error when a limb slipped beyond 0.5 cm below the grid
surface. All missteps made when a mouse stopped walking or when orientating its head in
another direction than forward, were not considered errors. The counting of the time and
number of steps started from the moment the mouse first moved forward and ended when
the first forelimb was placed in the home cage, at the end of the beam. It takes ~11 sec for a

well-trained healthy mouse to cross the beam.

1.1.5. Euthanasia and collection of samples
Six weeks after the beginning of exposures, mice were euthanized by an overdose of

anesthetics using intra-peritoneal injections of ketamine (120mg/kg) and xylasine (20mg/kQ).
Once deeply anesthetized, 6 mice per group (control, solvent and rotenone) were
decapitated before rapid sampling and freezing in liquid nitrogen of the brain (olfactory bulb,
mesencephalon and rest of the brain separated), the spinal cord (segments C1-C8, T1-L2
and L3-S4 separated), the small intestine (duodenum, jejunum and ileum separated), the
colon, the subcutaneous adipose tissue (SCAT), the stomach mucosa, the liver, the heart,
the kidneys together with adrenal glands, the gastrocnemius and soleus muscles for
transcriptomic studies. These samples were stored at -80°C until further use. The 4
remaining mice per group received a trans-cardiac perfusion with a 4% paraformaldehyde
solution (weight/volume) to later undertake immunohistochemistry analyses. From these 4
mice, the brain, the full spinal cord, the small intestine (according to the Swiss roll technique
described by Moolenbeek and Ruitenberg, 1981), the SCAT, the liver, the stomach, the
heart, the kidneys plus adrenal glands, the spleen, and the gastrocnemius and soleus
muscles were collected. All samples were post-fixated in a 10X volume of 4%
paraformaldehyde solution and kept at 4°C for at least 48 hours before further processing. In
parallel, our collaborator from Munich Cluster for Systems Neurology, Zentrum fur
Neuropathologie und Prionforschung, Dr. Pan-Montojo collected the intestines of 1 year old
mice exposed or not to 5mg/kg/d rotenone for 2 or 4 months. At the end of this exposure,
mice were euthanized and intestinal samples were washed in PBS, immediately frozen in

liquid nitrogen and stored at -80°C until further use.

1.2.  Transcriptome analysis
1.2.1.  RNA extractions
Total RNA was extracted from the duodenum of control, solvent and rotenone-exposed
mice (n=5 per group) using the RNeasy mini kit 250 (Qiagen, Courtaboeuf, France) in
accordance with the manufacturer’s instructions. Briefly, intestinal tissues were first weighted
and mortared in liquid nitrogen to prevent RNA degradation. The samples were then

homogenized in Qiazol Lysis buffer (1mL/100mg tissue, Qiagen, ref. 79306) using a potter
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tube. 200pL chloroform per 1mL Qiazol was immediately added, followed by centrifugation
(15 min, 10000G) to separate the solution in three phases. The nucleic acid phase was
transferred to a new tube. 500pL isopropanol and 1mL ethanol per mL of Qiazol were added
for nucleic acid precipitation. Total RNA was also extracted from human peripheral blood
mononuclear cells and Epstein-Barr virus (EBV)-transformed lymphoblastoid cell lines of PD
patients. Tubes containing cells frozen in RLT buffer (Qiagen, ref. 79216) were slowly
thawed on ice. Micropestles were used to mechanically dissociate the cells and break the
cellular membranes. 350uL of 70% ethanol were added for each 700uL of RLT buffer for
nucleic acid precipitation. After all RNA extractions, an additional purification step was
performed using Qiagen columns (Qiagen, RNeasy Mini Kit, ref. 74104) for all samples to
remove any leftover genomic DNA and salts. The quality of the extracted RNA was assessed

as followed:

a. RNA concentration of the samples was measured using a Nanodrop ND-1000
spectrophotometer (NanoDrop Technologies, Wilmington, USA). The Nanodrop also enabled
to check for the purity of the samples, by detecting the presence of residual salts or DNA.
Nanodrop uses absorbance measurements in which RNA will absorb at 260 nm. The
260/280 ratio is used to assess the purity of the RNA/DNA as it represents the ratio of acid
nucleic quantities compared to protein quantities. A ratio of ~2 is generally expected to
represent pure RNA. The 260/320 ratio is used as a secondary measure of RNA/salt

purification. A ratio of 2-2.2 is commonly expected.

b. RNA integrity was visualized on a 0.8% agarose gel (Invitrogen™ UltraPure™
Agarose, Thermo Fisher Scientific, lllkirch, France) diluted in 0.5X TBE buffer (Eppendorf,
Montesson, France). Two microliters of ethidiumbromide (MP, Q-Bio gene, lllkirch, France)
were added as a nucleic acid intercalating agent. A 1kb ladder was loaded together with the
RNA samples, and the gel was run for 25 min at 150 V. The gel was later observed in an
Image lab application system (Gel doc XR+, Bio-Rad, Marnes-la-Coquette, France) using the
Image lab software 3.0 (Bio-Rad). In absence of RNA degradation, the agarose gel
electrophoresis shows two main bands corresponding to 28S and 18S ribosomal RNA,
whose ratio is respectively 2:1.

c. Potential genomic or bacterial DNA contamination was assessed by PCR. RNA
polymerase alpha-subunit (Rpoa) primers were used for the detection of bacterial DNA, the
presence of which would result from a contamination of the sample by intestinal microbiota
during the extraction process, and primase DNA polypeptide 2 (Prim2) primers, whose
binding sites are located within introns, were used for the detection of eucaryotic genomic

DNA (both primers were ordered at Eurogentec, Angers, France; see table 6 below). A
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negative control with nuclease-free water instead of the RNA sample and positive controls
using known bacterial and genomic DNA were included. The PCR reaction was performed
using a PCR apparatus (Mastercycler epgradient S, Eppendorf). The PCR products were
visualized on a 3% agarose gel. Samples used for further reverse transcription (RT) and
gPCR were selected based on the overall quality and purity of the extracted RNA.

1.2.2.  Reverse transcription
Reverse transcription was performed on the extracted RNA using a high-capacity

cDNA RT kit (ref. 4368814, Thermo Fisher Scientific. For each sample, 250ng RNA diluted in
10uL nuclease-free water was added to 10pL RT mix containing deoxynucleotides, RT
buffer, random primers and the MultiScribe reverse transcriptase. The RT reaction was run
on the Mastercycler (Mastercycler epgradient S, Eppendorf) according to the following
sequence: 10 min at 25°C; 120 min at 37°C; 5 min at 85°C.

1.2.3.  Primer design
Primers were designed using the OLIGO Primer Analysis software 5.0 (National
Biosciences, Plymouth, USA), and the mouse genome sequences were obtained from the
UCSC genome database ( https://genome.ucsc.edu/ ). The genes investigated in the present

work were chosen based on literature data and their relevance to our study. A set of primers
was specifically designed for each gene of interest.

A Chr6qf3 |CEET=-mmm

s

Figure 24: Representation of the variants of the mouse Ghrl gene and the respective
positions of the primers used to amplify them. A) The mouse ghrelin gene (Ghrl) is
located on chromosome 6 at position 6gE3. B) Enlargement of the chromosomic region
showing the four identified Ghrl variants as listed in the UCSC database genome browser
(https://genome.ucsc.edu/cgi-
bin/hgTracks?db=mm10&lastVirtModeType=default&lastVirtModeExtraState=&virtModeType
=default&virtMode=0&nonVirtPosition=&position=chr6%3A113715090%2D113720779&hgsid
=547311775 1B1VOFgKeHhrs9X4tolaS7Vitia5v , as accessed on Mai 23rd 2014). As shown
on the upper line, the mouse ghrelin gene contains five exons (Ex1 — Ex5), including two
non-coding exons (Ex1 and Ex5) represented by black boxes. The forward primers and
reverse are represented by red and orange boxes respectively. No primers specific for
ghrelin variant 4 could be designed.
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The criteria imposed for the design of forward and reverse primers were no hairpin
formation, a minimum length of 16 bases, duplexes energies between 0 and 5kcal/mol, a
product length between 100-600bp, a similar GC content in each primer, and a difference
between primers melting points lower than 2.5°C. Table 6 below lists the primers designed
for each gene investigated in this study. We created primers for three of the four existing
variants of the mouse ghrelin gene. Figure 24 shows the position of each primer in these

three variants.

Since the main innervation of the gastro-intestinal tract is cholinergic, we designed
primers for choline acetyltransferase (Chat), an enzyme specific of mouse cholinergic
neurons. In addition, we also designed primers for the gene coding for the mouse homologue
of prohormone convertase 1/3 (Pcskl), an enzyme implicated in post-translational
modifications of ghrelin, as well as for the human ghrelin opposite strand RNA (GHRLOS).

All primers were ordered at Eurogentec, France.

Gene Species Primer sequence Tm (°C) | Product Primer set
Length Efficiency
(bp) (0-2)
Rpoa | F| B GTGACCCTTGAGCCATTAG 62 75 NA
R AGACGAAAGCAGAATACGG 62
Prim2 | F] M GGAGTCTCTGGGCATCTTTA 59 300 NA
R CGAGTCCGCTTTCATCTTTTG 59
Ghrl-1 | F] M TGAGCAGGCACCACATC 65.5 250 1.67
R GCTTGTCCTCTGTCCTCTG 65.5
Ghrl-2 | F] M AGAAAGCCCAGAGAAAGGAA 69 262 1.67
R GTCCGTGGTTACTTGTCAGC 69
Ghrl-4 | F] M GCCCAGTTCAATGCTCCCTTC 69 146 1.88
R CCTGTCCGTGGTTACTTGTC 69
Pcskl | F| M CAAACAGGGGAGACAAGG 65.5 119 1.69
R TGATAGAGATGGTGTAAATGCTG 65.5
Chat | F| M GTGAGACCCTGCAGGAAAAG 59.0 100 1.67
R GCCAGGCGGTTGTTTAGATA 59.0
GHRLOS | F| H TGCCCTGTCAGTTACGGA 60 179 1,93
R TTCGTCCTCACCCTCAAG 60

Table 6: Primers designed for the present study and primer conditions. For
transcriptome analyses, primers were designed using the OLIGO primer analysis software
5.0 (Molecular Biology Insights, USA). For each primer, the sequence, the melting
temperature, the product length and the efficiency of the primers to bind specifically to their
target DNA are presented Ghrl-1 to 4 represents ghrelin transcript variant 1 to 4. Chat
primers were designed to amplify choline acetyltransferase. Pcskl primers were designed to
recognize the mouse prohormone convertase 1/3. Prim 2 primers recognize the sequence of
the gene which codes for the Primase DNA polypeptide 2 and Rpoa primers amplify a
sequence of the RNA polymerase alpha-subunit gene. Primers were also designed for the
ghrelin opposing stand (GHRLOS) human gene. B: bacteria; M: Mus musculus; H: Homo
sapiens.

The conditions for each set of primers were first validated using PCR and gPCR to determine
their actual optimum temperature, and to observe whether they amplify only one amplicon at

the expected size, as given by the OLIGO program and in silico predictions.
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1.2.4. Quantitative PCR

Real-time quantitative PCR (qPCR) were performed using 1uL cDNA, a power SYBR-
green gPCR mastermix (Thermo Fisher Scientific) and the specific primers for each gene to
be amplified. gPCR were run in a StepOne plus real-time PCR system (Applied Biosystems)
following the earlier determined optimum amplifying temperatures for each set of primers. A
10 cycle-long touchdown starting 10°C higher than the optimum temperature and decreasing
of 1°C per cycle was included in to obtain higher amplification specificity. The touchdown was
followed by a 40 cycle-long stage with primer specific optimum temperatures, and at last an
additional melting curve step was included. All samples, including the negative controls in
which no DNA was included, were analyzed in triplicate, and peptidylprolyl isomerase A
(Ppia) was used as a reference gene for mouse samples whereas Mannosidase Alpha Class
2B Member 1 (MAN2B1) was used as a reference gene for human samples. Strict criteria
were applied for the reference genes. Indeed, the reference gene should have the same
expression in all 3 groups and similar cycle/threshold (CT) values should be observed
compared to the interest gene. The results were analyzed using LineRegPCR program
(version 2012.3, the Netherlands), which performs a baseline correction and calculates the
primer efficiency (Ruijter et al., 2009). Quantitative gene expression was expressed as CT.
For each sample this value was normalized to the expression of the reference gene as delta
CT represented as 2-2(*CT) (Livak and Schmittgen, 2001).

1.3.  Immunohistochemistry

Immunohistochemical analyses were performed in collaboration with Dr. Anna Bencsik
and Mr. Mikaél Leboidre (ANSES, department of Neurodegenerative diseases, Lyon,
France). The post-fixated tissues (brains and intestines) were processed in an automatic
inclusion system (Gemini 2012) with three steps of 60 min incubations in increasing
concentrations of ethanol (75%, 80% and 95%), followed by three 90 min-long incubations in
100% ethanol and three incubations of 60 min in xylene for dehydration. After processing,
brains were cut rostro-caudally into 5 pieces (Fig. 25A). These pieces were then placed into
a dish and embedded in the same paraffin block (Fig. 25B). Such a disposition enables to
quickly visualize the whole brain on one slide. The Swiss-rolled intestines were put in a dish
and were embedded in paraffin. The Swiss-roll method allowed us to visualize all parts of the
tissue on the same slide. The paraffin blocks were then cut on a microtome (Thermo-
Electron) in 5um-thick slices. Sliced tissues were directly put on poly-L-lysine coated slides
and washed with citrate and PBS. The slides were incubated for 5 min with 0.3% H.O, to
eliminate endogenous peroxidase activity, followed by 2 washing steps with PBS-tween.
Proteinase K (Roche Diagnostic, Meylan, France, 50 pg/mL) diluted in PBS was added and

incubated for 10 min at 37°C. Slides were then saturated with blocking reagents (Roche
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Diagnostic) for 30 min at room temperature, followed by an overnight incubation at room
temperature with the primary antibody raised against tyrosine hydroxylase in 0.1M PBS and
0.1X Triton X-100.

Figure 25: lllustration of the procedures for embedding mouse brain and intestinal
samples. A) Schematic representation of the different positions of the section of mouse
brains before embedding. Whole brains were sectioned into 5 pieces at Bregma +0.38mm, -
1.82mm, -3.80mm, -5.40mm, and -6.24mm to allow the observation of respectively the
striatum, the hippocampus, the mesencephalon and the cerebellum on one slide. A1 and A2
represent the reference sites of the SNc. B) Photographs showing the 5 sections of the same
brain once placed into a dish before paraffin embedding. 1-5 corresponds to the rostro-
caudal orientation of the sections as presented in A. C) The intestines were rolled around a
wound stick and transferred into un inclusion plastic dish for further paraffin embedding as
detailed by Moolenbeek and Ruitenberg (1981).

After incubation, the slides were washed twice in PBS-Tween. They were further incubated
for 1 hour at room temperature in the secondary antibody (biotinylated anti-rabbit IgG, BA-
1000, Vector Laboratories, Burlingame, CA, USA) 7.5ug/mL in 0.1M PBS and 0.1X Triton X-
100). The slides were then washed with PBS and incubated with the ABC complex (pk6100,
Vector Laboratories) for 30 min to reveal the antibody staining. The staining was observed
using DAB (SK-4100, Vector Laboratories) for 10 min. The slides were analyzed under a light

microscope Zeiss Axiolmager Z2 using the 10X objective.
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1.4. Ghrelin dosage in the plasma
1.4.1. Blood sampling

To characterize the pattern of ghrelin production in the mouse plasma, acyl- and
desacyl-ghrelin plasma concentrations were measured in 1 year old males and 4/5 months
old C57BL/6J female mice after an overnight fast (food removed at 19h00) and at different
time-points after access to the food. The blood sampling procedure for female mice was
undertaken as followed: blood was sampled around 08h00 the following morning.
Immediately after the first sampling, mice were given ad libitum access to food and blood
was sampled again after 30, 60, 90, 120, 150 and 180 min. Blood was collected in microvette
CB 300 K2E capillarity tubes (Sarstedt AG & Co, Numbrecht, Germany) and kept on ice
before further processing. These tubes contain ethylene diamine tetra-acetic acid (EDTA)
(Sarstedt) to prevent blood clotting, and 2 pL 4-hydroxymercuribenzoic acid (PHMB, Sigma-
Aldrich, Saint-Quentin-Fallavier, France) per 100 puL blood was added to prevent protein
degradation. Samples were centrifuged to collect the plasma and 0.1M hydrogen chloride
(HCI, Sigma-Aldrich) was added to prevent the degradation of acyl-ghrelin. The samples
were stored at -80°C until further use.

In 1 year old C57BL/6J male mice blood samples were collected after an overnight fast.
Immediately after the first sampling the mice were given access to food for 30 min only, and
blood was immediately sampled again after 30 min. After this sampling the mice were put in
a clean cage without food to prevent irregular variations of ghrelin concentrations due to
continuous food intake. Blood was sampled again after 1.5 hours, after which mice were
placed back in their home cages. According to the current ethical standard, the total volume
of blood taken over 3 samplings did not exceed 15% of one mouse’s body weight, which
represents 450 pL for a mouse of 30 grams. For mice weighing less than 30 grams only two

samples were taken. Blood-containing tubes were processed as described above.

1.4.2. Dosage of acyl- and desacyl-ghrelin in plasma samples

Ghrelin assays were performed by Dr. Virginie Tolle, Dr. Philippe Zizzari and Mr.
Grouselle (INSERM UMR894, department of neuroendocrinology of growth senescence,
center of psychiatry and neurosciences, Paris). Both acyl- and desacyl-ghrelin were
measured using an enzyme immunometric assay (EIA) kit (respectively A05117 and A05118,
Bertin Pharma, Montigny-le-Bretonneux, France). The procedure is based on a double-
antibody technique as shown figure 26 below. Briefly, plasma samples or the culture medium
in the case of in vitro studies were diluted 5 times in the EIA buffer to avoid matrix effect. A
standard curve was generated with either acyl- or desacyl-ghrelin concentrations ranging
from 1.96pg/mL up to 250pg/mL. The wells of the plate supplied with the kit are coated with a
monoclonal antibody specific to the C-terminal part of ghrelin, and will therefore bind all

forms of ghrelin present in the plasma samples. An anti-acetylcholinesterase (AChE) - Fab’
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conjugate antibody (or Tracer) which recognizes the N-terminal part of either acyl- or

desacyl-ghrelin was added to the reaction mixture.

iAChE labelled antibody Reading at 414 nm
s Ghrelin
Capture antibody
| | | I | I | I | l : !
Immunological reaction
3 hours at room temperature Ellman’s reagent
n's reage

X

S MY

Figure 26: Principle of the enzyme immunometric assay for measuring acyl- and
desacyl-ghrelin concentrations. The dosage of ghrelin was performed with the double-
binding procedure of the enzyme immunometric assay (EIA) kit (A05117 and A05118, Bertin
Pharma). Plasma samples were added in pre-coated wells which contain a monoclonal
antibody specific to the C-terminal part of both acyl- and desacyl-ghrelin. An anti-
acetylcholinesterase (AChE) - Fab’ conjugate antibody (called Tracer) which recognizes the
N-terminal part of either acyl- or desacyl-ghrelin was added to the wells and the plate was
incubated 3 hours at room temperature. Each well was washed 5 times with the commercial
washing buffer provided in the kit: this removes excess unbound antibodies from the well.
After addition of Ellman’s reagent, which recognizes the Tracers bound to acyl- or desacyl-
ghrelin, the yellow substrate was detected on a spectrophotometer plate reader after
excitation at 414nm (Adapted from Bertin Pharma kit instructions).

This technique allows the two antibodies to form a sandwich by binding different parts of the
acyl- or desacyl-ghrelin. The immunological reaction was incubated for 3 hours at room
temperature followed by several washing steps in the washing buffer provided. Ghrelin
concentrations were determined by measuring AChE enzymatic activity using Ellman’s

reagent. The plates were red between 405-414 nm with a spectrophotometer plate reader.

1.5. Western blot analyses
1.5.1. Protein extractions for western blot
Protein extractions were performed in an ice-cold eppendorf holder using 300uL ice-
cold protein extraction buffer (60 mM TrisHCI (pH 6.8), 1ImM Na3VvO4, 1% SDS) in the
presence of protease and phosphatase inhibitors (phenylmethylsulphonyl fluoride (PMSF,
Sigma-Aldrich ref. 78830-5g), leupeptin (ref. 11017101001, Roche Applied Science,
Mannheim, Germany), aprotinin (Roche, ref. 10236624001) and sodium fluoride (NaF,
Sigma-Aldrich, ref. S7920-100g)). Frozen (-80°C) intestine samples were cut in smaller
pieces and immediately homogenized using a homogenizing micro-pestle in 1.5 mL

Eppendorf tubes. Homogenized samples were then placed in a sonicator (Merck eurolab,
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Darmstadt, Germany) during 2 min, heated at 99°C during 5 min and centrifuged at 1400 rpm

for 5 min. Supernatants were collected and stored at -80°C until use.

1.5.2. SDS-PAGE and western blot

These experiments were undertaken in part in the laboratory of Lille and completed in
the laboratory of Dr. Pan-Montojo in Minchen. The protein concentration from intestine
extracts was measured using the Nanodrop X100. Samples were further diluted to adjust the
final protein concentration to 30pug. Twenty pL of protein extracts per sample were loaded
together with 5 pL of loading buffer (Thermo Fisher Scientific) onto a 4-12% polyacrylamide
gel. Page ruler 10-250 kDa molecular weight markers (Thermo Fisher Scientific, ref. 26619)
were used for size estimation. Proteins were separated by electrophoresis migration at 80V
in the 4% acrylamide stacking gel followed by migration at 120V in the 12% acrylamide gel.
Proteins were then transferred onto a nitrocellulose membrane (0.45um, ref. 10600002,
Amersham™ Protran™ Velizy-Villacoublay, France) in transfer buffer (191.8mM glycine,
231.1mM Tris Base, 5% Methanol), at 10V for 3 hours. To check for the efficiency of the
transfer, membranes were incubated in a Red Ponceau solution (3.94uM, ref. 5938.1, Carl
Roth, Karlsruhe, Germany) for 2 min and washed 3 times 5 min in deionised water. The
aspecific signal was then blocked by incubation of the membranes in Tris-buffered saline +
0.1% Tween 20 (1X TBST) and 5% (w/v) non-fat dry milk. Membranes were subsequently
incubated overnight at 4°C in the blocking solution containing either a rabbit anti-tyrosine
hydroxylase antibody (TH, 1:1000, P40101-150, Pel Freez Biologicals, Rogers, AR, USA), or
a mouse anti-glyceraldehyde 3-phosphate dehydrogenase (Gapdh, 1:1000, Thermo Fisher
Scientific, ref. QL229972), or a rabbit anti-choline acetyltransferase antibody (Chat, 1:1000,
ref. ab181023, Abcam, Cambridge, UK), or a rabbit anti-Pgp9.5 antibody (1:1000, Millipore,
Molsheim, France, ref. AB1761-I). On the following day, membranes were washed 3 times 5
min in 1X TBST and incubated with horseradish peroxidase-conjugated anti-rabbit or anti-
mouse secondary antibodies (1:5000, Thermo Fisher Scientific) at room temperature for 1
hour. The blots were subsequently washed 3 times for 5 min in 1X TBST and revealed with
the Prime Western Blotting Detection Reagent (ref. RPN2232, GE Healthcare Amersham)
using the LAS3000 bioimager (Fujifilm, Minchen, Germany, EU). Images were analyzed
using the open access and the ImageJ-based program FIJI (www.fiji.sc), where only minor

adjustments of the brightness and contrast were performed.

2. Invitro experiments

2.1.  Primary cultures of mouse mesencephalic neurons

2.1.1. Coating conditions
Two days before isolation of the cells, the wells of a TPP® 96 wells plate or a Greiner

96 wells plate were coated with 55puL of 50ug/mL poly-D-lysine (PDL, Sigma-Aldrich, ref.
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P7280-5mg) The plate was then incubated at 37°C during 20 min and placed in the fridge
until the next day. One day before the isolation, the PDL was aspirated and the wells were
washed with PBS for 5 min before adding another 55uL of PDL for further incubation during
20 min at 37°C. The plate was then stored overnight in a sterile environment of the
microbiological safety cabinet. The day of the experiment, the PDL solution was aspirated

and 3 washings with PBS were done for 5 min each.

2.1.2. Isolation of mouse primary mesencephalic cells
C57BL/6J gestating mice were euthanized by cervical dislocation at the 14th day of

gestation. A laparotomy was performed in order to identify the horns of the uterus, isolate
them and transfer them in a petri dish containing ice-cold PBS. After opening the uterus
horns, the embryos were transferred into a new dish with ice-cold PBS and immediately

decapitated.

Figure 27: Pictures showing the different steps of the isolation of mouse embryonic
mesencephalon. A) The mouse is euthanized through cervical dislocation and placed on a
clean surface in dorsal decubitus position. B) An incision is made in the abdomen of the
mouse to perform a laparotomy. C) The opening is enlarged to have full access to the
internal organs. The uterus horns should be observed at this step as indicated here by the
white arrow. D-F) The uterus horns are isolated, taken out and placed in a Petri dish
containing ice-cold sterile PBS. G-H) Each embryo is freed from the amniotic bag and
transferred into a new Petri dish with ice-cold sterile PBS. I-J) Embryos are rapidly
decapitated using two sharp forceps. The heads are transferred into another Petri dish
containing ice-cold PBS. K) Whole brains are extracted from the skulls and transferred in
another Petri dish containing ice-cold PBS. One mesencephalon is shown on the picture
through the white dotted line. L) Mesencephalon are isolated using two sharp forceps and
transferred in a new Petri dish. The meninges, indicated by the white arrow, are then
removed from each tissue.
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The entire brain was removed from the skull and the mesencephalon was isolated as
shown figure 27 Dbelow. Briefly, meninges were removed before transferring all
mesencephalon into a new empty petri dish. Two milliliters of trypsine/EDTA (Thermo Fisher
Scientific, ref. 25200072) were added on the top of the mesencephalon. The enzymatic
solution was then aspirated with a 1000uL pipet and transferred into a 15 mL falcon tube
containing 3 mL of Hank’s Balanced Salt Solution and 60uL of DNAse (0.02% solution in
water). This tube was incubated at 37°C during 7 min with moderate shaking of the tube,
every minute to increase the surface of contact of trypsin with the tissues while being gentle
enough to keep the tissues in the enzymatic solution. At the end of the incubation, 2 mL of
N2 medium (Neurobasal-A, L-glutamine 2mM, 1% N2 supplement, 200u/mL penniciline,
200u/mL streptomycine, 10% fetal bovine serum, 2mM glucose) were added into the tube to
stop the reaction. After 2 min of centrifugation at 800rpm, the pellet was suspended in N2
medium containing DNAse (20uL/mL of medium at 0.02% concentration) and the tissue was
further dissociated into a cell suspension through mechanical dissociation using a Pasteur
pipet. Cells were then counted onto a Malassey system and N2 medium was added to the
solution to obtain a final concentration of 1.10° cells/mL (for information, it takes about 6
embryos to obtain 6 mL of cell suspension at 1.10° cells/mL). 100ul of this cell suspension
were plated in each well. After 4 hours, 20uL of medium were removed from each well to
eliminate dead floating cells. Isolation day is considered as day in vitro 0 (DIV 0). The next
day (DIV 1), 40uL of medium were replaced in the well by 40 pL of new N2 medium. On DIV
4, 60pL of medium were removed from each well and replaced by 60uL of Medium A
(Neurobasal-A, 2mM L-glutamine, 10mL B-27® Supplement (50X), 200u/mL penniciline,
200u/mL streptomycine, 2mM glucose). This procedure was further repeated on DIV6 and
DIV8. On DIV10, cells were fixated during 20 min with 4% paraformaldehyde for
immunocytology or proteins were extracted in an adapted lysis buffer (see 8§1.3.1. above) for

WB analyses.

2.1.3. Invitro model of dopaminergic degeneration

A stock solution of 8mM of the pesticide rotenone was first prepared in pure ethanol
and stored at -20°C. Before each use, the tube containing the stock solution was placed in
the ultrasound bath during 2 min to fully dilute the rotenone which tends to precipitate in
ethanol at this concentration. Two sequential intermediate dilutions were prepared to obtain a
final concentration of 5nM or 10nM in the wells. Primary mesencephalic cells were exposed
to the pesticide from DIV7 to DIV10. A solvent condition, in which cells were exposed to the
same quantity of ethanol used to dilute the rotenone, and a control condition, in which cells

were only exposed to the culture medium, were included for all experiments.
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2.2.  Immunocytology

After ten days of culture, the medium was removed from the wells and replaced by a
solution of propidium iodide (PI, ref. 81845-25mg, Sigma-Alfrich) diluted to 1/75. The plate
was then placed in the incubator at 37°C for 30 min. Propidium iodide is a nuclear staining
molecule which enters only the cells with a damaged membrane. After incubation, the plate
was placed into the Opera, an automatic confocal fluorescent microscope with climatization
control allowing the study of fluorescent staining in a chamber with controlled temperature,
humidity and CO; concentration. Pictures of 10 fields per well were taken following a circular
pattern at the periphery of the well and later analyzed with the Image J software. The cells
were then incubated in 4% paraformaldehyde for 20 min at 37°C for fixation. After removal of
the paraformaldehyde, three washes with PBS were performed for 5 min each. Blocking of
non-specific antigens was achieved using 5% donkey serum and 0.05% Triton-X100 in PBS
during 1 hour at room temperature. The cells were then incubated overnight with the anti-
tyrosine hydroxylase primary antibody (1:500, Millipore, ref. MAB318) at 4°C. The following
day, after three washes of 5 min each with PBS, cells were incubated with the Alexa Fluor®
488 donkey anti-mouse IgG secondary antibody (1/500, Thermo Fisher Scientific, ref.
A21202). After three washes in PBS, TH-positive cells were manually counted following a
cross pattern, therefore allowing the quantification of TH-positive cells in the periphery of the
well where they are numerous and the center of the well where they are sparse, under an

inverted microscope (Olympus IX50).

2.3.  Automated Pl-positive nuclei quantification

The number of Pl-positive cells was automatically quantified in ten fields per well using
the Image J software. Briefly, images were duplicated and their intensity adjusted with the
“Otsu dark” function of the software, therefore transforming the fluorescent stained-nuclei into
black dots with a white background. Adjacent nuclei were separated with the “Watershed”
function. Finally, the number of particles whose size was comprised between 10 pixels and
the infinity was counted, therefore excluding the artefactual particles. The number of PI-
positive cells for each field of the same well was then manually added to obtain the total

number of Pl-positive cells per well and per condition.

2.4.  Sampling of the culture medium
In separated plates which were not used for immunocytology analyses, cells were
exposed to acyl- or desacyl-ghrelin at DIV7 for up to two days. At the end of this exposure,
50uL of culture medium were collected from each well and transferred into an Eppendorf
tube. For each time of exposure and each condition twelve tubes were sampled: 3 tubes of

medium were immediately frozen in liquid nitrogen without any further processing, 3 tubes
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contained medium and HCI 0.1M to acidify the plasma and prevent desacylation of acyl-
ghrelin, 3 tubes contained medium and 1mM PHMB to inhibit the activity of proteases, and
the last 3 tubes contained medium, 0.1M HCl and 1mM PHMB. Moreover, additional controls
were prepared at the same time with solutions which were not in contact with the cells: 1
tube containing medium, 1 tube containing medium and 0.1M HCI, 1 tube containing medium
and 1mM PHMB, and 1 tube containing medium, 0.1M HCI and 1mM PHMB.

3. Statistical analyses

All data are presented as mean + SEM except when specified. Since the number of samples
per condition was inferior to 30, non-parametric statistics were applied. The data are
processed using GraphPad Prism 5.04. Unless noted otherwise, all data are tested for
significance (p<0.05) using Kruskall-Wallis (for the comparison of variables in in vivo
behavioral analyses at one specific time-point of exposure to the pesticide rotenone (for
example comparison between control, solvent- and rotenone-exposed mice at the beginning
of the experimental procedure) and of ghrelin concentrations between control, solvent- and
rotenone-exposed mice at each time-point of the in vitro exposure), Mann Whitney (for
western blot data) or Friedman (for repeated measures such as food consumption, daily
weight and behavioral data acquired for each mouse throughout all the experimental
procedure), and a Dunn’s multiple comparison post-hoc.
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CHAPTER 5: RESULTS

|.  Ghrelin: a potential disease-modifying agent in PD?

Study in primary mesencephalic cultures

No mouse dopaminergic neuronal cells endogenously expressing the ghrelin receptor
GHSR1a was commercially available at the beginning of our work. After a detailed review of
the literature, we identified the MES23.5 cells as fulfilling both criteria. However, as detailed
in chapter 3 §2.3., these proliferative cells do not reproduce the natural physiology of
dopaminergic cells of the SN. We therefore decided to develop a model of primary
mesencephalic cultures reproducing a moderate death rate of TH-positive cells after
exposure to low doses of the pesticide rotenone. These cultures contain 2-4% of TH-positive
cells and a majority of glial cells, providing the neurotrophic factors needed to maintain TH-
positive cells in a good condition throughout the duration of the culture (Gaven et al., 2014).
Subchronic exposure to low doses of the pesticide rotenone induces a moderate rate of TH-
positive cell death which was estimated between 30% and 70% with 10nM of rotenone for 2
and 4 days respectively (Radad et al., 2008; Dr. Pan-Montojo’s personal communication).
This is an important face validity criterion since PD motor symptoms appear when 50% of SN
dopaminergic neurons are dead (Bernheimer et al., 1973; Riederer and Wuketich, 1976),
therefore an accurate model of PD early stages must present less than 50% neuronal death.
In addition, this cellular model presents good construct validity since exposure to the
pesticide rotenone is known to induce PD in humans (Tanner et al., 2011a). Based on
previous experiences of our collaborator Dr. Pan-Montojo with such cultures, we modified the
protocol published by Radad and colleagues (2008) as detailed in the Material and Methods
section (8§ 2.1.2., p109).

1. Effect of acyl-ghrelin exposure on primary mesencephalic cells
Before studying the potential role of ghrelin as a disease-modifying agent in mouse

primary mesencephalic cells exposed to rotenone, several parameters needed to be
determined. Indeed, although ghrelin had already been studied as a disease-modifying agent
in several PD-related in vitro studies (Bayliss and Andrews, 2013; Kenny et al., 2013; Moon
et al., 2009), its effect on mouse primary dopaminergic cells had never been described. It
was therefore essential to check that it was not toxic in our conditions of culture. Primary
mesencephalic cells were thus exposed from DIV3 to DIV10 to increasing concentrations of
acyl-ghrelin alone (0.3, 1, 3, 10, 30, 100, 300 and 1000nM). These exposures were
performed in sextuplets. As readouts, we assessed the number of TH-positive cells and the
half-life of acyl-ghrelin in the culture medium after its addition to the wells to determine the

best interval between two consecutive additions of ghrelin in the medium.
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1.1. Longterm ghrelin exposure and survival of TH+ cells

The effect of acyl-ghrelin alone for seven days on mouse primary mesencephalic cells
was determined by evaluating the morphology and counting the number of TH-producing
cells. As shown figure 28A, the total number of TH-positive primary mesencephalic cells did
not significantly differ between conditions compared to control cells (mean number = 38.40 +
2.16 TH-positive cells in control conditions compared to 48.80 £ 7.37 for the highest dose of
ghrelin, n.s.). Similarly, acyl-ghrelin had no effect on the morphology of TH-positive cells (Fig.
28B). Indeed, TH-positive cells present an oval soma and numerous and well extended
processes in all conditions tested. We chose the dose of 100nM of acyl-ghrelin for the
following experiments since it did not alter the number of TH-positive neurons in culture and

corresponds to the mean dose used in most published studies.
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Figure 28: Acyl-ghrelin does not alter primary mesencephalic cells. A) Mean number of
tyrosine hydroxylase (TH)-positive cells in control conditions (C) and after seven days of
increasing concentration of acyl-ghrelin (AG0.3, AG1, AG3, AG10, AG30, AG100, AG300
and AG1000). The number of TH-positive cells is expressed as a percentage of control cells.
The exposure was performed in sextuplets. Data are plotted as mean = SEM. B)
Representative photographs of the global morphology of TH-positive primary mesencephalic
cells under control conditions (a) or after seven days of exposure to 1000nM of acyl-ghrelin
(b) as assessed by immunocytochemistry using an anti-TH antibody (clone LNC1, MAB318
Millipore) under a light microscope (Olympus IX50) at the 20X objective. Red and green
arrowheads indicate the soma and the processes respectively.
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In conclusion, the exposure of mouse primary mesencephalic cells to acyl-ghrelin
alone for seven days does not alter the global morphology or the number of tyrosine
hydroxylase-producing cells. This indicates that long-term exposure to acyl-ghrelin
has no deleterious effect on the survival of TH-positive primary mesencephalic
neurons in culture.

1.2.  Acyl-ghrelin half-life in the culture medium

Acyl-ghrelin is known to exhibit a short half-life in biological fluids (Delhanty et al.,
2015), which has been for example estimated at 8 min in the rat blood (Hosoda and
Kangawa, 2012; Tong et al., 2013). It was therefore also expected to exhibit a short half-life
in vitro. The next step of our study consisted in investigating the half-life of acyl-ghrelin in the
culture medium. It was indeed essential to determine not only the stability of acyl-ghrelin in
our culture conditions, but also the frequency at which it should be added in long-term
exposure protocols.

After exposure of primary mesencephalic cells to acyl-ghrelin during different length of
time, the medium was collected for each condition. Different storage conditions were tested
to determine the best adapted procedure for further use of the samples. The results,
presented in figure 29, showed that acyl-ghrelin concentrations greatly decreased in the
minutes following its addition in the culture medium while desacyl-ghrelin concentrations,

although heterogeneous during the experiment, stayed high for several hours.
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Figure 29: Kinetic study of acyl- and desacyl-ghrelin concentrations after the addition
of acyl-ghrelin in the culture medium. Variation of acyl-ghrelin (A) and desacyl-ghrelin (B)
concentrations in the culture medium over time. 100nM of acyl-ghrelin were initially added in
the culture medium (time O min) at DIV 7 until DIV9. The experiment was performed in
triplets for each condition tested. In green the medium was collected and immediately frozen
at -80°C until further processing; in violet, 0.1M HCI| was added after collection of the
medium; in blue 1ImM of PHMB was added after collection of the medium; in orange 0.1M
HCl and 1mM of PHMB were added to the samples before freezing at -80°C.

Acyl-ghrelin was indeed rapidly degraded in the culture medium and was not detected

anymore after 10 min of its addition if no further processing of the collected medium was

116



ensured (Fig. 29A, green curve). The addition of the protease inhibitor PHMB immediately
before freezing the samples prevented further degradation of acyl-ghrelin. However, even in
presence of PHMB, acyl-ghrelin was fully degraded one hour after its addition to the culture
medium. Surprisingly, although only pure acyl-ghrelin was resuspended in solution, desacyl-
ghrelin concentrations were elevated from the beginning of the experiment until one day after
the addition of acyl-ghrelin. The addition of PHMB and/or HCI did not clearly modify the
concentrations of desacyl-ghrelin in the culture medium.

In the contrary, the addition of the protease inhibitor PHMB to the culture medium prior
to freezing enabled a better preservation of ghrelin acylation state. This protocol was
therefore adopted as the standard procedure for all further experiments assaying ghrelin
concentrations in the culture medium. These results were confirmed in a second independent
experiment undertaken in triplicate in primary mesencephalic cells exposed or not to 100nM
acyl-ghrelin for 10 min.
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Figure 30: Acyl- and desacyl-ghrelin concentrations after the addition of acyl-ghrelin
in the culture medium. This graphs represents variations of acyl- and desacyl-ghrelin
concentrations in samples immediately frozen after the initial addition of 100nM of acyl-
ghrelin (Ghrl) in the culture medium at DIV 7 (TO) or after 10 min of exposure to the cells (T
10 min). In brown the medium was collected and immediately frozen at -80°C until further
analyses; in orange 1mM of 4-hydroxymercuribenzoic acid (PHMB) was added after
collection of the medium. The medium frozen directly after the addition of ghrelin (TO) is
presented in green and in blue, in absence or presence of PHMB respectively. The medium
frozen 10 min after the addition of acyl-ghrelin to the culture medium is represented in violet
and pink, in absence or presence of PHMB respectively. The experiment was performed in
triplets for each condition tested. Data are plotted as mean + SEM.

Like in the previous experiment, acyl-ghrelin concentrations were higher after 10 min of
exposure to the cells if PHMB was added to the collecting tubes compared to directly frozen
culture medium after sampling (mean values = 90980 pg/mL + 13948 versus 10 pg/mL = 0
respectively, cf. Fig. 30). Desacyl-ghrelin concentrations after 10 min of exposure were lower
when PHMB was added to the collecting tubes compared to directly frozen culture medium
after sampling (mean values = 31380 pg/mL = 5370.70 versus 165480 pg/mL = 28694
respectively).
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In conclusion, this set of experiments established the absence of toxicity of acyl-
ghrelin on primary mesencephalic cells whatever the concentrations used. Moreover,
acyl-ghrelin was fully degraded within 1 hour of its addition in the culture medium,
even in the presence of the protease inhibitor PHMB. This observation should
therefore be taken into account for long-term experiments. Finally, caution must be
taken in the storage and further use of the culture media after ghrelin exposure,
notably with the addition of the protease inhibitor PHMB in the collecting tubes as it is

the case for handling plasma samples.

2. Investigation of ghrelin’s neuroprotection potential in a cellular model of
parkinsonism

2.1. Assessing construct and face validities of the cellular model

As detailed in the introduction (cf. chapter 1 82.2.1.3.), exposure to the pesticide
rotenone is known to induce PD in humans (Tanner et al., 2011a). Moreover, PD being a
progressive neurodegenerative disease evolving over decades, it is important to develop a
protocol of exposure to rotenone which involves at least several days of exposure to the
pesticide. In addition, it is estimated that PD characteristic motor symptoms appear after 50%
of the dopaminergic neurons of the SN are dead (Bernheimer et al., 1973; Riederer and
Wuketich, 1976). We therefore determined the dose and duration of exposure to rotenone
necessary to reproduce, as closely as possible in an in vitro model limited by the maximum
length of culture for primary cells, the progressive neuronal death occurring in the brain of PD
patients. Based on data available in the literature, and previous experiments undertaken in
the laboratory of Dr. Pan-Montojo, mouse primary mesencephalic cells were exposed to 5nM
or 10nM of rotenone during 2 or 3 days from DIV8 or DIV7 respectively. The number of
tyrosine hydroxylase-positive cells in the wells was assessed at DIV 10 at the end of this
exposure. The exposure of mouse primary mesencephalic cells to 5nM rotenone did not
induce a significant decrease in the number of TH-positive cells after two or three days of
exposure (Fig. 31A). Similarly, it did not modify the global morphology of TH-producing
neurons (Fig. 32). In the contrary, 10nM of rotenone decreased the number of TH-positive
primary mesencephalic cells by 32% or 61% after two days or three days of exposure
respectively (mean number of TH-positive neurons: C = 17.81 + 3.94, R5 = 17.66 * 4.17,
R10 = 12.16 £ 6.76, n.s. compared to controls after two days of exposure; C = 17.00 £ 4.60,
R5 = 14.33 + 412, R10 = 6.66 £ 2.08, n.s. compared to controls after three days of

exposure).
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Figure 31: Mean number of tyrosine hydroxylase-positive neurons in mouse primary
mesencephalic cells exposed to rotenone during two or three days. A) Number of
tyrosine hydroxylase (TH)-positive cells after two days of exposure to 5 or 10nM rotenone.
B) Number of TH-positive cells after three days of rotenone exposure (*p<0.05, compared
to solvent 5nM). For each condition, TH-positive primary mesencephalic cells were counted
in 6 wells. Data are normalized and presented as percentage of control cells. Data are
plotted as mean + SEM.

Moreover, the exposure to 10nM of rotenone strongly modified the morphology of the
surviving neurons which present less developed and less branched processes, as if the cells
would be shrinking (Fig. 32).

Figure 32: Morphology of tyrosine hydroxylase-positive primary mesencephalic cells
after three days of exposure to the pesticide rotenone. Representative photographs: A)
of control cells showing an oval soma, indicated by a red arrowhead, and numerous long and
branched processes, as indicated by a green arrowhead, B) of cells exposed to 5 nM
rotenone during three days from DIV7 to DIV10, and C) of cells exposed to 10nM rotenone
during three days from DIV7 to DIV10.

In conclusion, for the following experiments, mouse primary mesencephalic cells
were exposed to the two doses of rotenone when possible, i.e. when a sufficient
number of cells per isolation could be reached. We focused on the exposure to 10nM
of rotenone during three days from DIV7 to DIV10 when the number of cells isolated
was limited as this protocol induced a significant deleterious effect on the cells,
therefore allowing the study of a potential protective effect of ghrelin with more

accuracy than the exposure to 5nM of rotenone itself.
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2.2. Effect of short and long-term acyl-ghrelin on primary
mesencephalic cells exposed to rotenone

We next investigated the potential of ghrelin as a neuroprotective agent in PD-related
conditions. As discussed earlier in chapter 382.3., various in vivo or in vitro studies from the
literature support such a disease-modifying role for this orexigenic peptide (Andrews et al.,
2009; Bayliss et al., 2016a; Dong et al., 2009; Moon et al., 2009). Most results showing such
a neuroprotective action of ghrelin in vitro have been obtained in cells exposed to ghrelin 20
min prior to the exposure to the deleterious agents (MPTP or rotenone) followed by a
simultaneous exposure to ghrelin and the deleterious agent during 24 hours. Based on the
above described results showing a rapid degradation of acyl-ghrelin in the culture medium
(within 1 hour of its addition), mouse primary mesencephalic cells were simultaneously
exposed to rotenone and acyl-ghrelin for a short period of three days. For these experiments,
mouse primary mesencephalic cells were exposed to acyl-ghrelin and rotenone from DIV7 to
DIV10. In particular, acyl-ghrelin was added in the wells every 24 hours while rotenone was
added to the well every two days. Tyrosine hydroxylase-positive cells were analyzed for their
global morphology, their number, as well as the number of cells stained with PI, an
intercalating agent binding nucleic acids in cells with perforated membranes. The latter
staining therefore reveals the nuclei of dead or dying cells only.

The number of TH-positive cells significantly decreased in the wells exposed to 10nM
rotenone (C: 26.30 = 3.38; R:9.70 + 2.08, p<0.01) or 10nM rotenone plus 0.1nM acyl-ghrelin
(R + AGO0.1: 6.66 + 1.60, p<0.05), 1nM acyl-ghrelin (R + AG1: 8.60 + 1.24, p<0.01), 10nM
acyl-ghrelin (R + AG10: 10.80 + 1.84, p<0.05) and 100nM acyl-ghrelin (R + AG100: 11.80 *
3.39, p<0.05) compared to the control condition (Fig. 33A). No significant difference was
observed in the mean number of TH-positive cells between cells exposed to 10nM rotenone
alone and to 10nM rotenone plus increasing concentrations of acyl-ghrelin. In addition, TH-
positive cells exposed to the solvent alone or to acyl-ghrelin alone presented an oval soma
and numerous and long branched processes, a morphology which did not differ from the
control condition (Fig. 33B conditions a and b). However, cells exposed to 10nM of rotenone
during three days presented shorter processes (Fig. 33B, condition c¢). This morphology was
further modified in mouse primary cells simultaneously exposed to 10nM rotenone and 10 or
100nM acyl-ghrelin: in these conditions the processes shortened and progressively

disappeared (Fig. 33B, condition d).
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Figure 33: Effect of three days of acyl-ghrelin on tyrosine hydroxylase-positive mouse
primary mesencephalic cells exposed to rotenone. A) Mean number of tyrosine
hydroxylase (TH)-positive cells in primary mesencephalic cultures exposed to acyl-ghrelin
(AG) and rotenone. Primary mesencephalic cells were exposed to increasing doses of acyl-
ghrelin (0.1nM, 1nM, 10nM and 100nM) and 10nM of rotenone (R) during three days (DIV7-
10). The data are normalized and presented as a percentage of the mean number of TH-
positive cells in control wells. For each condition, 6 wells have been counted. Data are
plotted as mean + SEM. B) Representative photographs of TH-producing cells in control
condition (a), after three days of exposure to 100nM of acyl-ghrelin alone (b), after three days
of exposure to 10nM rotenone alone (c) and after three days of simultaneous exposure to
10nM rotenone and 100nM of acyl-ghrelin (d). Red and green arrowheads indicate
respectively the soma and processes.
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Similarly, cells exposed to 10nM rotenone alone and cells jointly exposed to 10nM
rotenone and increasing concentrations of acyl-ghrelin showed a greater number of PI-
positive nuclei compared to the control conditions (mean values in C = 1781 + 226, R = 2491
+ 301, R + AG100 = 3553 + 158, n.s.), although this difference did not reach the statistical
significance threshold (Fig. 34). The number of Pl-positive cells is however significantly
reduced between the cells exposed to 10nM rotenone plus 0.1nM and 10nM of acyl-ghrelin
and cells exposed to 0.1nM and 10nM of acyl-ghrelin alone (*p<0.05, ***p<0.001

respectively).

In conclusion, the exposure of mouse primary mesencephalic cells to rotenone
alone as well as to acyl-ghrelin and rotenone during three days from DIV7 to DIV10
altered the number and the morphology of TH-positive cells, and slightly increased the
number of Pl-positive cells. Therefore, instead of exerting a protective action against
rotenone-induced cell death of dopaminergic primary mesencephalic cells, acyl-
ghrelin seems to potentiate rotenone-induced deleterious action.

200- e
R : |
° L * 1
L I
(&)
2 100-p=
P
©
Q 50_
+
o
0 I ] ) ) L} I I
o P N N R
OQ ?’0?.0 > G ?'ov.o 0\
xv.ex ® v.
¢ T

Figure 34: Mean number of propidium iodide-positive cells after exposure to rotenone
and acyl-ghrelin during three days. Mean number of propidium iodide (Pl)-positive cells
after three days of exposure to 10nM rotenone (R) and increasing doses of acyl-ghrelin
(0.1nM, 1nM, 10nM and 100nM) from DIV 7 to DIV10. For each condition, the number of PI-
positive cells was automatically counted with the Image J software in ten fields per well and
5-11 wells per condition as detailed in the Material & Methods section. The data were
normalized to the mean number of Pl-positive cells in the control condition and plotted as
mean + SEM.

Since some of the studies having shown a protective effect of acyl-ghrelin in other in
vitro models of PD involved a pre-treatment with acyl-ghrelin alone before exposure to the

deleterious compound inducing dopaminergic cell death (Dong et al., 2009; Yu et al., 2016),
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we next studied the effect of a long-term pre-treatment with ghrelin, from DIV3 to DIV10, prior
to rotenone exposure during the last three days of culture only. In this protocol, both
rotenone and acyl-ghrelin were added in the culture medium every two days.
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Figure 35: Acyl-ghrelin alters mouse primary mesencephalic cells exposed to
rotenone in a dose-dependent manner. A) Mean number of tyrosine hydroxylase (TH)-
positive cells in mouse primary mesencephalic cultures exposed to different doses of acyl-
ghrelin (1nM, 10nM, 30nM, 100nM, 300nM and 1000nM, DIV3-10) and to 5nM rotenone
(DIV7-10). The data are normalized and expressed as a percentage of the mean number of
TH-positive neurons in the control wells and plotted as mean + SEM. For each condition, 6
wells have been counted. B) Representative photographs of TH-producing cells in control
condition (a) and after seven days of exposure to 5nM rotenone (b), or to the solvent (c), and
after seven days of exposure to 1nM (d), 10nM (e), 30nM (f), 100nM (g), 300nM (h) or
1000nM (i) of acyl-ghrelin and to simultaneous exposure to 5nM rotenone during the last
three days. Red and green arrowheads indicate respectively the soma and processes.
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No long-term exposure to acyl-ghrelin had been reported in vitro in the available literature.
However, several in vivo studies had shown a protective effect of ghrelin in rodent models of
parkinsonism. In particular, a pretreatment with ghrelin for three days prior to the
simultaneous injection of ghrelin and MPTP for five days had shown a protective effect
against dopaminergic cell death in the SN (Jiang et al., 2008). Based on this protocol, we
started by exposing mouse primary mesencephalic cells to ghrelin during four days,
corresponding to two changes of medium, before further exposing the cells to both acyl-
ghrelin and rotenone during three additional days. We first studied the effect of several doses
of ghrelin from DIV3 to DIV10 on cells exposed to 5nM of rotenone during the last three
days, i.e. from DIV7 to DIV10.

The global morphology of cells exposed to the solvent or to 5nM of rotenone is similar
to the morphology of control cells (cf. Fig. 35B). They all have an oval soma, long and
developed processes. Similarly, for the lowest concentrations of ghrelin (1 and 10nM) in
presence of 5nM of rotenone, the morphology of TH-positive cells seems identical to the
morphology of control cells (cf. Fig. 35B, conditions d and e). From 30nM on, acyl-ghrelin
alters the morphology of mouse primary mesencephalic cells as their processes
progressively shorten in a dose-dependent manner. In addition, this experiment confirms that
the exposure to 5nM of rotenone for 3 days does not significantly reduces the number of TH-
positive cells (mean number in control cells = 51.80 + 3.15 versus 50.50 + 2.77 in rotenone-
exposed cells, n.s.; cf. Fig. 35A). However, a decreased number of TH-positive cells is
observed in the wells exposed to both 300nM of acyl-ghrelin and 5nM of rotenone (mean
number of TH-positive cells in R + AG300 =12.16 * 0.43, p<0.01; cf. Fig. 35A) suggesting a
synergistic toxic effect between rotenone and acyl-ghrelin. This deleterious effect of the
combined exposure to acyl-ghrelin and rotenone was confirmed in a second experiment in
which two doses of rotenone (5nM and 10nM) and one dose of acyl-ghrelin (100nM) were
applied. We chose the dose of 100nM of ghrelin for it was the one used in many published
experiments and it seemed to induce a slight increase in the number of dopaminergic
neurons after seven days of exposure to acyl-ghrelin alone in our conditions of experiment
(see Fig. 28.).

These results confirm the deleterious effect of a long-term exposure to acyl-ghrelin (seven
days) prior to rotenone (three last days) as the number of dopaminergic neurons significantly
decreased when cells were exposed to 100nM acyl-ghrelin and 5nM or 10nM rotenone
compared to control cells (mean number of TH-positive primary mesencephalic cells in
control wells = 54.20 £ 5.30 versus 3.00 = 0.76 in the R5 + AG100 condition, p<0.01; versus
5.20 + 2.26 in the R10 + AG100 condition, p<0.05). Moreover, the global morphology of TH-

positive primary cells exposed to ghrelin and rotenone was dramatically different from the
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morphology of control cells (Fig. 36). Indeed, it was impossible to distinguish the processes

in the rotenone plus acyl-ghrelin condition.

In conclusion, this series of experiments demonstrates that both short- and long-
term exposures to acyl-ghrelin were not able to protect TH-positive mouse primary
mesencephalic cells against rotenone-induced alterations. In particular, acyl-ghrelin
did not prevent the rotenone-induced decrease in the number of TH-positive cells, nor

their morphological modifications.
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Figure 36: Acyl-ghrelin alters mouse primary mesencephalic cells exposed to
rotenone (confirmation). A) Mean number of tyrosine hydroxylase (TH)-positive cells in
mouse primary mesencephalic cultures exposed to 100nM of acyl-ghrelin (DIV3-10) and to
5nM or 10nM rotenone (DIV7-10). The data are normalized and expressed as a percentage
of the mean number of TH-positive neurons in control wells + SEM. For each condition, 6
wells have been counted. B) Representative photographs of TH-producing cells in control
condition (a), after seven days of exposure to 10nM rotenone (b), or to 100nM of acyl-ghrelin
(c), and after seven days of exposure to 100nM of acyl-ghrelin and simultaneous exposure to
10nM rotenone for the last three days. Red and green arrowheads indicate respectively the
soma and processes.
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2.3. Effect of short-term desacyl-ghrelin in primary mesencephalic
cultures exposed to rotenone

We next studied the effect of desacyl-ghrelin in this in vitro model of parkinsonism.
Indeed, the acylation state of the ghrelin used to induce the neuroprotective effect described
in the literature was rarely specified, and most published studies used total ghrelin, which
includes both acyl- and desacyl-ghrelin. Therefore, the reported neuroprotective effect could
be attributed to either ghrelin-derived molecule. In this view, mouse primary mesencephalic
cells were simultaneously exposed to increasing doses of desacyl-ghrelin (0.1, 1, 10 and
100nM) and 10nM rotenone for the last three days of culture. The mean number and the
global morphology of TH-positive cells as well as the number of Pl-positive cells were
assessed.

The number of dopaminergic neurons significantly decreased after exposure to 10nM
rotenone alone or to 10nM rotenone plus 1nM of desacyl-ghrelin (Fig. 37A, mean number of
TH-positive cells in control wells = 79.41 + 4.19 versus 13.96 + 1.97 in rotenone-exposed
cells, p<0.01; versus 34.41 + 6.58 in the R + DAG1 condition, p<0.05). However, no
decrease was observed in cells simultaneously exposed to 10nM rotenone and 10 or 100nM
desacyl-ghrelin (mean number of TH-positive cells in control wells = 79.41 + 4.19 versus
56.50 +6.87 in the R + DAG10 condition and 48.8 £9.63 in the R + DAG100 condition, n.s.).
In addition, primary mesencephalic cells simultaneously exposed to increasing doses of
desacyl-ghrelin and 10nM rotenone showed an oval soma and numerous long branched
processes similar to the morphology of control cells (Fig. 37B, conditions a and d). On the
contrary, cells exposed to 10nM of rotenone alone during three days showed much shorter

processes (Fig. 37B, condition c).
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Figure 37: Effect of desacyl-ghrelin on mouse primary mesencephalic cells exposed to
rotenone. A) Mean number of tyrosine hydroxylase (TH)-positive cells in mouse primary
mesencephalic cultures simultaneously exposed to increasing doses of desacyl-ghrelin
(DAG; 1, 10 and 100nM) and 10nM rotenone (R) from DIV7 to DIV10. The data are
normalized and expressed as a percentage of the mean number of TH-positive neurons in
the control wells and plotted as mean + SEM. For each condition, 6 wells have been
counted. B) Representative photographs of TH-producing cells in control condition (a), after
three days of exposure to 100nM of desacyl-ghrelin (b) or to 10nM rotenone (c), and after
three days of simultaneous exposure to 10nM rotenone and 100nM of desacyl-ghrelin (d).
Red and green arrowheads indicate respectively the soma and processes.

The number of Pl-positive cells was investigated in each condition to determine if this
exposure to rotenone and desacyl-ghrelin affected all primary cells in the wells or if it was

restricted to TH-positive cells.
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Figure 38: Mean number of propidium iodide-positive cells after exposure to rotenone
and desacyl-ghrelin during three days. The mean number of propidium iodide (Pl)-positive
cells after three days of exposure to 10nM rotenone (R) and increasing doses of desacyl-
ghrelin (1nM, 10nM and 100nM respectively) was automatically counted with the Image J
software in ten fields per well and 3-10 wells per condition as detailed in the Material &
Methods section. The data were normalized to the mean number of Pl-positive cells in the
control condition and plotted as mean + SEM.

Pl-positive cells significantly increased when primary mesencephalic cells were
exposed to 10nM rotenone and 1nM desacyl-ghrelin compared to the control condition (Fig.
38, mean values in control cells = 1285.66 + 67.80 versus 135.26 + 8.38 in the R + DAG1
condition, p<0.05). A similar increase was observed in cells exposed to 10nM rotenone alone
or 10nM rotenone plus to 10nM or 100nM desacyl-ghrelin, although it did not reach the
statistical significance (mean value of 1677.37 + 140.45 in rotenone-exposed cells, n.s.
compared to controls; mean value of 124.93 £ 5.93 in the R + DAG10 condition, n.s.
compared to controls; mean value of 113.06 + 10.89 in the R + DAG100 condition, n.s.

compared to controls).

In summary, desacyl-ghrelin seems to prevent rotenone-induced modifications of TH-
positive mouse primary mesencephalic cells. This effect was not observed when

studying PI staining, suggesting a TH-specific effect.

In conclusion, this first part of my thesis work aimed to investigate the neuroprotection
potential of ghrelin against rotenone-induced neuronal death in mouse primary
mesencephalic cultures Our results establish that although acyl-ghrelin alone was not toxic
for primary dopaminergic neurons over seven days in culture, when simultaneously exposed
with toxic doses of rotenone, this did not prevent the rotenone-induced decrease in the
number of TH-positive primary cells. More importantly, and unexpectedly, a long-term pre-

treatment with acyl-ghrelin before rotenone exposure further decreased this number and
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altered the morphology of TH-producing mouse primary mesencephalic cells. On the
contrary, a short-term simultaneous exposure of mouse primary mesencephalic cells to
desacyl-ghrelin and rotenone slightly increased the number of TH-positive cells compared to
cultures exposed to rotenone only. This in vitro study did not confirm the disease-modifying
role of acyl-ghrelin in primary mesencephalic cells exposed to low doses of rotenone.
However, it suggested a potential role of desacyl-ghrelin as a disease-modifying agent in

rotenone-exposed cells.

Il.  Investigation of ghrelin’s potential as a biomarker of

PD early stages
1. Variation of GHRLOS in samples from PD patients

Our laboratory has been collecting various biological samples such as blood or
cerebrospinal fluid samples (or even fibroblasts) from genetic and sporadic PD patients and
age- and sex-matched controls for more than a decade. Previously published papers using
powerful without a priori genome-wide transcriptomic approaches have identified
deregulations in cellular pathways involved in apoptosis, cell survival, inflammation and
immune processes, as well as protein production and endocytosis in peripheral blood
mononuclear cells of PD patients compared to age- and sex-matched controls (Mutez et al.,
2014, 2011). As shown in table 7 below, the ghrelin opposite strand RNA (GHRLOS) was
identified among the significantly deregulated genes in peripheral blood mononuclear cells
from both sporadic PD patients and patients carrying the G2019S mutation of LRRK2 (FC: -
0.167 and FC: -0.23 respectively). This non-coding RNA is encoded by a gene present on
the opposite strand of the ghrelin gene which spans its promoter and untranslated regions
over 44kb on 3p25.3 and could exert potential regulatory and functional roles in ghrelin

expression (Seim et al., 2008a).

Gene Gene Name Probe FC Patient
ghrelin opposite -0.167 | Mutation G2019S LRRK2
GHRLOS | strand RNA (non |ILMN_364273 di
coding) -0.23 Sporadic

Table 7: GHRLOS expression is down-regulated in peripheral blood mononuclear cells
of PD patients as assessed by lllumina microarrays. This experiment was performed on
total RNA extracted from peripheral mononuclear cells of sporadic PD patients, i.e. PD
patients without a familial history of the disease (9 men, 11 women; mean age = 62.3 £ 8.9
years) and G2019S carriers PD patients (4 men, 5 women; mean age = 66.2 + 17 4 years)
and age- and sex- matched healthy subjects with no personal and familial history of
neurological disorders (20 men, 20 women; mean age = 52.9 £19; 20 years). The name of
the lllumina probe binding GHRLOS is provided, as well as the fold change value calculated
between PD patients and healthy controls for each probe.
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We therefore studied the expression of GHRLOS in peripheral blood mononuclear cells
and Epstein-Barr virus (EBV)-transformed lymphoblastoid cell lines of PD patients using
gPCR. GHRLOS expression was decreased in PD patients compared to healthy controls
(Fig. 39, relative GHRLOS expression in controls = 1.30 £ 0.29 versus 0.74 + 0.14 in PD
patients, p=0.08).
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Figure 39: Relative gene expression of the ghrelin opposite strand/antisense RNA in
Parkinson’s disease patients compared to controls. The expression of ghrelin opposite
strand RNA (GHRLOS) was assessed in sex/age matched Parkinson’s disease (PD) patients
(1 man, 5 women; mean age = 65.5 £ 15.6 years) and control groups (2 men, 3 women;
mean age = 63.2 + 18.6 years). Control subjects included in this study were healthy
volunteers without any neurological impairment. Informed consent was collected for all
participants under the ethical agreement CPP N°2008/009. The details on the experimental
procedure are presented in the Material and Methods section. Each RNA sample was loaded
in triplicate. MAN2B1 (Mannosidase Alpha Class 2B Member 1) was used as a
housekeeping gene for normalization purposes. Each bar represents the mean + the SEM of
the ratio of relative gene expression of GHRLOS for each subject as determined by the 2-
A(ACT) method.

In conclusion, this first set of experiments revealed a decreased expression of
GHRLOS which could result in altered ghrelin expression. This prompted us to further

investigate ghrelin expression in biological samples of mice exhibiting a PD-related
phenotype.

2. Invivo study in an experimental analog of early parkinsonism

2.1. Physiologic variations of plasma ghrelin in mice
As we could not initiate a patient-based study during the time of the PhD, we decided
to further investigate ghrelin variations in an animal model of early parkinsonism induced by
chronic exposure to low doses of the pesticide rotenone (Pan-Montojo et al., 2012, 2010).
Based on the study conducted by Unger and colleagues (Unger et al., 2011) showing a
delayed return to basal ghrelin concentrations after a standard meal in PD patients compared

to control subjects, we wanted to investigate plasma ghrelin variations after a meal in

130



C57BL/6J exposed or not to low doses of the pesticide rotenone. However, at the beginning
of this study, the variations of plasma ghrelin under physiological conditions before and after
a meal were not described in mice in the available literature. We therefore conducted a study

in both female and male C57BL/6J mice.

2.1.1. Plasma ghrelin variations in healthy 4-5 months old female mice before and
after a meal
A preliminary study was first conducted before and after a meal on 20 female mice to

assess the duration of food intake necessary to induce a decrease in plasma acyl-ghrelin
concentrations in C57BL/6J mice. For this procedure, blood samples were taken from
overnight fasted mice and at several time-points after placing the mouse back in its cage with
ad libitum access to food. Both acyl- and desacyl-ghrelin were assayed in the plasma (Fig.
40).
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Figure 40: Mean variations of acyl- and desacyl-ghrelin concentrations (pg/mL) after
an overnight fast and at different time-points after food intake in 4-5-months old
C57BL/6J female mice. A) Plasma acyl-ghrelin concentrations are elevated after the
overnight fast and fluctuate during the 150 min-long period of access to food. A significant
decrease in acyl-ghrelin concentrations is observed after 30 min of food access (*p<0.05). B)
Desacyl-ghrelin concentrations progressively decrease over the 150 min-long period of food
access. A significant decrease is observed only after 150 min (**p<0.01).
